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Abstract

The tip-leakage flow in fan stages affects aerodynamic efficiency, stability and contributes to broadband noise. Its behavior is
difficult to predict, especially in transonic configurations. This study focuses on the ECL5 fan/OGV stage, an open test case from
École Centrale de Lyon. At nominal speed, the flow is transonic, with a relative Mach number at the inlet slightly above unity near
the tip. A large-eddy simulation (LES) is performed on a periodic angular sector to simulate the unsteady flow phenomena. A first
comparison with experimental measurements focuses on the validation of the LES. The analysis of the pressure fluctuation spectra
reveals an unexpected low-frequency peak upstream of the rotor blades. A dynamic mode decomposition at the corresponding
frequency shows an unsteadiness in the tip-leakage flow. Tracking the tip-leakage flow dynamically using conventional vortex
identification methods such as Galilean invariants can be challenging, especially in complex flow conditions. A purely kinetic
vortex tracking algorithm is developed and validated to determine the trajectory and size evolution of the tip-leakage vortex. In the
mean flow, the vortex is detected up to two rotor chords downstream of the leading edge of the rotor blade. By using frequency-
filtered fields from the unsteady simulation, vortex wandering is investigated. The interaction with the surrounding flow features is
outlined.
Keywords: Large-Eddy Simulation, Tip-Leakage Vortex, Transonic Fan, Vortex Wandering, Vortex Tracking.

Nomenclature

Roman letters

ṁstd mass-flow rate (kg/s)

Π total pressure ratio

P0 total pressure (Pa)

T0 total temperature (K)

y+ dimensionless wall-normal distance

Greek letters

Γ1, Γ2 vortex tracking sensor

Ω rotational speed (RPM)

Abbreviations

BPF blade passing frequency

DMD dynamic mode decomposition

LES large eddy simulation

NSCBC Navier-Stokes characteristic boundary conditions

NSV non-synchronous vibrations

OGV outlet guide vanes

PSD power spectrum density

TLV tip-leakage vortex

TTG two-step Taylor Galerkin

UHBR ultra high by-pass ration

1 Introduction

Modern design of turbofan jet engines tends to increase the
radius of the fan blades in order to increase the by-pass ratio
and the efficiency. Therefore, the flow can be transonic and
the blades have to be designed to handle the transonic regime.
Thin blades are prone to non-synchronous vibrations (NSV),
leading to a reduction of the stability range of the fan-stage.

The tip-leakage vortex (TLV) is recognized as a main con-
tributor to flow structures during NSV. The wandering [1] phe-
nomenon of the TLV can be the precursor of NSV. Identifying
unsteady phenomena such as wandering can be tedious using
only low order models. This paper develops a vortex tracking
algorithm to detect the unsteady TLV from large eddy simula-
tions (LES).

The study focuses on simulations performed at the design
point of the ECL5 fan/OGV stage [2–4].

In fluid dynamics, different criteria are usually used in or-
der to detect vortices. In computational fluid dynamics, one
can use Galilean invariants such as the Q-criterion [5], the ∆-
criterion [6] or the λ2-criterion [7]. Those methods are based
on the velocity gradient tensor. The sign of those Galilean
invariants is used to locate vortices. Vortex identification is
performed by extracting an iso-surface of a given criterion
[7]. However this approach seems limited by the the crite-
rion value and remains qualitative. Depending on the flow,
larger absolute values of the criterion lead to thin but very
local structures, while smaller absolute values lead to larger
structures. Another methodology to identify vortices was de-
veloped for particle image velocimetry by Graftieaux [8], due
to the inaccessibility of velocity gradients. The Γ2 criterion
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has been shown to be noise resilient [9, 10], but remains qual-
itative, and formally limited to incompressible flows. The
purpose of this paper is to extend the method developed by
Graftieaux to a compressible flow, by coupling the Γ2 crite-
rion with Galilean invariants.

2 Study case – ECL5

This study focuses on the ECL5 fan/OGV stage, an open test
case designed at École Centrale de Lyon [2–4]. The stage is
made of 16 rotor blades and 31 stator vanes. This Ultra High
By-pass Ratio (UHBR) fan/OGV stage is part of the European
CATANA project and aims to openly provide design, simula-
tions and experimental measurements to the community, in
order to provide a multi-physical validation benchmark rep-
resentative of near-future UHBR fan concepts. Several ex-
perimental campaigns were performed within the PHARE-2
test facility. The experimental campaigns comprised investi-
gations of stable operating points and instability mechanisms
such as NSV [11].

