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In hydraulic turbines, the tip-leakage vortex is responsible for flow instabilities and for
promoting erosion due to cavitation. To better understand the tip vortex flow, Reynolds-
averaged Navier–Stokes (RANS) and large eddy simulation (LES) computations are
carried out to simulate the flow around a NACA0009 blade including the gap between
the tip and the wall. The main focus of the study is to understand the influence of
the gap width on the development of the tip vortex, as for instance its trajectory. The
RANS computations are performed using the open source solver OpenFOAM 2.1.0,
two incidences and five gaps are considered. The LESs are achieved using the YALES2
solver for one incidence and two gaps.

The validation of the results is performed by comparisons with experimental data
available downstream the trailing edge. The position of the vortex core, the mean
velocity and the mean axial vorticity fields are compared at three different downstream
locations. The results show that the mean behaviour of the tip vortex is well captured
by the RANS and LES computations compared to the experiment. The LES results are
also analysed to bring out the influence of the gap width on the development of the
tip-leakage vortex. Finally, a law that matches the vortex trajectory from the leading
edge to the mid-chord is proposed. Such a law can be helpful to determine, in case of
cavitation, if the tip vortex will interact with the walls and cause erosion.

Keywords: tip-leakage vortex; dynamic Smagorinsky model; k − ω SST; YALES2;
OpenFOAM; vortex trajectory

1. Introduction

The tip-leakage vortex occurs in the gap between the blade tip and the endwall. It can be
encountered in aircraft engines,[1] axial pumps [2] or hydraulic turbines.[3]

First studies, devoted to the tip clearance flow, focus on the head losses and the ability of
the tip vortex to promote cavitation in hydraulic pumps.[4] In the 1980s, Lakshminarayana
and co-workers carried out experiments on an axial compressor rotor.[5–11] These studies
allow to depict the main features of the tip clearance flow. The leakage flow occurs on the
suction side between 25% and 50% of the chord length and involves a low-momentum
region.[6,9] In the low-momentum region, the turbulence level [7] is high and increases
with distance downstream. Furthermore, it is revealed that the radial turbulence intensities
dominate compared to the two other components. However, these experiments do not
show the low-momentum region as an organised tip-leakage vortex except for a ratio
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310 J. Decaix et al.

between the gap τ and the chord length c larger than τ /c = 0.034. This observation is
in opposition with those performed by other authors,[12–16] who put in evidence a tip-
leakage vortex. For instance, in a series of papers, Kang et al. [14,15,17] described the
tip clearance flow in a blade cascade. They observed the tip-leakage vortex as also a
tip-separation vortex that occurs at the pressure side and then moves to the suction side.
Moreover, a secondary vortex located between the tip blade suction side and the tip-leakage
vortex is mentioned. This vortex has a counter-rotative motion compared to the tip-leakage
vortex.

More recently, several experiments were carried out at Virginia Tech downstream a
compressor blade cascade.[1,18] Several gap widths are investigated with and without an
endwall motion. The endwall motion does not modify strongly the main features of the
flow. Without the endwall motion and just downstream the trailing edge, the core of the
vortex presents a deficit in axial velocity of approximately 45%. Moreover, an induced
vortex with an axial vorticity with an opposite sign to the tip-leakage vortex is located
between the tip vortex and the endwall. Regarding the turbulent flow, the turbulent field is
anisotropic since the streamwise and the pitchwise turbulent stresses dominate the spanwise
turbulent stresses by an amount of approximately 20%. It is also put in evidence that the
maximum of turbulent kinetic energy and production of kinetic energy is located on an
arc surrounding the vortex. The cross gradient of the mean axial velocity is the main
contributor to the production of turbulent kinetic energy. Such features are also observed
further downstream. A change in the gap width does not modify the flow topology even
if the position of the vortex differs. The increase in gap width leads to an increase in the
vortex size and strength (about a factor of 4 between the two extreme gaps). Nevertheless,
the deficit in axial velocity is not changed, whereas the magnitude of the mean velocity
gradient and therefore the production of turbulent kinetic energy decreases.

Numerical investigations are only performed for two decades. Several attempts have
been performed with Reynolds-averaged Navier–Stokes (RANS) computations using stan-
dard eddy viscosity models.[19–21] Such models as the k − ω shear-stress transport (SST)
are able to capture the global features of a compressor cascade as for instance the tip vortex
size and trajectory.[21] Furthermore, the mean cross-flow distribution is also predicted ac-
curately.[20] Nevertheless, due to their assumptions, these models fail to predict accurately
the turbulence field in the tip clearance area. For this reason, enhanced RANS models as
non-linear eddy viscosity models [22] or second-moment closure [23] have been used.
These models improve the flow prediction in the blade passage through an accurate capture
of the swirling flow compared to the eddy viscosity models. Furthermore, the turbulence
field provided is different. For instance, the non-linear eddy viscosity model reduced the
peak of turbulence captured by the eddy viscosity models due to the combined stress tensor
sensitivity to strain and vorticity. However, some difficulties are still encountered close to
the wall by all the RANS computations due to the use of wall laws or damping functions.
To avoid assumptions at the wall, large eddy simulations (LESs) have also been attempted.
The ones carried out by You et al. [24–27] are well documented and focus on the exper-
imental cases studied by Muthanna and Wang.[1,18] Comparisons with the experiment
are performed only through the position of the vortex core downstream the blade cascade.
Nevertheless, the extensive study of the flow in the tip gap clearance area matches the
conclusions drawn by the experiment. For instance, the turbulent stresses are anisotropic
with a dominance of the streamwise and pitchwise components. The main contribution to
the production of turbulent kinetic energy arises from the cross gradient of the mean axial
velocity. Contrary to the experimental measurements, the LES computations show that a
decrease in the tip gap width involves a diminution of the axial velocity deficit.
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Journal of Turbulence 311

