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ABSTRACT  

This lecture illustrates how the concepts developed along the previous lectures are applied to a popular 
subject of aeroacoustics: airfoil broadband noise. In particular the motivations for such investigations and 
the non-standard approaches used to tackle this topic are presented. In order to show a more detailed study 
than a general paper about airfoil aeroacoustics would allow, the scope is limited to the topic of tip leakage 
noise. Many of the experimental approaches shown here are also applicable or have been applied to other 
airfoil noise sources. However, a few ideas described hereafter have been specifically developed for the tip 
leakage study.  

1.0 MOTIVAT ION 

Fan broadband noise is one of the dominant sources of modern aircraft in approach flight conditions. This 
trend is confirmed on UHBR low-geared engines       

An inventory of the aerodynamic sources that are present in fan-OGV systems and more generally in ducted 
rotor-stator configurations can be crudely divided in three types as to the part of the airfoils that are involved: 
interaction noise, trailing edge self noise and tip leakage noise. Interaction noise is agreed to be the dominant 
source: steady flow distortions (on blades) or large incoming disturbances result in tonal noise whereas small 
eddies are sources of broadband noise when they hit the blade or vane leading edges. Trailing edge noise is 
due to turbulent eddies from the airfoil boundary layers that are swept past the trailing edges resulting in 
broadband sources and to possible vortex shedding at the trailing edges that are responsible for tonal or quasi 
tonal noise. These sources have been thoroughly investigated by all means since the early advances of 
aeroacoustics. 

Tip leakage noise is the noise induced by the leakage flows that are 
forced at the blade tips by the rotor motion with respect to the casing 
walls and/or by the intake boundary layer interacting with the rotor 
blades (Fig 1-1). Moreover the wakes of the tip flows interact with the 
tips of the stator vanes: this source can be seen as part of the rotor-
stator interaction. In modern turboengines, the tip gaps between the 
blades and the casing are minimal, but due to the blade elasticity and 
the blade sweep, the gaps increase when the engine runs at reduced 
power. It is unclear if the source is significant or not since it is 
impossible to separate it from other sources on a real rotor-stator stage.  

  Fig 1-1 Fan tip clearance 

Other sources may be related to tip flows such as rotating instabilities whose onset is suspected to be 
triggered by blade tip vortices [1] but this mechanism encompasses the whole rotor leading essentially to 
tonal noise. Finally, buzz-saw noise is also generated at the blade tips but is due the local supersonic flow 
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conditions, leading to the severe shocks that appear mainly at take off and are also azimuthally linked. This 
noise source is not due to the tip leakage flow and constitutes a field of research on its own, especially 
because of the high level tones that propagate non-linearly in the inlet duct [2]. One reason we decided to 
investigate tip leakage noise, was that as our first investigations on tip leakage noise started, there had been 
quite many aerodynamic tip leakage flow studies [10]-[17] but very few aeroacoustic ones, most being 
dedicated to complete fans [18]-[23]. 

Another reason was that a quite similar mechanism is at work 
on flap side edges, with a particular resemblance at the 
flap/body junction in some high-lift designs. As can be seen 
on Fig 1-2 showing a mock-up tested at the JAXA-LWT2 
and RTRI wind tunnels.   

In order to facilitate thorough aerodynamic and acoustic 
measurements and also to be compatible with airframe noise 
configurations, a generic fixed non-rotating single blade 
configuration was defined during PROBAND, an EU project 
on broadband noise in turboengines.   

Fig 1-2 Flap side edge at JAXA/RTRI 

Several experimental campaigns and numerical simulations have been carried out on the tip leakage flow 
configuration [3]-[5] that will be described in the next section. Some remarkable results will be summarised 
in the following pages  (sections 3 to 5).  

Besides getting new insight into tip clearance flow configurations, our study was also meant to provide input 
and validation data for CFD simulations. A number of computations have been carried out and compared to 
the wind tunnel tests described hereafter: unsteady RANS [6], LES [7], ZLES [8]-[9] and LBM [24] 
techniques have been tested on the tip clearance configuration described hereafter. Therefore some 
benchmarking issues will be underlined and a few numerical results will also be shown in order to illustrate 
its benchmarking capacity but for the sake of conciseness, this lecture will be focused on experimental issues 
and results. 

2.0 EXPERIMENTAL SET-UP 

2.1 Over-all set-up 
All the measurements are carried out in the ECL anechoic wind tunnel that opens into a 10	m	 ൈ 8	m	 ൈ
	8	m anechoic room. The subsonic flow is guided into the room by an 0.56	m	 ൈ 	0.56	m square 2	m long 
duct, accelerated through an 0.45	m	 ൈ 	0.2	m nozzle as a 70	m/s jet flow. The resulting rectangular jet flow 
is confined between 2 horizontal plates that are 0.2 m apart in the spanwise direction of the airfoil that is 
hold by the upper plate and the airfoil is located about 1.5 chord downstream of the nozzle in the potential 
core of the jet, in agreement with recommendations given in Lecture n°1. An adjustable gap ݄ is maintained 
between the airfoil lower end (tip) and the lower plate (casing). In order to obtain a significant tip leakage 
flow without relative motion between the airfoil and the wall, the airfoil is heavily loaded. This is achieved 
by choosing a significantly cambered thick airfoil (NACA5510 with: chord ܿ ൌ 	200	mm, span ℓ such that 
ℓ  ݄ ൌ 200	mm, and maximum thickness ݁ ൌ 20	mm) at a high angle of attack. In fact the jet is deviated 
by the airfoil, which has two consequences: the first is that the “effective” angle of attack (eAoA= 7.5°) is 
about half the geometric (AoA =15°); the second is that the jet is prone to hit the anechoic treatment of the 
room, damaging the wedges. To avoid this, the rectangular duct is connected to a 7.5° bend near the rear wall 
of the chamber. This has been discussed and sketched in the first introductory lecture. The sketch of the inlet 
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duct is recalled on Fig 2-1 hereafter, whereas the test section is illustrated and sketched on Fig 2-2. 

