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Abstract

Cavitating tip-leakage vortices appear in several hydrodynamic �ows such as marine

propellers or Kaplan turbines. Cavitating computations are a challenging topic since

several keys issues are an ongoing work such as the de�nition of a universal mass

source term.

The present study focuses on the computations of the tip-leakage vortex including

the gap between the blade tip and the side wall. Two computations are performed,

one without cavitation and a second one with cavitation. In both cases, the results

are compared with experimental data. The cavitation in�uence is investigated by

comparing the cavitating and the non-cavitating cases. A particular attention is

focused on the vortex core trajectory, the vorticity �eld and the vortex core iden-

ti�cation. It is shown that, compared to the non-cavitating case, cavitation leads

to a vortex trajectory closer to the suction side and the side wall, which can be of

importance regarding the cavitation erosion. Furthermore, cavitation modi�ed the
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vorticity �eld in the vortex core region. The main feature is a misalignment between

the high vorticity region and the cavitating region, which opens a discussion regard-

ing the de�nition of the vortex core.
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1. Introduction

Tip-leakage vortices (TLV) appears in several industrial application such as air-

foils, compressor engines, marine propellers and Kaplan turbines. The present study

focuses on the con�ned TLV, which means that the gap between the blade tip and

the side wall is taken into account. This �ow con�guration is observed for instance in

Kaplan turbines. The TLV develops from the leading edge of a blade on the suction

side due to the pressure di�erence between the pressure side and the suction side.

The TLV is known to promote cavitation, which leads to several drawbacks such as

erosion, �ow instabilities or noise [1].

The con�ned TLV has been experimentally studied in the case of air compressors

[2�7]. Numerical computations of these experiments have been performed using

Reynolds-Averaged Navier Stokes (RANS) [8, 9] or Large Eddy Simulation (LES)

[10, 11] modelling. The results show that the tip-leakage �ow contains more than

one vortex. Indeed, in addition to the TLV, one or more tip-separation vortices have

been identi�ed. The tip-separation vortices form at the pressure side of the blade

and then move to the suction side through the gap. Furthermore, an induced tip

vortex with a counter-rotation compared to the TLV is sometimes observed. You

[10] proposed the use of the criterion proposed by Joseph [12] to determine the re-

gion where cavitation can occur. Nevertheless, no cavitation computations have been

performed.
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Regarding hydraulic �ows, Roussopoulos [13] performed cavitation investigations in

relation to the development of the TLV in Kaplan-type turbine. The Particle Image

Velocimetry (PIV) measurements are made on reduced simpli�ed two-dimensional

geometries. It is found that a semi-spherical casing leads to the greatest danger of

cavitation erosion. Furthermore, the anti-cavitation lip tested does not prevent the

risk of cavitation erosion although the circulation of the vortex is reduced.

Miorini [14] investigated the TLV in a waterjet pump rotor using PIV method. The

TLV is depicted as a combination of several vortex �laments wrapping around the

vortex core. The �laments never merge. The TLV displacement is depicted using

the images of the vortex in both the blade and the side wall. Due to the interaction

between the TLV and the side wall, a part of the boundary layer detaches and rolls

up in a vortex with a counter-rotation compared to the TLV. This can be identi�ed as

the induced vortex described by You [11]. The TLV breakdowns when it approaches

the pressure side of the following blade. The turbulent �eld shows a high value of the

turbulent kinetic energy in the vortex core and in the shear layer. On the contrary,

the production of turbulent kinetic energy is present only in the shear layer, which

means that the turbulent kinetic energy is transported from the shear layer to the

vortex core by means of the vortex �laments. Cavitation visualizations are used to

support the TLV evolution in the blade passage.

Dreyer [15] measures the velocity �eld downstream a 2D NACA0009 pro�le for var-

ious tip gaps in absence of cavitation. These measurements reveal the in�uence of

the gap width on the TLV behaviour. Mainly, the tip gap width is directly link to

the presence of a wake or jet �ow inside the vortex core. Furthermore, the authors

propose a new dimensionless coe�cient τ/Γ∗
∞ with τ the gap width and Γ∗

∞ the nor-

malised circulation for the largest gap width. For τ/Γ∗
∞ ≈ 0.2, the TLV circulation

reaches a peak and therefore, such a situation has to be avoided in order to reduce
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the risk of cavitation erosion. Flow visualizations using cavitation as a tracer put in

evidence the presence of two vortices in the gap region. The TLV that forms on the

suction side of the leading edge and the tip-separation vortex that forms in the gap.

The tip-separation vortex moves upward and merges with the TLV. The position of

the fusion between the two vortices depends on the gap with. Smaller the gap is,

more upstream the fusion takes place. The presence of cavitation in each vortex de-

pends on the gap width. Indeed, the cavitation amount in the tip-separation vortex

decreases with the increase in the gap width.

Some numerical investigations of the cavitation TLV focus on the spatial inducer.