The major part of the above-mentioned studies concerns air compressor flows. Re-
garding the hydraulic flows, and more precisely hydraulic turbines, the tip-leakage vortex
is known to promote flow instabilities, cavitation and erosion due to the collapse of the
cavitation bubbles close to the walls. The behaviour of the tip-leakage vortex, as for instance
its trajectory,[3] is not well understood. Therefore, to answer these questions, a NACA0009
profile mounted in a water channel flow is investigated using RANS and LES computations.
Reynolds stress models with low Reynolds and wall effects are not considered in this paper.
Indeed, in this study, the RANS simulations are used to capture the mean global features
of the vortex flow (for instance, the vortex position), whereas the LESs are dedicated to
study the vortex formation in the gap region. Since the incidence of the blade and the flow
curvature are relatively low, second-moment closure models are not expected to strongly
improve the results compared to the RANS simulations, at least regarding the mean flow
behaviour.

The first two parts of the paper describe the numerical tools and the test case. Then, the
result analysis is divided into three subsections: the first one is devoted to the assessment
of the simulations compared to the experimental measurements,[28] the second sub-part
focuses on the influence of the gap width on the flow structure and the last one focuses on
the development of a law that matches the tip vortex trajectory over the first steps of its
development whatever is the gap width.

2. Governing equations and numerical tools

The incompressible turbulent flow considered in this study is governed by the instantaneous
Navier–Stokes equations expressing mass and momentum conservation,⎧⎪⎪⎨

⎪⎪⎩
∂ui

∂xi

= 0,

∂ui

∂t
+ ∂uiuj

∂xj

= − 1

ρ

∂p

∂xi

+ ∂

∂xj

(
ν

∂ui

∂xj

)
,

(1)

where ui, p, ρ and ν are respectively the velocity components, the pressure, the (constant)
density and kinematic viscosity. The RANS approach solves only the mean flow and
attempts to model the fluctuating field. The governing equations take the following form:⎧⎪⎪⎨

⎪⎪⎩
∂〈ui〉
∂xi

= 0,

∂〈ui〉 〈uj 〉
∂xj

= − 1

ρ

∂〈p〉
∂xi

+ ∂

∂xj

(
(ν + νT )

∂〈ui〉
∂xj

)
,

(2)

where 〈ui〉 denotes the time-averaged velocity field components and 〈p〉 is the mean pressure.
The influence of the fluctuations on the mean flow is taken into account by a turbulent
viscosity assumption, νT. In this work, the turbulent viscosity is calculated with the k − ω

SST model proposed by Menter.[29] Moreover, the walls are taken into account through an
extended wall law approach:

u+ = y+ if y+ < 11 (3)

u+ = 1

κ
ln y+ + 5.25 if y+ > 11 (4)
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312 J. Decaix et al.

RANS computations are performed using the OpenFOAM 2.1.0 solver,[30] which is an
open source solver. For the present study, the stationary incompressible RANS equations
are solved using the pressure/velocity coupling algorithm SIMPLE (Semi-Implicit Method
for Pressure Linked Equations) proposed by Patankar.[31]To avoid spatial oscillations of
the pressure field over the collocated grid arrangement, Rhie and Chow pressure-weighted
interpolation is applied.[32] The convective terms are discretised using the ‘limitedLinear’
scheme, which is a total variation diminishing scheme [33] specific to the OpenFOAM
solver.

LES approach solves only the filtered velocity field ūi , where the filtering operation
allows to separate the scales of the flow motion at the grid level, with the small motion
scales taken into account by a subgrid-scale model. The filtered velocity field is computed
as the solution of the filtered Navier–Stokes equations:

⎧⎪⎪⎨
⎪⎪⎩

∂ūi

∂xi

= 0,

∂ūi

∂t
+ ∂ūi ūj

∂xj

= − 1

ρ

∂p̄

∂xi

+ ∂

∂xj

(
(ν + νSGS)

∂ūi

∂xj

)
,

(5)

where the eddy viscosity νSGS must be defined to close the system (5). The localised
dynamic Smagorinsky model [34] is used in this study. The eddy viscosity is computed
as νSGS = (C �)2

∣∣S̄ (x, t)
∣∣, where

∣∣S̄ (x, t)
∣∣ is the norm of the filtered strain rate tensor.

The C coefficient is dynamically computed following Germano’s definition.[34] In this
work, LES computations are carried out with the YALES2 incompressible fractional-step
solver.[35,36] The boundary condition at the wall is based on a non-equilibrium wall
law.[37,38] Compared to the wall law used for the RANS computations, such a law takes
into account the pressure gradient, which is a key term to correctly compute non-equilibrium
boundary layers.[39] Furthermore, this approach does not assume that the boundary layer
is turbulent contrary to the RANS modelling.