There have been two sets of campaigns, one in the context of the aforementioned EU project PROBAND 
(hereafter referred to as phase 1), the other as part of a Sino-French project AXIOOM about tip and corner 
flows in turbomachines (hereafter referred to as phase 2). Slight changes have been operated between the 
two phases in order to better isolate the tip noise contribution from other sources during the second phase. 

Fig 2-1: schematic view of the experiment showing the bend 

Picture of the experimental set-up, where the 
airfoil is equipped with static pressure probes 
and an HWA probe is in an upstream section 

Sketch showing the coordinate system. The dark 
stripes symbolise the brushes that reduce the outer 
shear layer noise. The tip leakage gap is located 
between the airfoil tip and the lower plate 

Fig 2-2 Experimental set-up: view of test section and coordinate system 

2.1 Measurements 
Among the multiple measurement techniques that have been applied during these test campaigns, Hot Wire 
Anemometry (HWA), Laser Doppler Velocimetry (LDV), Particle Image Velocimetry (PIV), both classical 
and Time Resolved (TR) were used for the characterisation of the velocity field. Moreover, both steady and 
unsteady wall pressure measurements have been carried out, not only on the airfoil but also on the casing 
plate. Far field measurements were also performed. 

Details about the various measurement set-ups can be found in a few dedicated papers for the two sets of 
experiments [3]-[5]. Note that the two component TR PIV was conducted with the camera facing the flow, 
which was a particular challenge since the vaporised glycerine condensed on the lens that had to be cleaned 
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every 5000 snapshots. This installation allowed measuring the Tip Leakage Vortex (TLV) in sections located 
upstream of the Trailing Edge (TE) due to the camera position and the Laser source placed on the aft port 
side of the flow. The 3 component TR-PIV could be carried out without “wetting” the lenses due to the 45° 
angle each camera made with the normal-to-flow direction but as a tribute, light reflections by the airfoil had 
a stronger impact: therefore, measurements were restricted to a plane located slightly downstream of the TE, 
the light source being placed under the casing plate equipped with a glass window. 

2 component “classical” PIV in the gap 2 component TR PIV of Tip Leakage Vortex (TLV) 

3 component TR PIV of Tip Leakage Vortex (TLV) 

3 component TR PIV of Tip Leakage Vortex (TLV): view 
of the cameras and the Laser sheet 
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 Fig 2-3: PIV set-ups and photographs 

Unsteady wall pressure measurements were carried using remote microphone probes (see Fig 2-4 middle) 
with in situ calibration  (see Fig 2-4 bottom plot) as described by M. Roger in Lecture n°3 of the present 
series. On the top right plot of Fig 2-4, the lines that are recognisable on the airfoil correspond to the 
locations of the embedded capillary tubes. The top left plot sketches only 20 probes located on the very tip, 
the suction side near the tip and the trailing edge out of 56 wall pressure probes distributed over and beneath 
the airfoil. 

Sketch of main pressure probes Photograph of airfoil equipped with pressure 
probes. Impact of laser sheet can also be seen 

Sketch of the remote pressure probes 

In situ calibration of the remote 
probes: amplitude, phase an coherence of 

transfert function 
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Fig 2.4: Wall pressure measurements with detail of the probes, the tip and tip trailing edge 
corner 

2.2 Coordinates 
Most results are shown in a Trailing Edge (TE) based coordinate system whose origin O is located on the 
trailing edge/gap corner (see Fig. 2). The ݔ െ axis is aligned with the main flow direction, that is the nozzle 
axis, the ݖ െ	axis is in the spanwise (vertical) direction and is oriented from the lower to the upper plate 
whereas the ݕ െ  .is in the cross-stream direction to the left looking into the streamwise direction ݏ݅ݔܽ	

2.3 Reference configuration 
Although many parameters haven been varied (flow velocity ܷ, tip gap ݄, angle of attack ܣܣ…) most 
results were obtained in the following reference configuration: ܷ ൌ 	70	m/s; 	݄ ൌ 10	mm; ܣܣ	 ൌ 15°. 
This corresponds to a Mach number ~ܯ	0.2 and a chord-based Reynolds number ܴ݁	 ൎ 	930	000. The 
reference plane for the PIV measurements parallel to the tip gap was the mid gap section (zൌ െ5	mm). The 
TR-PIV was conducted in several normal-to-flow sections, mostly in the ݔ ൌ 	2	mm plane (2 mm 
downstream of the TE). 