Watanabe [16] carried out a two-dimensional computations based on the vortex

method and a cavity growth modelled using the unsteady Bernoulli equation. De-

spite the simplicity of the model, the cavity growth as well as the trajectory of the

vortex core is correctly captured compared to the experimental data at least for

rather large gap width (τ > 5). Using a similar approach, Higashi [17] is able to pre-

dict the trajectory of the vortex core for three gap widths with a good accuracy. The

maximum radius of the cavity is in qualitative agreement but the position where this

maximum occurs and the dynamic of the radius decrease are not well predicted. A

three-dimensional inducer has been computed by Okita [18]. Turbulence is modelled

using the Detached Eddy Simulation (DES) model [19] and cavitation is modelled

using the model proposed by Chen [20]. It is shown that cavitation enhanced the

tip-clearance �ow. Moreover, the rotation of the back�ow cavitation rotates with a

speed lower than the rotation speed of the inducer. Nevertheless, such results are not

compared with experimental data, which limits the validation of the computation.

Recently, the cavitating tip leakage vortex has been investigated in an axial �ow

pump [21, 22]. The modelling is based on a homogeneous model coupled with the

SST k − ω model including the Reboud correction for the eddy viscosity [23]. The
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simulations show that the tip leakage vortex in�uences the suction side perpendicular

cavitating vortex formation.

Non-con�ned cavitating TLV are also computed in the case of marine propellers.

Hsiao [24] investigated the cavitation inception inside the tip vortex by solving the

RANS equations coupled with the Baldwin-Lomax algebraic turbulence model. Cav-

itation is modelled using either a spherical bubble model based on the Rayleigh-

Plesset equation or a non-spherical bubble model [25]. The results show that the

de�nition of the cavitation inception and the non-spherical deformations can have

an important role in order to predict the cavitation inception. A use of a surface-

averaged pressure in the spherical model signi�cantly improves the results and bring

them closer to the non-spherical model. Bensow [26] performs Implicit Large Eddy

Simulation (I-LES) computations of a marine propeller using the cavitation model

proposed by Kunz [27]. The comparison of �ow pictures with the iso-surface of the

volume fraction provided by the computation shows a qualitative agreement even if

cavitation in the TLV is under-resolved.

In the present paper, the TLV that develops at the tip of a NACA0009 pro�le

mounted in a rectangular channel is investigated for one gap width. Previous non-

cavitation computations for two gap widths have been carried out using RANS and

LES turbulence models [28]. The comparison of the results with experimental data

[15] and between the RANS and LES computations show that the RANS computa-

tions are able to capture the mean �ow with accuracy. Therefore, RANS modelling

is used to perform the cavitating computation. First, the computations without and

with cavitation are compared with the experimental data. Then, the in�uence of

cavitation on the TLV is discussed by comparisons with the non-cavitating case.

Finally, a special focus on the cavitating TLV core is carried out.
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2. Numerical tools

The computations are carried out using the OpenFOAM software release 2.1.0.

This software is based on an orientated object framework [29, 30].

For the non-cavitating case, the unsteady incompressible RANS equations using the

Boussinesq assumptions for the turbulent stresses are solved:

∇ · u⃗ = 0 (1)

∂u⃗

∂t
+∇ · (u⃗⊗ u⃗)−∇ · (νeff∇u⃗) = −∇

(
p

ρ

)
(2)

with the e�ective viscosity νeff = ν + νt. ν is the kinematic viscosity and νt

is the turbulent viscosity. The turbulent viscosity νt is computed using the SST

k − ω model [31]. The log wall law is assumed to compute the shear stress in the

�rst cell layer. The time derivatives is computed with the backward second order

scheme. The convective �ux is discretized with the Total Variation Diminishing

(TVD) scheme named "limitedLinear" speci�c to OpenFOAM. The limiter is de-

�ned as Ψ(rf ) = max (min (2r, 1) , 0). The time derivative is discretized using the

second order backward scheme. The set of equations is solved by using a coupled

SIMPLE/PISO algorithm.

For the cavitating case, the homogeneous mixture approach is used. Therefore, the

two phases share the same velocity, pressure and temperature. Furthermore, in the

present work, the temperature is assumed constant. The mixture density ρ and the

mixture kinematic viscosity ν are computed as the phase average of the phase value:

ρ = αLρL + (1− αL) ρV (3)

ν = αLνL + (1− αL) νV (4)

with:
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• ρL = 1000 kg m−3, the liquid density.

• νL = 9 · 10−7 m2 s−1, the liquid viscosity.

• ρV = 0.02 kg m3, the vapour density.

• νV = 4.473 · 10−4 m2 s−1, the vapour viscosity.

• αL, the liquid volume fraction.