3. Test case

The hydrofoil is made of a NACA0009 with an original chord of c0 = 0.11 m and a span
of 0.15 m.[40] The shape of the blade is computed using Equation (7).

yb

c0
= a0

(
x

c0

)1/2

+ a1

(
x

c0

)
+ a2

(
x

c0

)2

+ a3

(
x

c0

)3

for 0 ≤ x

c0
≤ 0.5 (6)

yb

c0
= b0 + b1

(
1 − x

c0

)
+ b2

(
1 − x

c0

)2

+ b3

(
1 − x

c0

)3

for 0.5 ≤ x

c0
≤ 1 (7)

with

a0 = 0.1737 a1 = −0.2422 a2 = 0.3046 a3 = −0.2657

b0 = 0.0004 b1 = 0.1737 b2 = −0.1898 b3 = 0.0387

In the present case, the blade is truncated, therefore the chord is reduced to c = 0.1 m. This
hydrofoil is mounted in the channel of the EPFL high-speed cavitation tunnel, which is a
close loop with a test section measuring 0.15 × 0.15 × 0.750 m3.[41] The incidence of
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Journal of Turbulence 313

Figure 1. Tip vortex visualisation using the Q-criterion.

the profile can be set to different values and the gap τ between the blade tip and the wall can
evolve between τ /c = 0 and τ /c = 0.2. The Reynolds number based on the blade chord is
Rec = 106, with an inlet normal uniform velocity uinlet = 10.2 m/s. The experimental data
are available at three downstream locations x/c = 1, x/c = 1.2 and x/c = 1.5 (Figure 1). The
velocity measurements are performed using stereo particle image velocimetry. The set-up
is based on a YAG laser providing a 2 mm wide laser sheet perpendicular to the vortex axis.
Pairs of images are acquired using two cameras viewing the scene with a 30◦ angular shift.

Several computations have been performed (Table 1) for different incidences and gap
widths.

For the RANS computations, the computational domain (Figure 2) extends 5 chords
upstream the leading edge and 10 chords downstream the trailing edge. A structured mesh
with approximately 2.8 million nodes is used. The gap width is discretised with 15 points
for the gaps τ /c = 0.02 and τ /c = 0.03 and 30 points for the other gaps. The inlet normal
velocity is fixed uniform and is taken equal to uinlet = 10.2 m/s. This value is used as
reference for the non-dimensional values of the velocity field and other quantities such as
the vorticity field or the Q-criterion. A uniform outlet pressure is specified to poutlet = 0.
The turbulent intensity is set to 5%.

To decrease the computation time, LESs are carried out on a reduced domain (Figure 2)
that extends two chords upstream the leading edge and five chords downstream the trailing
edge. For these simulations, a non-structured mesh is used with 200 million elements for the

Table 1. Flow configurations computed with RANS (�) and LES (�).

������������Incidence i
Gap τ /c

0.02 0.03 0.05 0.1 0.15

5◦ � � � � �
10◦ � � � � � � �
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314 J. Decaix et al.

Figure 2. Computational domains.

gap τ /c = 0.1 and 300 million elements for the gap τ /c = 0.02. The inlet velocity condition
is specified by interpolating the velocity profile extracted from the RANS computations.
At the outlet, a mean pressure profile is set. As the turbulence level in the channel is low,
no fluctuating part is added to the mean inlet profile. The boundary layers are not enough
refined to ensure a y+ of 1, therefore the wall law is used.[37,38]

For both RANS and LES computations, the y+ values on the NACA profile are around
20 in average with maximal values close to 60.

4. Results

4.1. Validation of the computations

Validation of RANS and LES computations iscarried out for one incidence (10◦) and two
gaps (τ /c = 0.02 and τ /c = 0.1) by comparisons with experimental data.

The contours of each velocity component at the first experimental plane (i.e. x/c = 1)
are displayed in Figures 3–5 for the gap τ /c = 0.02 and in Figures 6–8 for the gap τ /c =
0.1.

For the gap τ /c = 0.02, the deficit of the axial velocity u∗
x in the core of the vortex is well

predicted by the numerical simulations compared to the experimental results (Figure 3).
Nevertheless the vortex core is larger in the computations than in the experiment and the
magnitude of the velocity at the vortex centre is slightly higher for the computations than
the experiment. For the transversal components u∗

y and u∗
z , the global features are well

predicted (Figures 4 and 5). For the pitchwise component, the positive magnitude close to
the wall is in agreement with the experiment whereas the negative magnitude is slightly
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Figure 3. Contours of the non-dimensional axial velocity component at x/c = 1 and for the gap
τ /c = 0.02.
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Figure 4. Contours of the non-dimensional pitchwise velocity component at x/c = 1 and for the gap
τ /c = 0.02.
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Figure 5. Contours of the non-dimensional spanwise velocity component at x/c = 1 and for the gap
τ /c = 0.02.
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Figure 6. Contours of the non-dimensional axial velocity component at x/c = 1 and for the gap
τ /c = 0.1.