3.0 MEAN FLOW & TIP VORTEX 

3.1 Mean pressure and velocity field 
The flow is uniform within 0.6% and its turbulence level in the main flow at the jet nozzle is ݑᇱ/ܷ~	0.5%. 
During the first phase it was about 0.8%. For a ܷ ൌ 70	m/s nozzle outlet velocity, the boundary layer 
thickness of the second set of campaigns is 7.5~ߜ	mm half a chord upstream of the airfoil instead of 18	mm 
during the first phase. Similarly, the displacement thickness is reduced from ~∗ߜ	1.4	mm	to 0.95	mm. 

The main boundary layer parameters extracted from the profiles plotted on are summarised in Table 1: 

ݔ ൌ 	െ	5ܿ/2 ݔ ൌ െ ݔ 2ܿ ൌ െ ݔ 7ܿ/4 ൌ 	െ3ܿ/2 
ሺ/mmሻ 4.5	ߜ 6.2 7.0 7.5
ሺ/mmሻ 0.56	∗ߜ 0.83 0.91 0.95
Θ	ሺ/mmሻ 0.35 0.45 0.50 0.56

	ܪ 1.62 1.84 1.82 1.70

Table 3-1: Summary of main boundary layer parameters upstream of the airfoil distance are given from 
the trailing edge. Boundary layer thickness ࢾ, displacement thickness ࢾ∗ momentum thickness ࣂ and 

shape factor ࢁ) .ࡴ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

The data of Table 3-1, along with the inlet profiles and the pressure distribution at mid-span are required for 
CFD inlet conditions and tuning: indeed some simulations model the whole experimental set-up, including 
the semi-open jet [8];[24], whereas others create equivalent flow conditions with a uniform flow throughout 
the domain [6]-[7]. In the latter approach, the equivalent angle of attack has to be tuned by maximising the fit 
with the experimental pressure coefficient. For full simulations, the experimental pressure coefficient serves 
as an a posteriori validation only.  

Fig 3-1 illustrates these inflow and mean pressure validations in the case of a ZLES simulation of the second 
configuration. [7]-[8]. It is interesting to note that the mean velocity fits almost perfectly with the experiment 
whereas the rms values do not. The CFD turbulence profiles are much sharper and narrower than the 
experimental ones, indicating for a possible lack of diffusion in the CFD. An additional factor might be the 
background noise of the LDV measurements that would explain the relatively high fluctuation levels far 
from that wall.  

Similarly, the computed and measured pressure coefficients compare relatively well, considering the fact that 
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this quantity is sensitive to slightest flow differences. However, the maximum pressure coefficient at mid 
span is somewhat underestimated by the computation (no fitting has been operated here since the simulation 
encompasses the whole jet flow with the plates and the ambient fluid at rest. The strong suction at half chord 
along the airfoil tip corresponds to the position where the tip jet is expelled from the clearance and entrains 
fluid from its vicinity. 

Mean velocity profiles Rms-velocity profiles 

Comparison with ZLES Comparison between Phase 1 and Phase 2 campaigns 

Pressure coefficient െ۱ܘ at mid spand and alon the tip 

Fig 3-1 Velocity profiles and pressure coefficient at airfoil mid-span: measurement/ZLES 
ࢁ) ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

Similar results (not shown here) have been obtained for the first configuration with a LBM computation: the 
results fit much better to the experimental data [24]. The bottom right plot of Fig 3-1 shows the good 
agreement of the airfoil loading between the phase [3] and the phase 2 of the experiment [4]-[5]. 

3.2 Tip Leakage Vortex (TLV) characterisation 
The characterisation of the TLV is one of the issues of this experiment. During the first phase, the trace of 
the TLV in planes parallel to gap allowed for measurements in the tip gap, but only showed longitudinal 
cross-sections of the vortex (Fig 3-3).  

z/h z/h

u’/Uo U/Uo 

-Cp 

x/c x/c (%) 

-Cp 
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Fig 3-2 Mean and rms values of the 3 velocity components in downstream of the TE (࢞ ൌ 	ܕܕ) showing a 
typical cross-stream section of the TLV. Arrows represent the mean velocity vectors in the cross-stream 
plane. View into the upstream direction: the influence of the airfoil TE can be seen on the left (near ࢞ ൌ ) 

ࢁ) ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

u’/V0

v’/V0 

w’/V0
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(a) U/U0 (b) V/U0 

(c) u’/U0 (d) v’/U0 

Fig 3-3 Mean and rms values of the streamwise and cross-stream velocity in the gap plane 
ࢠ) ൌ െ	ܕܕ): for these measurements from the first phase, co-ordinates are built on the chord and 

originate the leading edge (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

Fig 3-2 shows the characteristic structure of the clockwise TLV as seen from a downstream point (which 
explains why it appears as clockwise): higher fluctuations are observed in the outer region of the TLV where 
it carries flow disturbances from the casing boundary layer and undergoes strong shear with the outer flow 
associated to a deceleration. On fig 3-3, the development of this slowed shear layer as well as another shear 
region between the downstream suction side and the TLV appears very clearly. The remarkable feature of 
Fig 3-3 is the jet-like structure of the cross-flow that pushes fluid from the pressure side to the suction side 
feeding the TLV. This cross flow also explains the strong suction observed at mid-chord on the blade near 
the suction side tip edge (see Fig 3.1). 