The set of equations to be solved is:

∂αL

∂t
+ (u⃗ · ∇)αL = S (5)

∇ · u⃗ =

(
ρV − ρL

ρ

)
S (6)

∂ρu⃗

∂t
+∇ · (ρu⃗⊗ u⃗)−∇ · (µeff∇u⃗) = −∇p (7)

Equation 5 is the transport equation for the liquid volume fraction with S the source

term. It is modelled using a slightly modi�ed version of the model proposed by

Kunz [27] (e�ects of non-condensable gases are non-considered), which splits the

source term4 in a condensation term mc and a vaporisation term mv:

S = mc +mv (8)

mc =
ρ

ρLρV
Cc

ρV
t∞

α2
Llim

max (p− psat ; 0)

max (p− psat ; 0.01 psat)
(9)

mv =
ρ

ρLρV
Cv

ρV
1
2
ρLU2

∞t∞
min (p− psat ; p0) (10)

The constant p0 is set to 0 and αLlim is de�ned asmin (max (αL, 0) , 1), which preserve

the boundedness of αL during the iterative process. After calibration, the constants

4In the OpenFOAM formulation, the source terms are multiplied by the factor ρ/(ρLρV ) com-

pared to the formulation proposed by Kunz
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Cv and Cc are set to Cv = 3500 and Cc = 500. the others parameters are set as

follow: U∞ = uinlet = 10.2 m s−1, t∞ = Lref/U∞ = 0.005 s and psat = 2300 Pa. The

reference length scale Lref is set to Lref = c/2 with c the chord length.

The set of equations is solved using a coupled SIMPLE/PISO algorithm. The trans-

port equation for the liquid volume fraction is solved using a Multidimensional Uni-

versal Limiter for Explicit Solution (MULES) speci�c to OpenFOAM [32, 33]. Such

a method introduces a counter gradient to limit the di�usion of the interface and

required to be coupled with a high order scheme for the discretization of the convec-

tive term. The transport equation for the liquid volume fraction αL (equation 5) is

solved in a conservative form, which requires to treat the velocity divergence as an

explicit source term. The convective �ux is discretized using the Van Leer limiter

[34]. For the momentum and turbulence equations, the convective �ux is discretized

using the "limitedLinear" scheme. The eddy viscosity is computed using the SST

k − ω model [31]. It is assumed that wall laws apply in two-phase �ows. This as-

sumption is supported by recent results [35]. Identically to the single test case, the

time derivative is discretized using the second order backward scheme.

3. Test case

The hydrofoil is made of a NACA0009 pro�le with an originally chord of c0 =

0.11 [m] and a span of 0.15 [m] [36]. The shape of the blade is computed using

equations (11) and (12) .

yb
c0

= a0

(
x

c0

)1/2

+ a1

(
x

c0

)
+ a2

(
x

c0

)2

+ a3

(
x

c0

)3

for 0 ≤ x

c0
≤ 0.5 (11)

yb
c0

= b0 + b1

(
1− x

c0

)
+ b2

(
1− x

c0

)2

+ b3

(
1− x

c0

)3

for 0.5 ≤ x

c0
≤ 1 (12)
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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. The origin of the axis corresponds to the centre of rotation of the blade pitch.

The 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 [37]. The

incidence of the pro�le is set to i = 10◦ and the gap τ is set to τ/c = 0.1.

Numerical computations are carried out on a domain that extends 2 chords upstream

the leading edge and 5 chords downstream the trailing edge (see �gure 1). The ref-

erence structured mesh contains around 2 millions of nodes (see �gure 2). The gap

width is �lled with 30 nodes in the spanwise direction (see the Appendix for the

simulation and mesh convergence assessment).

The inlet velocity is set to a uniform value uinlet = 10.2 m s−1, which corresponds to

a Reynolds number based on the blade chord Rec = 106. At the outlet, a gradient

free condition is set for all the variables. The pressure reference is set in an upstream

section (x/c = −1.3) in agreement with the experimental measurement section. The

pressure value will be discussed in the result part. The cavitation number σu is mea-

sured in the upstream section located at x/c = −1.3 where pressure measurements

are performed. It is computed as:

σu =
pref − psat

1
2
ρu2

inlet

(13)

with pref the pressure reference in the cross section located at x/c = −1.3, psat

the saturated vapour pressure set to 2 300 Pa and ρ the liquid density equal to

1 000 kg m−3. For the cavitating case, the cavitation number is σu = 2.01.
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The unsteady computations are run with a time step set to ∆ t = 10−5 s. They are

started form a steady computations and the time-averaged quantities are computed

over T = 0.1 s after the �ow is developed. At each time step, two loops are set both

for the PISO loop and the SIMPLE loop. A multigrid solver is used to solve the

pressure equation whereas, a preconditioned bi-conjugated gradient solver is used for

the momentum and turbulence conservation equations. The maximum CFL number

is around 2.6 whereas the mean CFL is lower than 0.05. One time step requires

approximately 60 s to be achieved using 8 cores of an IntelR⃝ Xeon R⃝ X5650 (2.67

GHz) CPU.