D
ow

nl
oa

de
d 

by
 [

H
E

S-
SO

 H
au

te
 E

co
le

 S
pé

ci
al

is
ée

 d
e 

Su
is

se
 O

cc
id

en
ta

le
],

 [
Je

an
 D

ec
ai

x]
 a

t 0
0:

05
 2

7 
Ja

nu
ar

y 
20

15
 



Journal of Turbulence 319

Figure 7. Contours of the non-dimensional pitchwise velocity component at x/c = 1 and for the gap
τ /c = 0.1.
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Figure 8. Contours of the non-dimensional spanwise velocity component at x/c = 1 and for the gap
τ /c = 0.1.
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Figure 9. Position of the vortex centre. τ /c = 0.02 (top) and τ /c = 0.1 (bottom).

underestimated by the computations. The spanwise component is further diffused by the
computations, which can be the result of a too coarse mesh in the spanwise direction.

For the gap τ /c = 0.1, the axial velocity does not show a deficit in the core of the
vortex as for the case τ /c = 0.02 (Figure 6). On the contrary, an excess of the axial
velocity is present in the region of the vortex centre but not exactly at the vortex centre.
For the transversal components, the computations provide the same topology and velocity
magnitude as the experiment. However, the computations show a vortex core slightly larger
than in the experiment since the spanwise (respectively pitchwise) gradient of the pitchwise
(respectively spanwise) velocity component around the vortex centre spreads on a larger
band. This is more visible for the RANS computation than for the LES one.

The position of the vortex centre determined using the maximum of the axial vorticity
is plotted in Figure 9 for the two gaps. The position is projected on an x–y plane (pitchwise
position) and on an x–z plane (spanwise position). More precisely, the position of the vortex
corresponds to the coordinates y and z of the cell centre at a specific x position. Therefore,
as long as the vortex is located in the same cell, the y and z coordinates do not change,
which explains the step by step evolution of the vortex position in the case of the RANS
computations. Furthermore, as the cells are not aligned with the vortex trajectory, sudden
variations can arise as for instance in the case of the LES computation for the gap τ /c =
0.02. Beyond these remarks, for the gap τ /c = 0.02, the LES computation underestimates
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Figure 10. Iso-lines of the non-dimensional axial vorticity ω∗
x for the gap τ /c = 0.02 at x/c = 1.

the pitchwise position of the vortex centre compared with the RANS computation and the
experiment. The spanwise position is well predicted by the LES computation compared
with the experiment. The RANS computation shows a vortex that evolves closer to the wall
than the experiment. For the second gap τ /c = 0.1, the computations provide a pitchwise
position in accordance with the experiment. The spanwise position is once again closer to
the wall for the RANS computation.

The vorticity field is then analysed by plotting two iso-values of the axial vorticity
ω∗

x = (ωxc)/uinlet close to the vortex centre (Figures 10 and 11). For the gap τ /c = 0.02,
the vorticity field is perturbed by the presence of the wall. The iso-line does not defined a
circle around the vortex centre but embraces also the boundary layer. The iso-line ω∗

x = 2

Figure 11. Iso-lines of the non-dimensional axial vorticity ω∗
x for the gap τ /c = 0.1 at x/c = 1.
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Figure 12. Schematic view of the flow structure in the gap region from [27].

provided by the RANS computation covers the same region as the experimental one. For
the LES computation, only the vortex is delimited by the iso-line, whereas the boundary
layer does not present a high level of vorticity. Increasing the value to ω∗

x = 3, the LES
computation shows a smaller region of high vorticity than the experiment and the RANS
computation. The use of the wall law for the LES computation may explain the lower
magnitude of the axial vorticity. For the gap τ /c = 0.1, the region of high vorticity is nearly
the same for the computations and the experiment.

To conclude, the computations are able to provide mean quantities in accordance with
the experimental measurements. Therefore, the computations can be used with confidence
to explore the flow in the gap region where experimental data are not available.

4.2. Flow topology in the gap

The flow topology in the gap is analysed using the LES data for the incidence of 10◦ and
for two gaps τ /c = 0.02 and τ /c = 0.1.

The pressure difference between the pressure side and the suction side induces a sec-
ondary jet flow at the tip blade. Due to the freestream flow and the spanwise equalisation of
the pressure gradient on the pressure side, the secondary jet flow can not evolve indefinitely
along the spanwise direction and therefore rolls up to form the tip vortex. The resulting
vortex structure evolves downstream influenced by the endwall and the blade. In the LES
of a compressor cascade carried out by You et al. [26,27] a denomination of the vortices
is proposed with the presence of respectively a tip-leakage vortex, an induced vortex and
one or further tip-separation vortices (Figure 12). The tip-leakage vortex is formed due to
the rolling up of the tip-leakage jet [42] and interacts with the endwall. The induced vortex
results from the interaction between the tip-leakage vortex and the wall boundary layer
leading to the roll-up of a part of the boundary layer in a counter-rotative motion compared
with the tip-leakage vortex. The tip-separation vortices are formed due to separation of the
flow at the pressure side of the blade. Experimentally, the tip-separation vortices are not
well documented due to the lack of resolution of the experimental apparatus. However, the
tip-leakage vortex concentrates the larger amount of axial vorticity compared with the two
other vortices and seems to dominate the flow structure.

For the present flow configuration, the flow structure depends on the gap width. It
is noticeable that the two gap widths computed are close to the extrema configurations
computed by You et al.,[26] which correspond to τ /c ≈ 0.02 and τ /c ≈ 0.08 using the same
reference scales.