Fig 3-4 TVL roll-up in 3 cross sections 
obtained from 2D-2C PIV: ࢞ ൌ
	െ;	െ	܌ܖ܉  	ܕܕ the trace of 
the airfoil on the casing plate is shown on 
the left part of the plot in dark grey. The 
mean streamwise vorticity component is 
plotted; red corresponds to anti-clockwise 
and blue to clockwise rotation. The spots 
surrounded by a yellow circle correspond 
to measurement noise. 
A view of the streamwise mean vorticity 
in several cross-stream sections (3 PIV 
planes) is plotted on Fig 3-4. The red 
arrow qualitatively indicates the vortex 
trajectory. This figure completes the 
picture given by Figs. 3-2 and 3-3. It can 
be seen that the vortex is almost parallel 
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to the ݔ െ direction, that is, it roughly follows the direction of the upstream flow. It shows the growth of the 
vortex as it is convected into the downstream direction. However, in order to obtain a better estimate of the 
vortex core and size, further post-processing tools are required. 

3.2 TLV mean vorticity and NAM 
In order to better characterise the TLV and its mean trajectory, several physical quantities are computed 
throughout the TLV cross-section: the streamwise vorticity ߱௫, the circulation across the TLV, and two 
measures based on the concept of Normalised Angular Momentum whose definitions are briefly recalled 
hereafter. These two measures are given as functions ߁ଵ and ߁ଶ by Michard et al.[25] and Graftiaux et al.[26] 
that are suited to identify the vortex centre and its extent respectively. They consider only the topology of the 
velocity field and smooth out the small-scale turbulent intermittency. 

The vortex centre identification function ߁ଵ at a fixed point ܲ is defined as the NAM based on the absolute 
velocity as follows: 

ଵሺܲሻ߁ ൌ
1
ܵ
න

ሺܲܯ ∧ ܷெሻ ∙ ܠ
||ܯܲ|| ∙ ||ܷெ||

	݀ܵ
ெ∈ௌ

where ܵ is a 2D area surrounding ܲ and ܠ is the unit vector normal to the plane (here the streamwise 
direction). |߁ଵ| is a dimensionless scalar bounded by 1. This bound is reached at the vortex centre. The sign 
of ߁ଵ indicates the direction of its rotation and appears as the absolute NAM. 

Similarly, the vortex boundary identification function ߁ଶ is derived from the relative velocity field, by taking 
into account a local mean convection velocity ෩ܷ around ܲ: 

ଶሺܲሻ߁ ൌ
1
ܵ
න

ሾܲܯ ∧ ሺܷெ െ ෩ܷሻሿ ∙ ܠ

||ܯܲ|| ∙ ||ܷெ െ ෩ܷ||
	݀ܵ

ெ∈ௌ
 

where ෩ܷ ൌ
ଵ

ௌ
 ܷ	݀ܵௌ . Thus ߁ଶ appears to be a relative NAM. 

Since the velocity field of the PIV measurements is sampled at discrete spatial locations, the two functions 
are approximated in the post-processing by 

ଵሺܲሻ߁ ൌ
1
ܰ


ሺܲܯ ∧ ܷெሻ ∙ ݖ
||ܯܲ|| ∙ ||ܷெ||ௌ

ଶሺܲሻ߁ ൌ
1
ܰ


ሾܲܯ ∧ ሺܷெ െ ෩ܷሻሿ ∙ ݖ

||ܯܲ|| ∙ ||ܷெ െ ෩ܷ||ௌ

 

where ܰ is the number of points ܯ inside ܵ. 

According to refs.[25]-[26]the vortex core region is bounded by the contour ߁ଶ ൌ  .ߨ/2

Both functions act as a small filter by removing small size eddies. The number of points ܰ ൌ 7 to 9 are 
found to be a good compromise between the filter size and the precision of the vortex characterisation for the 
mean field. A smaller number is more appropriate for characterising instantaneous vortices. On Fig 3-5, the 
different vortex characterisation tools are illustrated for the mean TLV flow field in the ݔ ൌ 2	mm plane. 
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The vorticity (plot (a)) does not provide precise information about the vortex centre (orange spot) whereas 
the maximum values of the ߁ଵ (dark red spot on plot (c)) locate the centre in a narrow region, the very centre 
being marked by a small white cross. The maximum can be determined more precisely as shown on Fig 3-6. 
As for the circulation (Fig 3-5 plot (b)), its maximum roughly estimates the TLV core radius (the decrease is 
due to the neighbouring counter-rotating secondary vortex). Conversely, the vortex core size and shape are 
vey well predicted by ߁ଶ (note that the value 2/π ~ 0.64 is not easy to distinguish on Fig 3-5 plot (d): 
therefore the corresponding iso-contour is plotted on Fig 3-6 along with iso-contours of ߁ଵ (the maximum is 
shown by a white cross) on a colour map of the 2D mean velocity modulus with mean velocity vectors. It is 
interesting to note that the region where the 2D velocity vanishes also provides a good idea of the vortex 
centre location.  

(a) (b) 

(c) (d) 

Fig 3-5: Vortex characterization. From left to right and from top to bottom: mean streamwise 
vorticity ࣓࢞, Circulation, ࢣ, ࢣ. (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

Similarly, the vortex characterisation can be carried out in the other PIV planes (20−=ݔ mm and 40−=ݔ mm). 
The TLV centre location found in the 3 planes is plotted on figure 3-6. A cross-section of the airfoil as well 
as the TLV centre computed in a similar manner from LES and RANS data [6]-[7], are also plotted on Fig. 
3-6 (d). Very good agreement is found between the PIV, LES and RANS predictions of the TLV trajectories. 
It can also be seen that these trajectories are between the chord and the mean flow direction. 