For the non-cavitating case, the 3D velocity �eld is available at three downstream

sections located at x/c = 1, x/c = 1.2 and x/c = 1.5 (see �gure 3). The velocity

measurements are performed using stereo-PIV. For the cavitating case, only instan-

taneous side views of the cavitating TLV are available.

4. Results

The results are displayed using a dimensionless representation based on the refer-

ence velocity uref = uinlet = 10.2 m s−1 and the reference length scale lref = c = 0.1

m. For instance, the dimensionless velocity is given by u∗ = u/uref .

4.1. Non-cavitating TLV

The global feature of the �ow is shown using the Q-criterion computed using

the time-averaged velocity �eld (see �gure 4). The tip-leakage vortex and the tip-

separation vortex are clearly identi�ed. The two vortices merge in a single vortex

that evolves downstream. This topology is in agreement with the experimental vi-

sualizations using cavitation as a passive tracer [15] and previous LES computations

[28].
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The time-averaged dimensionless velocity components at the �rst downstream sec-

tion x/c = 1 is compared between the experiment and the computation (see �gure 5).

Regarding the axial component u∗, the accelerated region close to the vortex core is

accurately located with nevertheless an underestimation of the velocity magnitude.

Focusing on the transverse components v∗ and w∗, the magnitude of the components

is predicted in agreement with the measurements. However, it is noticeable that the

gradient of these components at the vortex core is di�used. A part of the explanation

is the size of the mesh that is too coarse compared to the size of the vortex core.

Furthermore, the numerical and model di�usions play also a role. Previous LES

computations on a �ner mesh (200 millions of elements) show an improvement of

the gradient resolution even if it is still slightly di�used compared to the experiment

[28]. Such a result supports the present choice to not re�ne the mesh in the vortex

core.

The time-averaged dimensionless axial vorticity component ω∗
x at the �rst measure-

ment section x/c = 1 is displayed on �gure 6. As explained above, the di�usion of the

transverse gradients lead to an underestimation of the axial vorticity in the vortex

core region. In order to determine the region where the vorticity is under-estimated,

the computational results are interpolated on the experiment PIV grid measurement.

Then, the ratio between the experimental and numerical dimensionless axial vortic-

ity ω∗
xExpe

/ω∗
xRANS

is computed and plotted on �gure 7. The magnitude of the axial

vorticity is underestimated mainly at the vortex core, whereas it is captured outside

the vortex core. The limit of the vortex is shown by the arc of circle with the low

and high ratio values.

Tables 1 and 2 give the pitchwise y/c and spanwise z/c position of the vortex core

at the three measurement sections. The vortex core position is detected using the
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maximum of the axial vorticity ωx. The absolute error δ is computed as :

δ =
|sRANS − sExpe|

sExpe

× 100 (14)

with s the pitchwise or spanwise position of the vortex core. The computational

results are in agreement with the experimental data since the absolute error is close

or lower than 10% except for the pitchwise position at x/c = 1.5. The 10% error

corresponds to approximately one millimetre, which is the order of magnitude of the

cell size.

4.2. Cavitating TLV

Since the vorticity in the core of the TLV is under-resolved by the RANS com-

putation, the pressure drop in the core cannot be predicted accurately compared to

the experiment. Therefore, if the computation is performed at the same cavitation

number σu = 2.01 than the experiment, no cavitation occurs. In order to produce

cavitation in the TLV, the computation is carried out at a lower cavitation number

σu = 1.3. This value corresponds to the one that provides the more developed cav-

itating tip vortex. For lower values, the computation becomes unstable whereas for

a higher value, the cavitating tip vortex is less extended.

For this �ow con�guration, the tip-leakage vortex is displayed on �gure 8 using an

iso-surface of the non-dimensional Q-criterion (Q∗ = 1.5) and an iso-surface of the

time-averaged liquid volume fraction αLmean = 0.9. As for the non-cavitating case,

the tip-leakage vortex and the tip-separation vortex merge in one single vortex. The

fusion of the two vortices is delayed downstream in the cavitating case. Cavitation

occurs inside the tip-leakage vortex and in the shears layer along the blade tip. No

cavitation is observed in the tip-separation vortex when it moves from the gap to the

tip-leakage vortex.

12



The comparison with the experiment is shown on �gure 9. The position of the cav-

itating TLV is well captured above the blade even if the size of the cavitation core

is slightly larger in the computation than in the experiment. The cavitation in the

shear layer provided by the computation stops at roughly the same place than the

cavitation clouds observed on the experimental picture.

Since no quantitative experimental data are available for the cavitating case, the

analysis of the cavitating �ow is performed using only numerical results.