LES are performed on the ECL5 fan/OGV stage and the
computational cost of the LES is reduced by computing a pe-
riodic angular sector of the fan/OGV stage. In order to pre-
serve the angular extent for the rotor and the stator domains,
the initial 31 vanes are adapted to 32 vanes. The fan stage per-
formance is maintained by adjusting the chord length of the
vanes [12] by a 31/32 factor.

The present work is performed at the design point of the
ECL5 at nominal speed (Ω = 11000 RPM). The correspond-
ing inflow axial Mach number is 0.53 and the inlet relative
Mach number at the fan blade tip is slightly above 1. The
blade passage frequency is equal to 2933 Hz.

Simulations of the ECL5 fan stage are performed using
AVBP, an explicit unstructured fully compressible LES solver
developed by CERFACS [13–15]. For turbomachinery ap-
plications, the resolution is performed over two domains: a
rotating domain containing one rotor blade and a static do-
main containing two stator vanes. A third order interpolation
is performed at every time-step to couple the domains. The
coupling is ensured by the MISCOG methodology [16, 17].
Computational performance is preserved using the CWIPI li-
brary (ONERA) [18].

The simulations are carried out using a third order Two-
step Taylor Galerkin (TTGC) convection scheme [19]. Unre-
solved turbulent eddies are modelled using the SIGMA sub-
grid scale model [20]. Shockwaves are handled using the
Cook and Cabot hyperviscosity model [21]. Non-reflecting
Navier-Stokes characteristic boundary conditions (NSCBC)
are used both at the inlet and at the outlet [22]. A wall func-
tion (linear law below y+ = 11.45, log law otherwise) is used
near the walls in order to limit the computational cost [23, 24].
Simulations are performed on a hybrid unstructured mesh.
The mesh contains approximately 100 millions cells. The
dimensionless wall-normal distance y+ of the first prismatic
layer is under 35 on the blade skin. The time step for the sim-
ulation is slightly above ∆t = 1.6 ·10−8 s. The computational
time is 200×103 CPUh for one rotation.

The validation of the LES-averaged results with the experi-

mental campaign are highlighted in figures 1 and 2. The time-
averaged LES results are obtained by using 33,000 snapshots
per rotation for 5 full rotations of the rotor. Figure 1 places
the performance of the ECL5 fan/OGV stage obtained by the
periodic sector LES on the experimental characteristic curve.
The experimental reference is represented with while the
periodic LES is marked with . The LES lies correctly on the
experimental characteristic curve. Figure 2 compares the ra-
dial profiles of total pressure ratio and total temperature ratio
at the stator domain exit plane, two chords downstream of the
vanes’ trailing edge. Both quantities follow the same trend,
and a good agreement is observed between the LES and the
experiment. The only significant differences occur near the
casing.
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Figure 1: Comparison of the characteristics (mass-flow rate
and total pressure ratio) of the periodic sector LES with the
experimental measurements.
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Figure 2: Comparison of the radial profiles of total pressure
ratio and total temperature ratio in the stage domain exit plane.
The stage domain exit plane is located two chords downstream
of the trailing edge of the vanes.

Several blade-to-blade views are provided in figure 3. Fig-
ures 3a and 3c depict the average relative Mach number and
the average Mach number at 80% of the span around the ro-
tor and stator respectively. The sonic line is highlighted in
white. The supersonic region extends up to 40% of the chord
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on the suction side of the rotor blade. Figure 3b represents
the average relative Mach number at 99% of the rotor span.
The flow is entirely supersonic upstream of the rotor blade but
transitions to a subsonic regime in the tip leakage flow.

(a) Rotor 80% of span

(b) Rotor 99% of span

(c) Stator 80% of span

Figure 3: Average relative Mach number at different radial po-
sitions in the rotor domain (a, b) and the stator domain (c). A
temporal signal is extracted from a stationary probe indicated
by a star in figure (a).