ൈ	
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(a) ࢞ ൌ െ	ܕܕ (b) ࢞ ൌ െ	ܕܕ 

(c) ࢞ ൌ 	ܕܕ (d) vortex centre trajectories; RANS, ZLES vs. Exp 
Fig 3-6 Iso-contour ࢣ ൌ /࣊ (dashed line), iso-contours of ࢣ (continuous lines, maximum indicated by 
a cross) and colour map of the non-dimensional 2D mean velocity modulus ඥࢂ ࢃ/ࢁ obtained from 

2D-3C TR-PIV data in 3 streamwise planes. Comparing mean trajectories of simulations against the 
experiment. (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

4.0 THE UNSTEADY TIP CLEARANCE FLOW 

As pointed out in the introductory lecture, unsteady flow features are the crucial for aeroacoustics. 

4.1 Tip vortex oscillations 
The vortex centre detection method is here applied to the instantaneous velocity fields from the TR PIV 
measurements to be related to the oscillations of the TLV, also known as vortex wandering. In order to 
highlight possible TLV oscillations (suggested in the introduction), the vortex centre locations are computed 
in time domain using the ߁ଵ function. The probability density function (pdf) of the vortex centre location is 
computed in each PIV plane as shown on the left plot of Fig. 4-1 for the ݔ ൌ 2	mm plane (near the TE). 

The width of the TLV central region (where the pdf is highest) is about 3 mm, far above the PIV spatial 
resolution. Similarly, the height of this region is about 2	mm, both being above the PIV resolution that is 

x 

x 

x
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about 0.8 mm. However, the size of the region depends on the size of the control surface (number of velocity 
points) chosen for the ߁ଵ as shown on the right plot of Fig. 4-1. As argued in the previous section, the number 
of points for relevant ߁ଵ estimates should not be too large (ܰ ൏ 10 or even less typically) and in the present 
case, the decrease of the amplitude reported on the right plot of Fig. 4-1 is also due to the influence of the 
neighbouring vortical structures (secondary vortex etc.) when the integration region (number of points) 
increases. To conclude, TLV oscillations occur indeed but reach small amplitude compared to the TLV size. 

Fig 4-1: probability density function of the vortex centre positions in the ࢞ ൌ 	ܕܕ plane (left) dependence on 
the integration size taken for ࢣ (right). (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

4.2 Wall pressure spectra 
On Fig 4-2 typical spectra from the suction side on the tip edge are traced on plot (a). Plot (b) is obtained by 
probes located in and nearby the tip clearance at ݔ/ܿ	 ൌ 	0.775. A hump between 0.7 and 3	kHz typically 
can be recognised on most spectra, even at the pressure side tip edge (probes 46). Similar features are also 
found on velocity spectra in this region and the hump corresponds to that found in the outer shear layer. This 
confirms the scenario of the roll- up mechanism: perturbations generated in the gap at ¾ chord are expelled 
from the gap and convected to the outer shear layer of the tip vortex. The relatively high broadband level of 
the velocity spectra, which is not obvious in the gap pressure spectra, is probably due to turbulence from the 
casing wall boundary layer entrained by the tip vortex. The maximum of the wall pressure hump lies about 
1.4	kHz, which corresponds to a chord based Strouhal number St about 4. It is however not so clearly 
recognisable upstream of the tip jet (probe 19) and it extends to very high frequencies for probe 21 that is 
located just above the upper shear layer of the tip jet where it leaves the gap. This shear layer can possibly be 
accounted for additional higher frequency perturbations: the frequency range comprised between 4 and 
7	kHz corresponds to a gap based Strouhal number St 	ൌ ݂݄/ ܸ௫ (where ܸ௫	~100	m/s is the tip jet 
velocity) that varies between 0.4 and 0.7 which somewhat high for mixing noise sources. In [27] similar 
results are found for small gaps down to ݄ ൌ 3	mm (݄/ܿ~0.15). For ݄ ൏ 	3	mm the hump disappears and 
the pressure perturbations become very small inside the gap, whereas for ݄	  	10	݉݉, the perturbations 
become independent from the gap which means that the influence of the casing wall vanishes. On plot (e) of 
Fig 4.2, a comparison with ZLES results is shown [9]: the agreement is excellent for the pressure side edge 
probe at ݔ ൌ 0.775	ܿ (n°46) and fair for the corresponding suction side probe (n°21). 
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(a) (b) 

(c) 
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Figure 4.2: Wall pressure spectra in the tip region: (a) along the tip suction side at various chord-wise 
positions sketched in (c); (b) in the gap at ࢉ/࢞	 ൌ 	. ૠૠ at various points sketched in (d) – (e): comparison 

with ZLES. (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 
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4.3 Coherence wall pressure – velocity 
Coherence highlights a linear link between flow phenomena that are causally linked, that is, originating from 
a common physical mechanism. This link is established as a function of frequency and can be interpreted as 
a correlation spectrum. The coherence ߛ௫,௬ଶ   between two signals ݔ and ݕ is defined as the non-dimensional 
cross-spectrum : 

௫,௬ଶߛ ሺ݂ሻ ൌ
หܵ௫,௬ሺ݂ሻห

ଶ

ܵ௫,௫ሺ݂ሻܵ௬,௬ሺ݂ሻ

Its value is comprised between 0 (incoherent signals) and 1 (fully coherent signals). We show successively 
two unusual applications of the coherence function. 