Figure 10 compares the time-averaged streamwise velocity component between the

non-cavitating and the cavitating cases. Without cavitation, the �ow is attached on

the suction side, whereas it detaches in presence of cavitation. This feature is illus-

trated more in detail in �gure 11, which displays an iso-surface of the dimensionless

Q-criterion and the contours of the dimensionless streamwise velocity component in

three cross planes for both cavitating and non-cavitating cases. The larger wake

observed for the cavitating case seems to in�uence the trajectory of the vortex core

downstream the trailing edge as shown on �gure 12. The vortex core position is

determined using the maximum of the Q-criterion. The wake con�nes the vortex

close to the side wall (located at z/c = 0) and prevents the vortex to move upward.

This feature can be explained by the competition between the image of the vortex

in the side wall that leads to the upward moving and the suction e�ect due to the

low pressure in the wake that provokes downward moving. Since cavitation in the

vortex stops close to the trailing edge, an in�uence of cavitation on the vortex tra-

jectory more downstream the trailing edge cannot be excluded. Above the blade,

the position of the tip-leakage vortex core (�gure 13) is not strongly in�uenced by

the presence of cavitation. In the spanwise direction, the di�erence observed from

x/c = 0.1 to x/c = 0.4 is likely due to the fusion between the TLV and the tip-

separation vortex that takes place slightly downstream in the cavitating case.
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Figure 14 displays the time-averaged liquid volume fraction and an iso-contour of

the Q-criterion in �ve transversal planes along the blade. At the planes located at

x/c = −0.3 and x/c = −0.1, the minimum of the liquid volume fraction is encircled

by the iso-contour of the Q-criterion, which means that cavitation occurs at the vor-

tex core. However, at the three downstream planes, the minimum value of the liquid

volume fraction is not located inside the iso-contour of the Q-criterion. The misalign-

ment between the minimum of the liquid volume fraction and the maximum of the

Q-criterion is related to the fusion of the tip-leakage vortex and the tip-separation

vortices originating from the gap. Therefore, in this region the criteria used to deter-

mine the vortex center is not straightforward and a speci�c investigation is required.

4.3. Cavitation and vortex core identi�cation

In order to better understand the topology of the TLV core, a detailed investiga-

tion have been carried out.

First, the location of the TLV core has been determined using several criteria:

• Simple criteria [38]:

⋄ Minimum of pressure.

⋄ Maximum of axial vorticity.

⋄ Minimum of liquid volume fraction.

• Mathematical criteria derived for incompressible �ows [39]:

⋄ Maximum of the Q-criterion that works also for compressible �ows [40].

⋄ Maximum of the −λ2 criterion.

Figure 15 displays the pitchwise and the spanwise position above the blade of the

TLV core identi�ed using each of the criteria aforementioned for the cavitating and
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the non-cavitating cases. Focusing on the non-cavitating case, the Q-criterion and

the λ2 criterion give the same pitchwise and spanwise position. The maximum of the

axial vorticity is at the most of the positions in agreement with these two criteria.

The only di�erence observed is located at x/c = 0.2 that corresponds to the place

where the TLV merges with the tip-separation vortex. In the spanwise direction,

the pressure minimum gives a position of the TLV in accordance with the other

criteria (at x/c = −0.4, the pressure minimum is not present because it is located in

the boundary layer originating from the leading edge and not in the vortex region),

whereas in the pitchwise direction, the vortex core is often positioned slightly lower.

Looking at the cavitation case, between x/c = −0.4 and x/c = 0, all the criteria

predict the same pitchwise position, whereas di�erences are observed in the spanwise

position even between the Q-criterion, the λ2 criterion and the maximum of the

axial vorticity. At x/c = −0.4 and x/c = −0.3, the spanwise di�erence between

the minimum of the liquid volume fraction and the others criteria can be explained

by the development of the cavitation at the leading edge. Downstream the fusion

between the TLV and the tip-separation vortex that takes place approximately at

x/c = 0.1, the Q-criterion, the λ2 criterion and the maximum of the axial vorticity

give the same pitchwise and spanwise position of the TLV core. The minimum of the

liquid volume fraction shows a lower pitchwise and spanwise position. The pressure

minimum is located between the minimum of the liquid volume fraction and the

Q-criterion.

The previous analysis suggests that the presence of cavitation leads to a misalignment

of the vortex core position depending on the criteria used. The criteria based on the

velocity �eld do not give the same results than the ones based on the pressure �eld.
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To better understand this behaviour, the following vorticity equation

∂ω⃗

∂t
+ (u⃗ · ∇)ω⃗ = (ω⃗ · ∇)u⃗− ω⃗∇ · u⃗+ ν∇2ω⃗ + νt∇2ω⃗ +

1

ρ2
∇ρ ∧∇p (15)

is investigated term by term. With:

• (ω⃗.∇)u⃗, the term responsible for the vortex stretching.

• ω⃗∇.u⃗, the term due to the �ow compressibility.

• ν∇2ω⃗, the viscous term.

• νt∇2ω⃗, the turbulent term.