The power spectral density of the pressure signal extracted
from a probe located one chord upstream of the rotor blade
(represented by a star in the figure 3a) is shown in figure 4.
This probe is stationary in the absolute frame of reference. As
expected, peaks appear at the blade passing frequency and its
harmonics. However, another peak appears at low frequency,
at about one fourth of the BPF, approximately at 750 Hz (high-
lighted in red in Figure 4).
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Figure 4: Power spectral density of the pressure fluctuations
at the stationary probe one chord upstream the rotor blade at
80% of the span.

Therefore, one might want to look at the tip leakage flow
in order to understand how the boundary layer on the cas-
ing, the supersonic region and the tip leakage vortex interact.
However, extracting an iso-surface of a Galilean invariant is
tedious in this case. Figure 5 provides iso-surface of the Q-
criterion and λ2-criterion for both the instantaneous and the
average solution. For the mean flow, both iso-surfaces capture
the shape of the TLV up to only 40% of the chord downstream
of the leading edge. For the instantaneous flow, the tip leakage
flow is complex and the identification of a specific structure is
difficult.

In order to extract the tip leakage vortex from both the av-
erage and the instantaneous flow, a dedicated vortex tracking
methodology is developed and used.
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(a) (b)

(c) (d)

Figure 5: Iso-surfaces of Galilean invariants for both the in-
stantaneous and mean flows. (a) and (c) are iso-surfaces of the
Q-criterion for instantaneous and mean flows respectively. (b)
and (d) are iso-surfaces of the λ2-criterion for instantaneous
and mean flows respectively.

3 Vortex Tracking Methodology

The vortex detection algorithm uses two scalar functions, Γ1
and Γ2, from Graftieaux et al. [8], to identify the vortex center
and shape from velocity fields. As shown by Figure 6, for a
given point P in the plane, the scalar functions are defined by:

Γi(P) =
1
S

∫∫
M∈S

(PM∧Ui) ·n
∥PM∥ · ∥Ui∥

dS (1)

Ui =

{
UM for i = 1
UM −UP for i = 2

UP =
1
S

∫∫
N∈S

UN dS

P

M

r

t S

n

UM

Figure 6: Calculation of Γ1 and Γ2 in a 2D plane.

Where S is a two-dimensional surface surrounding P, UM is
the velocity at the neighbor point M, and (n,r, t) are the unit
vectors in the reference frame of a plane.

The function Γ1, which ranges from -1 to 1, is interpreted
as the normalized angular momentum and is not Galilean in-
variant. The maximum of Γ1 corresponds to the vortex center,
and the sign indicates the direction of rotation. As shown by
Graftieaux et al. [8], the evolution of Γ1 with distance exhibits
a narrow maximum, which is suitable for the precise identifi-
cation of the vortex center. For practical identification, the
maximum |Γ1| value must satisfy a threshold |Γ1| ≥ 0.85 to
ensure an accurate detection.

The Γ2 function evaluates the vortex core region. Γ2 is
Galilean invariant and depends on the local rotation rate and
the eigenvalue of the strain rate for a sufficiently small inte-
gration surface S. The criterion |Γ2|> 2/π indicates a region
dominated by rotational flows.

The integration of these quantities is performed numerically
by summing the values within a circle of radius rs around P.
As Graftieaux et al. [8] have shown, these quantities are rel-
atively insensitive to discretization and work well even with
a small number of integration points. However, it is crucial
to choose an integration radius that is smaller than the size
of the vortex in order to accurately capture its shape with Γ2.
Therefore, integration radii that are a few times larger than the
characteristic size of the mesh elements are used to fulfill this
criterion. To save computation time and memory and to focus
on the detection on the TLV, the detection domain is restricted
to the region near the blade tip.

These functions are robust to small-scale turbulence and
can handle large data sets efficiently. They focus on the topol-
ogy of the velocity field rather than its amplitude and are
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therefore suitable for detecting large-scale eddies in turbulent
flows.

In order to track the trajectory and shape of the vortex, sev-
eral planes must be defined along the vortex path. For optimal
detection and tracking, these planes must be perpendicular to
the vortex trajectory, for a better circularity of the vortex sec-
tion. As shown in Figure 7, the strategy is as follows:

1. For each position along the vortex trajectory, N candidate
cutting planes are generated:

(a) Generate a cutting plane centered on the estimated
vortex center O j with a normal vector n j.