(a) Sketch of the probe position for LDV- wall pressure coherence 

(b) Plot showing the  position of Line 1 with respect to the turbulent sjear layer in the probe plane (ࢠ ൌ ) 
U                                       V 

Frequency      Frequency 

(c) Line 1 – probe 21 coherence 

U                                       V 

Frequency      Frequency 

(d) Line 1 – probe B 

Fig 4-3 Coherence: LDV measurement point moves along line 1 - correlated to unsteady pressure probe 21 
࢞) ൌ . ૠૠࢠ ,ࢉ ൌ 	ܕܕ above the tip edge on the suction side) or to the unsteady pressure probe B (on tip at 

࢞ ൌ . ૠૠࢁ) .(ࢉ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

On Fig 4-3, the coherence between two components of the velocity obtained by LDV measurements along a 

Line 1 
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line (line 1) and the signals obtained successively by two wall pressure probes are mapped: the colours 
indicate levels of coherence (up to 0.6ሻ whereas the two axes are the frequency and the distances between 
the velocity probe and the pressure probe respectively. 

It should be noted that Line 1 crosses the TLV highly turbulent shear layers near the wall as shown on plot b 
of Fig 4.3. The maps of Fig 4.3 show that the turbulence in the TLV, especially in the outer shear layer 
where the TLV meets the outer flow, is actually coherent with the wall pressure. Since the flow moves from 
the gap to the outer region, this means that the turbulence in the outer region actually originates from the gap 
as mentioned in the previous section. 

The other remarkable conclusion is that although the governing mechanisms of this flow are rather of 
broadband nature, and are thus expected to be only weekly correlated in space, the coherence levels found 
here are quite significant, not to say very high. Thus the tip leakage flow appears to generate coherent 
structures in medium range frequencies from 0.5	up to 2.5	kHz. This corresponds to the frequency range of 
the spectral hump observed in the wall pressure spectra. 

Let us now examine another aspect of velocity- wall pressure coherence: the wall pressure probe is chosen at 
the upstream part of the tip leakage jet (probe n°19) and a single Hot Wire Anemometry (HWA) Probe is 
moved approximately in the direction of the incoming flow, that is, along the TLV, starting at a distance of 
1	mm from the wall pressure probe and moving 20.5	mm downstream. The right plot of Fig 4-4 sketches 
the wall pressure probe location and the successive HWA probe positions. Results are shown on the left plot 
of this figure. For all probe positions a medium frequency hump is observed that is centred on frequencies 
comprised between 0.7	kHz and 1.3	kHz. For the two HWA positions that are immediately at the tip edge, 
where the tip leakage jet leaves the gap, another hump is observed at much higher frequencies (about 6 to 
7	kHz). This frequency seems to be associated to the tip jet. 

Fig 4-4 : HWA coherence with a probe (n°19) located at the upstream part of the Tip gap jet 
࢞ ൌ . 	ࢉ : The hot wire positions follow a line that corresponds to the mean flow direction 

ࢁ) ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

4.4 Wavelet Analysis 
The wavelet analysis has many common points with a Fourier analysis, the main differences are that a family 
of wavelets (the Battle-Lemarie wavelets in the present study) replaces the complex exponentials. The 

x 
x x x 19

Axis – HWA probe
x y

O 

z
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wavelet transform of a signal  writes: 

,ݎሺݓ ሻݐ ൌ టܥ
భ
మ නሺ߬ሻΨ∗ ൬

ݐ െ ߬
ݎ

൰ ݀߬ 

where ܥట
భ
మ is a normalization coefficient and * denotes the complex conjugate. The result of a 

decomposition on this family of transient functions are wavelet coefficients that depend both on time and on 
a time scale r (the time scale of the wavelet) whose inverse 1/r is the wavelet equivalent of the frequency. 
On the basis of this wavelet transform, it is possible to carry out cross-wavelet analyses in order to correlate 
wavelets from 2 signals. The purpose of using wavelets is to obtain a sharper description of transient flow 
phenomena (e.g. coherent structures in turbulent flows such as turbulent boundary layers). In particular the 
LIM (local intermittency measure) and its two-signal counterpart, the cross-LIM, generalizes the concepts of 
energy and cross-spectrum respectively.  

ܯܫܮ ൌ
,ݎሺݓ| ሻ|ଶݐ

,ݎሺݓ|〉 ሻ|ଶ〉௧ݐ
 

Peaks of LIM represent large contributions of a signal’s variations to its overall power level. Therefore the 
LIM amplitude at a selected scale r can be thresholded in order to select events responsible for the largest 
fluctuations of the analysed signal and to determine how they are distributed in time. Once the events have 
been selected and localized in the time, a conditional average of the original signal is performed. This auto-
conditioning procedure leads to an ensemble-averaged time signature of the fluctuations, which represents 
the most probable shape of the most energetic structures that are hidden in the original chaotic signal. The 
original method was introduced in 1997 by Camussi and Guj [28]. The example shown here is obtained from 
simultaneous PIV/pressure measurements performed in the reference configuration. The conditioning 
method explained above is applied to the PIV/wall-pressure data: firstly, aerodynamic events correlated to 
large localized pressure peaks at the wall of the airfoil are detected. Secondly, the conditional average is 
performed on those PIV snapshots that are acquired simultaneously with the selected pressure events. An 
example of this approach is shown on Fig 4-5 where a snapshot is shown on plot (a), and the conditionally 
averaged PIV on plot (c). The selection event is a high frequency one, shown on plot (b). Plot (c) shows that 
the flow structures responsible for these high frequency events occur about a ¼ chord upstream of the probe 
in the gap: this is the region where the highest gap flow velocities are observed and subsequently the 
strongest gap perturbations are found. The cross-LIM analysis of pressure-pressure or of pressure-HWA 
measurements also allows reconstructing time signatures and phase speeds of selected events, which of 
course is not accessible with non time-resolved PIV. 