Figures 13 and 14 display instantaneous and mean vortex structures for each gap using
an iso-surface of the Q-criterion coloured by the axial vorticity. The instantaneous views
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Figure 13. Iso-surface of the non-dimensional Q-criterion (value of 1) using the instantaneous
velocity field (left) and the mean velocity field (right). Gap τ /c = 0.02. Downstream view (top) and
upstream view (bottom). LES results.

Figure 14. Iso-surface of the non-dimensional Q-criterion (value of 1) using the instantaneous
velocity field (left) and the mean velocity field (right). Gap τ /c = 0.1. Downstream view (top) and
upstream view (bottom). LES results.
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Figure 15. Flow structure for the gap τ /c = 0.02. Iso-surface of the non-dimensional Q-criterion
(top, value of 1) and zoom on the iso-lines of the non-dimensional mean axial vorticity ω∗

x (bottom).
LES results.

put in evidence: the development of the boundary layer on the blade, the development of
the horse shoe vortex on the side opposite to the gap and the vortex structures in the gap
region. Regarding the mean flow, the boundary layer is less visible and only the main vortex
structures in the gap region are visible. However, for the gap τ /c = 0.02, the vortices that
characterised the boundary layer of the endwall still persist contrary to the gap τ /c = 0.1.
Furthermore, for the smallest gap, the tip vortex is not visible as a coherent structure in
the instantaneous pictures. On the contrary, for the largest gap, the tip vortex is present
instantaneously, even if it is not a continuous structure.

The detailed mean vortex structures are shown in Figures 15 and 16 for each gap.
Contrary to the previous pictures, the endwall boundary layer is cropped. Strong differences
appear between the two gap widths. For the gap τ /c = 0.02, an induced vortex is present
contrary to the gap τ /c = 0.1. On the opposite, the tip-separation vortex is well present for
the largest gap whereas it is barely developed for the smallest gap. Furthermore, for the
gap τ /c = 0.1, the tip-separation vortex wraps the tip-leakage vortex up to the two vortex
structures merge into one close to the trailing edge. Regarding the tip-leakage vortex, the
strength, the trajectory and the size of the vortex depend on the gap width. As the same
value of the Q-criterion and the same iso-lines of the axial vorticity are used for the two
gaps, it is noticeable that until the mid-chord of the blade, the vortex strength is higher
for the smallest gap. Indeed, the vortex radius that concentrates an axial vorticity larger
than ω∗

x = 20 is approximately twice larger for the gap τ /c = 0.02 than the gap τ /c =
0.1. Downstream the mid-chord, the tip-leakage vortex shows a decrease in axial vorticity
magnitude from ω∗

x ≈ 20 to ω∗
x ≈ 10 for the gap τ /c = 0.02, whereas for the second gap

this magnitude keeps a value around ω∗
x = 20 up to the trailing edge. The position of the
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326 J. Decaix et al.

Figure 16. Flow structure for the gap τ /c = 0.1. Iso-surface of the non-dimensional Q-criterion
(top, value of 1) and zoom on the iso-lines of the non-dimensional mean axial vorticity ω∗

x (bottom).
LES results.

vortex relative to the blade suction side varies with the gap width. For the gap τ /c = 0.02,
the vortex moves upward, which is not the case for the gap τ /c = 0.1 since the tip-leakage
vortex evolves closely to the suction side as in the unconfined case. Another feature is
noticeable for the gap τ /c = 0.02. Looking at the end of the iso-surface, at least, a double
structure of the vortex is observed. This feature is also visible on the iso-vorticity lines at
the plane x/c = 0.2. It seems that the tip-leakage vortex undergoes a kind of deconstruction.

In order to suggest some explanations for these differences between the two gap widths,
the contours of the mean velocity components and the mean axial vorticity are repre-
sented in Figures 17–20. In addition, inthese figures, the iso-value of the non-dimensional
Q-criterion (Q∗ = 1) is plotted in association with the names of the vortex.

Regarding the gap τ /c = 0.02 (Figures 17 and 20 (left)), several comments can be drawn.
First, in the gap region, the axial velocity u∗

x keeps a value close to 1, which indicates that
the flow is not decelerated compared to its freestream value. The pitchwise component u∗

y

reaches also a value close to 0.8. Therefore, for this configuration, the flow in the gap region
looks like a crosswise jet. The flow pattern at the first plane x/c = −0.3 allows explaining
the formation and the evolution of the tip-leakage vortex and the induced vortex. Due to
the pressure difference between the pressure side and the suction side, a leakage jet takes
place in the gap. When the jet reaches the suction side of the blade, the flow rolls up due to
the pitchwise momentum difference between the jet and the boundary layer that develops
on the suction side. As the gap is small, the tip-leakage vortex drags away a part of the
boundary layer that develops on the endwall, which leads to the formation of the induced
vortex. The axial vorticity of the induced vortex is approximately half the value of the tip-
leakage vortex as indicated by the bounds of the colour bar (Figure 20 left). Then, due to
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Figure 17. Non-dimensional mean velocity field at x/c = −0.3 (left) and x/c = 0.2 (right) for the
incidence of 10◦ and the gap τ /c = 0.02. Black lines represent the iso-contour of the non-dimensional
Q-criterion (Q∗ = 1). LES results.

the formation of the tip-leakage vortex, which involves the presence of a spanwise velocity
component above the suction side, the leakage jet is confined to a narrow region between
the endwall and the tip-leakage vortex. Therefore, the leakage jet leads to the upward
displacement of the tip-leakage vortex. For this configuration, no tip-separation vortices
are well identified. The vortex structures, which are observed underneath the blade, can be
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328 J. Decaix et al.