• 1
ρ2
∇ρ ∧∇p, the baroclinic torque.

It is obvious that the compressible term and the baroclinic torque are equal to zero

for the non-cavitating case. In presence of cavitation, these terms are not any more

null since the divergence of the velocity is expressed by equation (6) and the pressure

and the density are not linked by a barotropic equation of state.

The terms that compose the vorticity equation are analyzed in the cross section lo-

cated at x/c = 0. They are expressed in a dimensionless form by dividing all the

terms of equation (15) by the quantity u2
ref/l

2
ref = 104 s−2, which is the dimension

of the term ∂ω⃗/∂t.

The dimensionless streamwise vortex stretching, viscous and turbulent terms are rep-

resented on �gure 16 both for the non-cavitating and cavitating cases. In addition,

an iso-contour of the Q-criterion and of the liquid volume fraction is also plotted.

Looking at the vortex stretching term, it is rather negative for the cavitating case

inside the vortex core and seems to be null at the vortex core for the non-cavitating

case. The viscous term is negligible in the non-cavitating case compared to the
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cavitating computation due to the larger value of the vapour kinematic viscosity

νV = 4 · 10−4 compared to the liquid kinematic viscosity νL = 9.10−7. The turbulent

term is negative inside the non-cavitating vortex, whereas it shows rather a positive

value inside the cavitating vortex. It is noticeable that for the cavitating compu-

tation, the turbulent term is also negative inside the iso-contour of the Q-criterion.

Figure 17 shows the non-dimensional streamwise component of the baroclinic torque

and the compressible term that are speci�c to the cavitating computation. Inside

the cavitating vortex, the two terms are positive. However, the compressible term

acts as a negative source term due to the minus sign in the vorticity equation (see

equation 15). The non-dimensional streamwise component of the right-hand side

(RHS) term of the vorticity equation is then displayed on �gure 18 for the both

cases. The RHS term is largely negative for the cavitating case compared to the

non-cavitating case mainly due to the compressible and the viscous terms. Further-

more, it is negative both inside the vortex core delimited by the Q-criterion and the

vortex core delimited by the liquid volume fraction. Therefore, the vorticity inside

the vortex core decreases in the cavitating case, whereas it is rather transported in

the non-cavitating case without damping. Such a di�erence could explain the di�er-

ence between the criteria used to identify the vortex core and �nally the presence of

two vortex cores in the cavitating case: one identi�ed as the the high vorticity core

and the second corresponding to the cavitating core.

Since vorticity is di�used by the cavitating core, the replacement of the vorticity in

the vicinity of the cavitating TLV seems to be due to the fusion process between

the TLV and the tip-separation vortices originating from the gap region. This ob-

servation can be related with the distribution of the turbulent kinetic energy in the

cavitating TLV studied by Miorini [14]. Miorini observed that the production of tur-

bulent kinetic energy is null in the vortex core whereas it is maximal in the shear layer
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originating from the gap. He concludes that the turbulent kinetic energy observed

in the TLV core is transported from the shear layer to the vortex core by vortex

�laments. Figure 19 representing the turbulent kinetic energy and the turbulent ki-

netic production term supports this mechanism. The shear layer is the place where

turbulent kinetic energy and vorticity are produced. Then the tip-separation vortex

transports the turbulent kinetic energy and the vorticity inside the TLV, where the

vorticity is di�used by cavitation due to compressible and viscous e�ects.

The conclusions drawn in this section have to be con�rmed by computations per-

formed with improved two-phase �ow modelling that for instance do not consid-

ered the homogeneous assumptions and that take into account a possible turbu-

lent/cavitation interaction.

5. Conclusion

The development of the TLV including the gap between the blade tip and the

side-wall has been numerically investigated with and without cavitation. The gap

width was set to 10% of the chord length and the incidence was set to 10◦.

Without cavitation, the RANS computation shows a good agreement with the ex-

perimental data available downstream the blade. The topology of the �ow put in

evidence the presence of the tip-leakage vortex and the tip-separation vortex. Ac-

cording to the experimental visualizations using cavitation as a passive tracer, the

two vortices merge in a single one at the blade mid-chord. Furthermore, the position

of the vortex core and the velocity �eld are well captured compared to the experi-

ment. However, the vortex core is under-resolved as shown by the under-estimation

of the axial vorticity at the vortex core. The under-estimation is linked to the di�u-

sion of the transverse velocity gradients at the vortex core. The di�usion is a result

of the mesh and numerical di�usion. As a consequence, the pressure drop in the

18



vortex core is also underestimated.