(a) Instantaneous velocity (b) High frequency event (circle) (c) Conditional average 

Fig 4-5 Example of wavelet based conditional averaging (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 
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4.5 Space-time correlations 
In aeroacoustics, space-time correlations are inputs for jet mixing noise models. In the present configurations 
space-time correlations might help modelling the source terms of the tip clearance jet that is evidenced in 
section 4.2 and 4.3. For practical reasons TR PIV could not be achieved in the upstream half chord region of 
the airfoil suction side. Here we illustrate the space-time correlation of the streamwise velocity fluctuation 
component on Fig 4-6: the correlation time in the ݔ ൌ 2	mm plane gives us an idea of the time a coherent 
structures takes to sweep past the TE. Subsequently the corresponding frequency may be estimated. In the 
example shown on Fig 4-6, the correlation time is about 2	to	5Δt, (Δݐ ൌ 0.33	ms) thus the frequency is 
between 0.6 and 1.5	kHz, which is the frequency of the aforementioned hump in the wall pressure spectra: 
according to Fig 3-2, the streamwise velocity is about 1.4	times the inflow velocity, that is, 100	m/s: this 
leads to an eddy size ranging from 6 to 16	cm. The TLV diameter is about 5	cm and the vortical structures 
are likely to be stretched when they are accelerated around the vortex centre and convected downstream at 
high speed. This could explain the relatively large size derived from this analysis. 

(a) (b) (c)

(d) (e) (f) 
Fig 4-6 Two-point two-time correlation map for the streamwise velocity fluctuations for a point 
located . 	ܕܕ left of the vortex centre. From left to right and top to bottom, correlation time: 

࣎ ൌ , ઢ࢚, ઢ࢚, ઢ࢚, ઢ࢚, ઢ.࢚	ࢁ) ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

5.0 SOUND RADIATED BY THE TIP CLEARANCE FLOW 

5.1 Far field measurements 
The far field measurements during phase 1 were carried out with a high background noise level. The far field 
spectra obtained at 1.5	m from the airfoil in the phase 1 experiments are plotted on plot (a) of Figure 5.1. As 
the noise levels with and without tip clearance are quite similar, the TE noise is estimated by computing the 
spectral difference between the two configurations. Since all the different types of sources are mutually 
uncorrelated broadband noise sources, the Power Spectral Density (PSD) level of the tip leakage noise 
 ௌ,௧௧ሺ݂ሻ and the PSD level measured without gapܮ ௌ,௧ሺ݂ሻ can be obtained from the total PSD levelܮ
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 : ௌ,ିሺ݂ሻ byܮ

ௌ,௧ሺ݂ሻܮ ൌ ௌ,௧௧ሺ݂ሻܮ  ଵ݃10݈ ൬1 െ 10ିቀುೄವ,ሺሻିುೄವ,షೌሺሻቁ൰

For measured far field differences that are relevant above 1dB, the tip noise spectrum can thus be obtained 
even if the tip noise is 5.8	dB below the background noise. The dominant tip noise frequency range is 
between 0.7 and 6 െ 7	kHz in both phases but in phase 1, the spectral difference was required to separate the 
tip clearance noise from the background noise. However the phase 1 chart shows that there are essentially 
two types of contributions.  

Phase 1 experiment Phase 2 experiment (obs. angle 90° with respect 
the flow at 2m from airfoil) 

Comparison between the spectra obtained in phase 2 and by applying the FWH analogy to the ZLES data 

Fig 5-1 far field obtained at each phase of the experiment: blue ellipses on left plot: medium 
frequency component; red ellipse on left plot: high frequency component. (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ

	ࢻ,ܕܕ ൌ °) 

The first is a medium frequency range (0.7 to 2.5	kHz) sound radiation that can be related to the hump 

mic B
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described in section 4. It is found to have a ܷହ	velocity dependence, which suggests a trailing edge type of 
source, that is, a source due to eddies convected at high speed past a geometrical singularity. In the present 
case it might as well be the airfoil trailing edge or the suction side airfoil tip edge.  

Secondly, a high frequency component that might be related to the high frequency components of probe 19 
is found. This is confirmed by the ܷି଼velocity dependence of this high frequency component: it probably 
corresponds to the noise radiated by the tip leakage jet. 

The two spectra plotted on the top right part of Fig 5-1 were obtained in phase 2, one with and the other 
without gap. The medium frequency hump due to the tip leakage flow appears very clearly on this plot. The 
frequencies agree with those highlighted on the top left plot, thus confirming the results and conclusions of 
the phase 1 measurements. The corresponding ZLES spectrum is shown on the bottom plot of Fig 5-1: it is in 
fair agreement with experimental one in the frequency range were the tip leakage noise is dominant. 