Figure 18. Non-dimensional mean axial velocity field from x/c = −0.3 to x/c = 0.2 for the incidence
of 10◦ and the gap τ /c = 0.02. Black lines represent the iso-contour of the non-dimensional Q-criterion
(Q∗ = 1). LES results.

interpreted rather as a shear layer than a vortex. Beyond the formation and the evolution
of the vortices, another remarkable feature is the decrease in magnitude of the crosswise
velocity components between the two planes by a factor of 2. The axial vorticity magnitude
also decreases between the two streamwise positions. Moreover, the axial velocity u∗

x reveals
an excess of axial momentum at the first plane x/c = −0.3, whereas a deficit is present at
the second plane x/c = 0.2. The excess or deficit in axial momentum is explained by the
competition between the vortex circulation and the head losses, at least if a laminar flow is
assumed.[43] However, in the present case, the explanation does not come from the vortex
core itself. The representation of the axial velocity field along the NACA blade (Figure 18)
put in evidence a region of low axial velocity located between the tip-leakage vortex and
the induced vortex due to the capture of the wall boundary layer. As the tip-leakage vortex
is moving upward, its core ends up capturing this low axial velocity region, which causes
the ‘deconstruction’ of the vortex core.

Focusing on the gap τ /c = 0.1 (Figures 19 and 20 (right)), the flow pattern is quite
different from the previous case. First of all, at the plane x/c = −0.3, two tip-separation
vortices are present underneath the blade. The leakage jet is less intense compared to the
smallest gap and the axial flow shows an acceleration in the gap compared to its freestream
value. The vortex cores of the tip-leakage and the first tip-separation vortex make in evidence
an excess of axial velocity by a factor of 1.5 approximately. No induced vortex is observed,
certainly due to the gap width that is too large to allow the capture of the endwall boundary
layer by the tip-leakage vortex. At the plane x/c = 0.2, the first tip-separation vortex is
close to merging with the tip-leakage vortex, whereas the second tip-separation vortex is
moving to the suction side. From the first plane to the second plane, the region of a high
crosswise velocity magnitude stretches. This is opposite to the observation done at the gap
τ /c = 0.02. However, the tip-leakage vortex does not move upward. Several reasons can
explain this feature. First, as the gap is larger, the vortex is less influenced by its image in
the endwall. Then, the leakage jet is less intense and less confined between the tip-leakage
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Figure 19. Non-dimensional mean velocity field at x/c = −0.3 (left) and x/c = 0.2 (right) for the
incidence of 10◦ and the gap τ /c = 0.1. Black lines represent the iso-contour of the non-dimensional
Q-criterion (Q∗ = 1). LES results.

vortex and the endwall, which reduces the jet penetration. Finally, at least from the mid-
chord, the tip-leakage vortex is influenced by the tip-separation vortex. As the last one wraps
around the tip-leakage vortex, it imposes a downward pitchwise velocity component that
prevents the tip-separation vortex to move upward. Opposite to the gap τ /c = 0.02, there
is still an excess of streamwise velocity in the tip-leakage vortex core, whereas inside the
core of the tip-separation vortex, the value of the non-dimensional streamwise velocity is
close to 1.
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330 J. Decaix et al.

Figure 20. Non-dimensional mean axial vorticity field at x/c = −0.3 (top) and x/c = 0.2 (bottom)
for the incidence of 10◦ and the gaps τ /c = 0.02 (left) and τ /c = 0.1 (right). Black lines represent the
iso-contour of the non-dimensional Q-criterion (Q∗ = 1). LES results.

The present results are now compared with the study of You et al.,[26] which fo-
cuses on a compressor cascade. As the blade shape geometry is different between the two
investigations, the results show some agreements and several differences.

In the present study, the flow pattern is depicted with the same three vortices. The
mechanisms used to explain the formation of the vortices is rather identical at least for the
tip-leakage vortex and the tip-separation vortex. Moreover, an increase in the gap width
provokes an increase of the tip-leakage vortex size and an increase in the crosswise velocity
and the axial vorticity. These features are true if the flow is considered at the plane x/c =
0.2, but it is not true at the first cross plane x/c = −0.3.