(b) Calculate the average direction of the vortex us-
ing the velocity vectors within the vortex shape de-
tected by the Γ2 sensor:

n j =

∫∫
|Γ2(P)|>2/π

UP dS∥∥∥∫∫|Γ2(P)|>2/π
UP dS

∥∥∥ (2)

(c) Update the normal vector for the next cutting plane.

2. Among the N cutting planes computed, select the best
plane i as the one that maximizes the sensor Γ1.

3. Determine the position of the next plane using the pro-
jection method, where the center of the new plane is:

Oi+1 = Oi + ℓni (3)

Where ℓ is the distance increment, and Oi and ni are the
vortex center and the orientation of the current best de-
tected plane.

One must provide a first cut that contains the vortex as an
initialization. The process is repeated until the trajectory ex-
ceeds the detection range or the quality of the vortex detection
decreases below |Γ1|= 0.85.

Ci

Oi

ni
ℓ

C ′
i

Ci+1
Oi+1

ni+1

ℓ

C ′
i+1

Ci+2

Oi+2

ni+2

Figure 7: Strategy to build the succession of cutting planes.
Ci denotes the ith analysis cut of origin Oi and of normal ni.
The intermediate cut C ′

i of origin Oi + ℓni and parallel to Ci
is used to find the location Oi+1 and the local direction ni+1
of the vortex core. Therefore the cut Ci+1 is defined, and the
process can continue.

As mentioned previously, the Γ2 criterion can strictly only
be applied for incompressible flows. However the criterion on
Γ1 does not rely on this hypothesis and can still be used to
find the center of a vortex. Here we propose to substitute the
criterion |Γ2|> 2/π as follows:

1. Generate a cutting plane centered on the detected vortex
center O j with a normal vector n j.

2. Compute the values of Γ1 and find the location Õ j of its
maximum absolute value.

3. Normalize any classic Galilean invariant by its max-
imum at the vortex center. For example, let us de-
fine the normalized sensor based on the Q-Criterion:
Qn = Q/Q(Õ j).

4. Calculate the average vortex direction based on the ve-
locity vectors within the vortex core, defined as the re-
gion where the normalized invariant exceeds a certain
threshold, e.g. Qn > 0.3.

This procedure extracts the center and the core of the vortex,
plane by plane. One can notice that, if the maximum value of
the Galilean invariant at the vortex center is the same for each
plane, then this procedure is similar to an iso-surface of the
considered Galilean invariant.
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4 Application of the method to the ECL5 sim-
ulations

The tip leakage flow of the ECL5 at nominal speed is highly
turbulent. In order to apply the method developed, a filtered
flow using Dynamic Mode Decomposition [25] is considered.
The DMD offers the opportunity to build up a reduced order
model of the flow, by choosing a reduced number of modes
for the superposition.

The dataset considered contains 400 instantaneous 3D solu-
tions of the rotor domain. Sampling was performed at 24 kHz
(30 times the frequency of interest at 750 Hz) for 3 full ro-
tations of the fan (12 periods of the phenomenon of interest).
Therefore, the spectral resolution is ∆ f ∼ 60 Hz. The DMD
is performed using Antares, a python data processing library
developed by CERFACS. The filtered flow is obtained by su-
perposing the mean flow and modes near the frequency of in-
terest, taking the spectral resolution into account. In this case,
the mean flow and two modes are superposed, around 750 Hz.

Mean flow

First and foremost, the vortex detection is performed on the
mean flow. The use of the method seems to indicate that it is
more resilient if it is performed from downstream to upstream.
The vortex detected by the method is represented in Figure 8a.
The reference value of the Q-Criterion used by the method
is shown in Figure 8b The evolution of the Γ1 sensor at the
detected vortex center is displayed in Figure 8c. The origin of
the tip leakage vortex is located 4% axial chord downstream
the leading edge at 99.5% of the rotor span. It can be noticed
that the vortex detected is surrounded by supersonic regions
(represented in gray) near the leading edge of the blade. Also
the reference value of the Q-Criterion is strictly decreasing
and drops by four orders of magnitude from the leading edge
to the trailing edge. The values of the Γ1 sensor remain close
to the suggested threshold.