O x

y

Line 1

distance to wall: 

21

microphone

LDA  measurement
point

x/c = 0.775O x

y

Line 1

distance to wall: 

21

microphone

LDA  measurement
point

x/c = 0.775

U           V 

Frequency (Hz)  Frequency (Hz) 

Fig 5.2 Near-to-far field coherence. The microphone is 	ܕ across the suction side at ࢉ/࢞ ൌ 	. . 
Top plot: LDA measurement line (Line 1) for LDA-far field pressure coherence measurements. ࣁ 
is the distance from the current LDV measurement point to the wall at the position of probe 21 
	࢞) ൌ 	. ૠૠࢉ	 ൌ 		ܕܕ on the suction side). The microphone is 	ܕ across the suction side at 
ࢉ/࢞ ൌ 	. . Velocity is non-dimensioned by the upstream velocity ࢁ. Velocity is made non-

dimensional by the upstream velocity ࢁ. (ࢁ ൌ ૠ	ܛ/ܕ; ࢎ	 ൌ 	ࢻ,ܕܕ ൌ °) 

5.2 Near-to-far field coherence 
 The LDV-pressure coherence analysis carried out in section 4.3 is repeated between the LDV probes and a 
far field located 1 m across the suction side. Results indicate that for frequencies comprised between 0.5 and 
1.5	kHz typically, the far field is coherent with the velocity field in the vicinity of the wall ሺߟ	 ൏
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ߟ mm) the maximal coherence being obtained at	7	ݐ	6	 ൌ 3 െ 5	mm and ݂	~1	kHz on the U component. It 
should be mentioned that although the values of the coherence remain quite low (less than 0.2), they are 
actually remarkably high, given the fact that each LDA measurement volume is indeed very small and that it 
is expected to contribute only weakly to the far field. This means that although the source is due to 
turbulence, it is quite concentrated in a narrow region near the airfoil tail. In other words, the sources of 
sound in the medium frequency range are due to coherent eddies passing nearby the trailing edge corner. 
This is consistent with the low frequency source 5௧	power velocity dependence mentioned in the previous 
subsection. Similar conclusions haven been drawn in the previous section. 

5.3 Far field wavelet analysis 
The wavelet analysis carried out in the gap region (see section 4.4) is applied here between the PIV 
measurements in the gap region and the far field with a microphone located 1	m away from the airfoil, 
facing the suction side. 

The conditionally averaged PIV field is shown on Fig 5.3. It confirms the presence of a large swirling flow 
region that is mainly concentrated in the gap near mid-chord, say between 40% and 60% chord typically 
which is linked to the far field. According to the detailed analysis of Camussi et al. [29], when examining the 
time delay observed between an event detected on the pressure probe at 3/4 chord and the far field, this 
delay appears to be longer than the expected propagation time. This additional delay actually corresponds to 
the convection time between the probe position and the TE. Thus the sound is actually generated at the 
trailing edge as far as the medium frequency source is concerned although the radiating eddies are generated 
further upstream. 

Fig 5.3 Conditional average of PIV measurement in the tip gap triggered by a far field 
microphone. 

CONCLUSION 

To conclude this application case, several aspects should be pointed out. 

The first aspect is relative to the tip flow study itself. This investigation has highlighted the main self-noise 
source from a tip leakage flow as a trailing edge source due to eddies that are generated in the tip clearance 
and the TLV. Further the TLV has been studied in details and the small oscillations that have been found 
seem too weak to contribute significantly to the radiated noise. A different conclusion was drawn from a 
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TLV LES investigation that was carried out in a fan configuration: in that case, the neighbouring blades play 
probably an important role in the onset f these oscillations.  

Moreover the study revealed a jet-like source and noise component but this was not further investigated due 
to the lack of measurements in the associated source region (upstream part of the airfoil). A dedicated 
experiment like a wall jet penetrating a cross-flow would help to characterise more precisely this source. 

The two phases of the large experimental program described here, produced quite similar results as far as the 
TLV and more generally, the tip leakage flow were concerned. The main difference lies in the incoming 
boundary layer thickness: in phase 1, the boundary layer thickness was so large that the TLV noise was 
almost covered by boundary layer/leading edge interaction noise. During the phase 2 campaigns this noise 
component was suppressed or at least considerably reduced: subsequently, the tip leakage noise rose up to 5 
dB above he background noise. 

The second aspect is about the experimental techniques that have been applied. Although not all types of 
results have been shown in this lecture (e.g. no velocity spectrum has been included), a variety of techniques 
and post-processing approaches have contributed to the TLV study. Among these, one should distinguish the 
causality techniques (coherence, conditional wavelet analysis, space-time correlations) from the advanced 
running time measurements (TR PIV). Time Resolved PIV is indeed a measurement technique that 
progresses constantly and rapidly. It provides time evolution of complete flow regions and its time resolution 
will soon be fine enough to compute spectra that are relevant for aeroacoustic applications (see Lecture 1 § 
4.1.1). The present application case illustrates perfectly well the variety of techniques and approaches one is 
likely to apply in order to extract relevant information about sound generation in complex flows. 

The last aspect that should be mentioned is the benchmarking capacity of the tip leakage flow study. 
Although the present lecture is focused on the experimental approach, a few results were accompanied by 
ZLES results in order to illustrate the benchmarking aspect. Further details about CFD modelling of the 
present flow configuration can be found in literature cited hereafter. 
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