Therefore, the cavitating RANS computation is performed at a cavitation number

σu = 1.3 lower than the experimental one σu = 2.1. The comparison with the experi-

ment regarding the shape of the cavitating TLV shows a good agreement except that

cavitation stops further upstream in the simulation. Nevertheless, the cavitating and

the non-cavitating computations are compared. The cavitating computation reveals

the presence of a thick cavitation layer at the leading edge, which causes the detach-

ment of the boundary layer on the suction side of the blade. Therefore, compared

to the single-phase computation, the pressure �eld on the suction side is modi�ed

and a larger wake is observed downstream the blade. These di�erences in�uence the

vortex core trajectory since the cavitating vortex evolves closer to the suction side

and the side wall. Regarding the cavitation erosion risk, such a result has to be taken

into account even if the e�ect of a rotating motion is not considered in the present

simulation.

A deeper investigation of the cavitating TLV has been performed. It is revealed

that upstream the fusion between the TLV and the tip-separation vortex, cavitation

develops inside the vortex core. On the contrary, downstream the fusion, cavitation

zones and high vorticity zones do not match between them. To better understand

this di�erence, a comparison of the criteria used to identify a vortex core has been

done. Without cavitation, the Q-criterion, the λ2 criterion and the maximum of axial

vorticity predict the same position of the vortex core. The minimum of pressure is in

agreement with these criteria regarding the spanwise position of the vortex whereas

the pitchwise position is slightly lower. For the cavitating case, it is shown that the

cavitating region does not match with the vortex core determined with the usual

criteria on a large part of the TLV trajectory. To explain the di�erence between

the cavitating and the non-cavitating case, the terms of the axial vorticity equation
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are investigated in a cross plane located at mid-chord. Without cavitation, the RHS

of the vorticity equation is close to zero, which means that the axial vorticity is

transported by the �ow without damping e�ect. On the contrary, for the cavitating

case, the RHS of the vorticity equation is strongly negative, which means that the

axial vorticity decreases in the vortex core. Consequently, two vortex cores can be

considered: one corresponding to the region of highest vorticity and a second iden-

ti�ed as the region of highest vapour volume fraction. Since the vorticity decrease

in the cavitating TLV, a mechanism is proposed to explain the presence of high vor-

ticity regions. Vorticity is produced in the shear layer located in the gap and then

transported to the TLV by the tip-separation vortex. Finally, due to compressibility

and viscous e�ects inside the cavitating TLV core, the vorticity is di�used. This

mechanism is also supported for the turbulent kinetic energy and is in agreement

with the experimental work carried out by Miorini [14].

The present study suggests that a full resolved computation of a vortex core is still

a challenging task. Improved two-phase �ow models, numerical schemes and turbu-

lence are certainly required in order to accurately capture the vortex core in detail.

Nevertheless, by decreasing the pressure level in the computational domain, the

cavitating TLV has been captured with a qualitative agreement compared to the ex-

perimental data. It is also suggested that cavitation could in�uence the TLV vortex

particularly regarding the vortex trajectory, the vorticity �eld and the de�nition of

the vortex core. These conclusions have to be supported in the future by additional

experimental and numerical studies.
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Appendix: simulation and solution convergence assessment

The mesh convergence has been assessed by monitoring the time history of the

drag coe�cient (see �gure 20)and of the mean streamwise velocity component located

in x/c = 1.5, y/c = 0 and z/c = 0.1 (see �gure 21) over the averaging period

of T = 0.1 s for the reference mesh. The drag coe�cient is rather constant for

the non-cavitating case over the averaging period with a value of Cd = 0.063 and

converge to a constant value around Cd = 0.116 for the cavitating case. Regarding

the velocity probe, the two con�gurations show a constant value of u∗ = 0.95 for the

non-cavitating case and u∗ = 1.025 for the cavitating case. On a re�ned mesh with

6 million of nodes, the drag coe�cient converge respectively to Cd = 0.063 for the

non-cavitating case and to Cd = 0.122 for the cavitating case.

The vortex and cavitating regions are compared between the reference and the re�ned

meshes on �gure 22 by superposing on one hand an iso-surface of the Q-criterion and

on another hand an iso-surface of the time-averaged liquid volume fraction αLmean.

For the two meshes, the iso-surfaces superimpose.

Finally, �gure 23 displays the position of the TLV provided by the computations on

the re�ned mesh. Without cavitation, the pressure minimum gives the same results

than the Q-criterion and the maximum of the axial vorticity. Therefore, the small

di�erence observed on the reference mesh (see �gure 15) is cancelled on the re�ned

mesh. This conclusion is not supported for the cavitating case since the minimum

of the liquid volume fraction still provides a pitchwise and spanwise position of the

TLV core lower than the Q-criterion. Nevertheless, the mesh re�nement tends to

bring closer the pressure minimum and the minimum of the liquid volume fraction.
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Table 1: Dimensionless pitchwise position y/c of the vortex core at the experimental measurement

sections.

x/c Experiment Non-cavitating RANS computation Absolute error δ (%)

0.1 0.141 0.132 6.4

0.12 0.183 0.179 2.2

0.15 0.303 0.217 28.4
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Table 2: Dimensionless spanwise position z/c of the vortex core at the experimental measurement

sections.