Despite these agreements, differences appear. First, the presence of the three vortices
is not observed simultaneously. The induced vortex is present only for the smallest gap,
whereas tip-separation vortices are well developed only for the largest gap. This observation
is in contradiction with the computations of You et al., since they observed that the strength
of the induced vortex increases with the increase in the gap width. Furthermore, it is
mentioned that the tip-leakage vortex and the tip-separation vortex may merge, but the
fusion takes place downstream the trailing edge, which it is not the case here. Another
difference concerns the fact that increasing the gap width delays the formation of the tip-
leakage vortex downstream. In the present work, no delay is captured since the formation
of the tip-leakage vortex is located around x/c ≈ −0.45 for each gap width. Nevertheless
(but not shown here), the fusion of the tip-leakage and the tip-separation vortices is delayed
with the increase in the gap width. Focusing on the vortex trajectory above the blade, You
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Figure 21. Tip-leakage vortex position in the x − y plane for the NACA0009. RANS and LES
results.

et al. observed that the angle between the chord and the vortex core trajectory increases
with the increase in the gap width. For the present computations (Figure 21), it is rather the
opposite that occurs. However, the angle between the chord and the vortex core trajectory
increases with the gap after the fusion of the tip-leakage and tip-separation vortices. It is
noticeable that some observations made by You et al. seem to match the present study if the
investigation focuses on the flow topology downstream the fusion of the tip-leakage and
tip-separation vortices.

To conclude this sub-part, the flow topology is described for two gap widths. A lot of
differences are put in evidence between the two configurations, which suggest a strong in-
fluence of the gap width on the development and the evolution of the flow. The comparison
with the previous study of You et al. [26] shows that a universal picture of the flow topology
depending only on the gap width is difficult to bedrawn. Furthermore, the present flow
topology is also different from the one proposed by Kang et al.,[14] since no secondary
vortex, located between the blade tip and the tip-leakage vortex, is observed. Therefore,
additional parameters as maybe the blade geometry should be added to improve the de-
scription. Finally, the tip-leakage vortex trajectory plotted in Figure 21 put in evidence that
RANS computations are able to capture the position of the vortex in accordance with the
LES results. At the trailing edge, for the gap τ /c = 0.1, the differences between the RANS
and LES results can be explained by at least two features. First, as the meshes are not the
same, a different position of the vortex could be expected. Second, close to the trailing edge,
the tip-leakage vortex and the tip-separation vortex merge in one single vortex. The fusion
process does not seem to be handled in the same way by the RANS and LES computations.

Nevertheless, the RANS data can be used with confidence to describe at least the
trajectory of the vortex for various gap widths, which is the topic of the following sub-part.

4.3. The tip-leakage vortex trajectory

In 1991, Chen [44] proposed a linear law for the pitchwise trajectory of the tip-leakage
vortex above a plate. Other authors proposed a formulation for the tip-leakage vortex
trajectory in a turbomachinery involving further parameters.[45] However, the increase
in complexity does not improve the model as suggested by the experimental work of
Roussopoulos.[3]

In the model of Chen, the trajectory of the tip-leakage vortex is defined in the system
of reference displayed in Figure 22. The streamwise position x1 is determined from the
leading edge and the pitchwise position y1 is measured from the chord. The law is derived
semi-empirically. First, a non-dimensional analysis of the flow based on the time-dependant
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Figure 22. System of reference x1 − y1 used for the tip-leakage vortex trajectory.

two-dimensional Euler equations shows that only one non-dimensional parameter t∗ can be
formed:

t∗ = t

τ

√
�p

ρ
(8)

with

• �p the mean pressure difference between the pressure side and the suction side.
• t = x1/ux the time with ux the streamwise velocity.
• τ the gap width.

Then, gathering various data, it was found that the non-dimensional pitchwise position
y∗

1 = y1/τ can be related linearly to the non-dimensional time t∗:

y∗
1 = K t∗ (9)

with K = 0.46. However, using this relation, Kang et al. [15] suggest for their experiment
the value of K = 0.19.

The Chen model can be also expressed in a non-dimensional spatial system of refer-
ence x∗

1 − y∗
1 . Defining the non-dimensional distance x∗

1 = x1/c and the mean pressure

coefficient Cpm = �p

1/2ρu2
x
, the non-dimensional time t∗ reads

t∗ =
√

Cpm

2

c

τ
x∗

1 (10)

and the tip-leakage vortex trajectory becomes

y∗
1 = K

√
Cpm

2

c

τ
x∗

1 (11)
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Figure 23. Pitchwise position of the vortex centre above the blade (NACA0009) in the x1 − y1

plane. Incidences of 5◦ (top) and 10◦ (bottom). RANS results.

In the dimensional system of reference x1 − y1, the position y1 of the tip-leakage vortex
centre is

y1 = K

√
Cpm

2
x1 (12)

This relation shows that the pitchwise position of the tip-leakage vortex is independent of
the gap width.
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Figure 24. Coefficient K from the model of Chen for each flow configuration (NACA0009). Linear
scale (top) and logarithmic scale (bottom).

For the present study, the tip-leakage vortex trajectory in the system of reference
x1 − y1 is plotted in Figure 23. The plot is stopped before the fusion of the tip-leakage
and tip-separation vortices (at x1 ≈ 0.06 m). It is noticeable that the trajectory of the tip-
leakage vortex depends on the gap width. Therefore, the model of Chen cannot be used.
Nevertheless, the tip-leakage vortex seems to follow a linear trajectory. Applying a linear
interpolation of the numerical data, the slope s is determined for each flow configuration.
Then, the Chen coefficient K is computed for each flow configuration as

K = s√
Cpm

2

(13)
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Figure 25. New coefficient Kn for each flow configuration (NACA0009).

The values are represented in Figure 24 using a linear and a logarithmic scale. The linear
plot put in evidence that the coefficient K is not constant and deviates significantly from
the value of 0.46 proposed by Chen. The logarithmic plot shows that the points are aligned
along a line with a slope of approximately −1/2. Therefore, the coefficient K decreases
approximately as 1/τ 1/2.