(a) Shape of the reconstructed vortex
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(b) Evolution of the reference value of the Q-Criterion along the
vortex centerline
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Figure 8: Results of the vortex tracking algorithm applied to
the mean flow. (a) Reconstructed vortex using the described
method, colored by the normalized value of the Q-Criterion.
The supersonic pocket is represented in gray. (b) Evolution
of the reference value of the Q-criterion used to extract the
core of the vortex for each analysis plane. (c) Evolution of the
Γ1 sensor at the vortex center. The sensor remains around the
0.85-threshold suggested by Graftieaux.

Comparison with the experiment

Figure 9 presents the ensemble-averaged wall static pressure
distribution over the casing from the experimental measure-
ments [26], as well as the vortex centerline obtained from the
time-averaged LES. The location of the tip leakage vortex can
be estimated using the pressure drop from the experimental
ensemble-average. The origin of the reconstructed TLV from
time-averaged LES appears to be 10% axial chord upstream
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of the experimental pressure drop. This offset progressively
reduces downstream. There is a good agreement between the
TLV location and the pressure drop from 40% to 80% axial
chord.
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Figure 9: Experimental ensemble-averaged casing wall static
pressure distribution and mean flow vortex centerline obtained
from the LES.

Filtered flow around the frequency of interest

The analysis now focuses on the filtered flow around the fre-
quency of interest (750 Hz). The origins and orientations
of the planes computed from the mean flow analysis are a
good first guess in order to apply the algorithm on the filtered
dataset. Thus, for each snapshot of the reconstructed flow, for
each plane, the vortex tracking is applied using the mean flow
parameters as a first guess. The usual procedure is still applied
in order to slightly adjust the orientation of the cutting planes
and the deviation of the vortex centerline. Figure 10 sums up
the entire results of the vortex tracking algorithm over the fil-
tered data. The figure is a blade to blade view of the vortex
centerline of the mean flow , as well as the vortex center-
line of one hundred consecutive snapshots of the filtered flow

. The core of the mean flow vortex is also represented
, as well as the upstream sonic line at 99% of span .

Near the leading edge and up to 10% axial chord downstream,
all vortex centerlines from the filtered flow stand still. Then,
around x/c = 0.2 the vortex centerlines of the filtered flow
spread but remain inside the core of the mean flow vortex.
The variability of the vortex centerline seems to increase just
downstream the shock-wave.
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Figure 10: Blade to blade view at 99% of the span of the re-
constructed vortex shapes obtained by the vortex tracking al-
gorithm.

In this present case, non-negligible oscillations are iden-
tified. The Strouhal number associated with the oscillation
(based on the chord length and the relative upstream velocity)
is St = 0.22. A wandering vortex phenomenon could exist re-
garding the range of Strouhal number [27, 28], and explain
the observed oscillations. However, the vortex remains still
near the leading edge, with no azimuthal displacement. The
amplitude of oscillations increases with the axial position af-
ter the shock-wave. The observed phenomenon could be the
response of the vortex while being exited to this frequency.

The mechanisms behind the low frequency phenomenon re-
mains under investigation.

5 Conclusions

In the present study, a methodology was introduced to track
a vortex in a complex configuration. This method is based
on the Γ1 and Γ2 sensors introduced by Graftieaux et al., and
was extended to compressible flows using usual Galilean in-
variants, such as the Q-Criterion. This method has been de-
veloped in order to track the tip-leakage vortex in LES of the
ECL5 fan/OGV stage at a transonic regime. This vortex track-
ing algorithm has been applied on both the mean flow and a
filtered flow reconstructed from a dynamic mode decompo-
sition. The results obtained on the mean flow have shown
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that the vortex was surrounded by supersonic regions near the
leading edge. The algorithm used a range of reference val-
ues of the Q-Criterion that extends over four orders of magni-
tude. The trajectory of the mean flow vortex centerline seems
coherent with the experimental wall static pressure distribu-
tion on the casing. Using the mean flow results, the method
has been applied over hundreds of frequency filtered instan-
taneous flows. While the vortex centerline remains stationary
close to the leading edge, the variability of the vortex trajecto-
ries suddenly increases just downstream the shockwave. This
variability of the vortex centerline is of the order of the mean
vortex core radius.

The next step is to apply this method to operating points
near the stability limit.
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