x/c Experiment Non-cavitating RANS computation Absolute error δ (%)

0.1 0.120 0.107 11.0

0.12 0.132 0.122 7.6

0.15 0.16 0.149 6.9
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Figure 1: Computational domain. Downstream view (top), top view (bottom).
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Figure 2: View of the mesh in a cross section located at mid-chord.
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Figure 3: Positions of the measurements section illustrated using an iso-surface of the Q-criterion

(Non-cavitating URANS computation).
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Tip-leakage vortex

Tip-separation vortex

Figure 4: Iso-surface of the dimensionless Q-criterion (Q∗ = 1.5) computed with the time-averaged

velocity and coloured by the dimensionless time-averaged axial vorticity. Non-cavitating URANS

computation.
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Figure 5: Dimensionless time-averaged velocity component (u∗ top, v∗ middle and w∗ bottom) at

the cross plane located at x/c = 1. Experiment (left) and non-cavitating URANS computation

(right).
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Figure 6: Dimensionless time-averaged axial vorticity ω∗
x at the cross plane located at x/c = 1.

Experiment (left) and non-cavitating URANS computation (right).
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Figure 8: Iso-surface of the dimensionless Q-criterion Q∗ = 1.5 (left) and iso-surface of the time-

averaged liquid volume fraction αLmean = 0.9 (right), both coloured by the the dimensionless

time-averaged axial vorticity. Cavitating URANS computation.
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Figure 9: Instantaneous experimental picture (left) and iso-surface of the time-averaged liquid

volume fraction αLmean = 0.5 (right) provided by the cavitating URANS computation.
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Figure 10: Dimensionless time-averaged streamwise velocity component in the mid plane. Non-

cavitating RANS computation (top) and cavitating URANS computation (bottom).
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Figure 11: Dimensionless time-averaged streamwise velocity component in three cross planes with

an iso-surface of the dimensionless Q-criterion (Q∗ = 0.2) in black. Non-cavitating (left) and

cavitating URANS computations (right).
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Figure 12: Pitchwise (left) and spanwise (right) position of the vortex core downstream the trailing

edge using the Q criterion.
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Figure 13: Pitchwise (left) and spanwise (right) position of the tip-leakage vortex core above the

blade using the Q criterion.
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Figure 14: Contours of the time-averaged liquid volume fraction with an iso-contour of the dimen-

sionless Q-criterion (Q∗ = 1.5). Cavitating RANS computation.
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Figure 15: Pitchwise (left) and spanwise (right) position of the tip-leakage vortex core identi�ed

using various criteria. Non-cavitating (top) and cavitating (bottom) URANS computations.
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Figure 16: Dimensionless streamwise component of the vortex stretching, viscous and turbulent

terms of the vorticity equation in a yz-plane at x/c = 0. Black line refers to the iso-value of the

Q-criterion (Q∗ = 1.5). White line refers to the iso-value of the liquid volume fraction (αL = 0.5).

Non-cavitating (left) and cavitating (right) URANS computations.
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Figure 17: Dimensionless streamwise component of the baroclinic torque and the compressible

term of the vorticity equation in a yz-plane at x/c = 0. Black line refers to the iso-value of the Q-

criterion (Q∗ = 1.5). White line refers to the iso-value of the time-averaged liquid volume fraction

(αLmean = 0.5). Cavitating URANS computations.
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Figure 18: Dimensionless streamwise component of the right-hand side term of the vorticity equation

in a yz-plane at x/c = 0. Black line refers to the iso-value of the Q-criterion (Q∗ = 1.5). White line

refers to the iso-value of the time-averaged liquid volume fraction (αLmean = 0.5). Non-cavitating

(left) and cavitating (right) URANS computations.
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Figure 19: Dimensionless time-averaged turbulent kinetic energy and dimensionless turbulent ki-

netic production term in a yz-plane at x/c = 0. Black line refers to the iso-value of the Q-

criterion (Q∗ = 1.5). White line refers to the iso-value of the time-averaged liquid volume fraction

(αLmean = 0.5). Cavitating URANS computations.
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Figure 20: Time history of the drag coe�cient. URANS computations on the reference mesh.
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Figure 21: Time history of the mean velocity component u∗ located in x/c = 1.5, y/c = 0 and

z/c = 0.1. URANS computations on the reference mesh.
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Figure 22: Comparison of the iso-surface of the dimensionless Q-criterion Q∗ = 1.5 (left) and of the

iso-surface of the time-averaged liquid volume fraction αLmean = 0.5 (right) between the reference

mesh (light blue) and the re�ned mesh (red). Cavitating URANS computations.
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Figure 23: Pitchwise (left) and spanwise (right) position of the tip-leakage vortex core identi�ed

using various criteria. Non-cavitating (top) and cavitating (bottom) URANS computations on the

re�ned mesh.
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