Starting from this observation, a new model is empirically derived, introducing depen-
dence between gap width and tip-leakage vortex position. Setting y∗

1 = y1/τ and x∗
1 = x1/c,

the following relation is proposed:

y∗
1 = Kn

√
Cpm

2

( c

τ

)3/2
x∗

1 (14)

A factor of
√

c/τ differentiates the above equation and the model of Chen (Equation (11)).
Figure 25 represents the values of the coefficient Kn for each flow configuration. From these
data, a mean value of Kn ≈ 0.09 is estimated.

Defining

l∗ =
√

Cpm

2

( c

τ

)3/2
x∗

1 (15)

the tip-leakage vortex trajectory can be expressed as a linear relation between y∗
1 and l∗

y∗
1 = 0.09 l∗ (16)

Figures 26 and 27 display the tip-leakage vortex trajectory for each flow configuration
using the representation of Chen (Equation (11)) and the new representation (Equation
(16)). Data obtained from the simulation of a NACA0015 at an incidence of 10º and for
two gaps (2 and 10 mm) are added in Figure 26. To allow a better comparison between
the two models, the values of t∗ and l∗ are re-centred between 0 and 1, which modifies
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Figure 26. Vortex trajectory for the NACA0009 and NACA0015 at an incidence of 10◦ using the
representation of Chen (top) and the new representation (bottom). RANS results. The black line refers
to the model.
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Figure 27. Vortex trajectory for the NACA0009 at an incidence of 5◦ using the representation of
Chen (top) and the new representation (bottom). RANS results. The black line refers to the model.

the original slope of the models. The correspondences between the initial slope and the
modified slope are referenced in Table 2. The new formulation provides a better collapse of
all the data even if a correction at the origin will be needed. Using the Chen formulation,
the data do not collapse and the slope changes depending on the gap width particularly
for the incidence of 5◦. As the data from the NACA0015 collapse with the NACA0009 data,
the new formulation can be considered as independent of the blade geometry. Furthermore,
a computation (not represented in the figure to avoid an overwriting) of the NACA0009
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Table 2. Correspondence between the original slopes of the models and the slopes for the re-centred
plots between 0 and 1.

Original slope Slope for the incidence of 5◦ Slope for the incidence of 10◦

Chen’s model 0.46 4.6 9.2
New model 0.09 6.4 12.8

blade with a chord twice longer than in the present case does not show an influence of the
chord length.

5. Conclusion

Several LES and RANS computations of a NACA0009 blade including the gap between the
tip and the endwall have been performed and analysed. The LES computations are mainly
devoted to investigate the flow topology in the gap region. Due to the computational cost
of such simulations, only one incidence (10◦) and two gaps (τ /c = 0.02 and τ /c = 0.1)
have been simulated. The RANS computations are used to investigate the trajectory of the
tip-leakage vortex. Five gap widths (from τ /c = 0.02 to τ /c = 0.15) and two incidences
(5◦ and 10◦) have been computed.

First, the RANS and LES computations are compared with the experimental data avail-
able downstream the blade. The results show a qualitative and quantitative agreement. The
vortex core trajectory is captured with confidence. Furthermore, at least outside the vortex
core, the velocity and vorticity fields are in agreement with the experimental measurements
as shown for instance by the collapse of the iso-lines of the axial vorticity.

The LES computations are analysed to describe the flow topology in the gap zone. It is
put in evidence that the gap width influences the development of the vortex flow. For the
smallest gap (τ /c = 0.02), an induced vortex is captured, whereas no tip-separation vortices
are observed. The tip-leakage vortex moves upward the suction side and shows a kind of
deconstruction of its core. This deconstruction is explained by the interaction between the
tip-leakage vortex core and the low axial momentum region originating from the capture of
the endwall boundary layer. For the largest gap (τ /c = 0.1), no induced vortex is observed,
whereas a fusion between the tip-leakage vortex and the tip-separation vortex is depicted.
Contrary to the smallest gap, the vortex core does not show a decrease in the streamwise
velocity. Therefore, the vortex core is sustained all along the vortex life. Compared to the
results provided by You et al,[26,27] some agreements are observed and several differences
are underlined. Among the agreements, the two studies put in evidence the same vortices
and the same mechanisms to explain the formation of the vortex flow in the gap region.
Among the differences, it can be mentioned that the formation of the tip-leakage jet is not
delayed with an increase in the gap width. You et al. investigate a compressor cascade with
a blade curvature higher than in the present study, which could explain the differences.

The last part of the results deals with the trajectory of the tip-leakage vortex. Starting
from the work of Chen [44] and using the RANS results for several flow configurations,
a semi-empirical law is deduced. This law is able to fit the trajectory of the core of the
tip-leakage vortex whatever is the gap width, the blade incidence and the blade geometry
since a NACA0015 has been also computed. In case of cavitation, such a law could be
useful to determine if the vortex will interact with the endwall and cause damages due to
erosion.
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For future works, the investigation of the blade curvature will be suitable both to clarify
the flow topology between the present computations and those carried out by You et al.
and to enlarge or to restrict the range of application of the law proposed to describe the
trajectory of the tip-leakage vortex.
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