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ABSTRACT transitional regimes due to their relatively small scales. The

In this paper, we investigate through an experimental ap- apparition of the transition in the boundary-layer flow may
proach the laminar to turbulent transition in the boundary-layer affect their hydrodynamic performances and be responsible fc
flow along a hydrofoil at a Reynolds number ®6 x 10°, to- the generation of vibrations. Typically, the transition on lifting
gether with the vibrations of the hydrofoil induced by the transi- bodies occurs at low to moderate Reynolds numbers and |
tion. The latter is caused by a Laminar Separation Bubble (LSB) triggered by a separated flow region due to an adverse pressu
resulting from a laminar separation of the boundary-layer. The gradient. The development of the turbulent flow, which cause:
experiments, conducted in the hydrodynamic tunnel of the Re- a momentum transfer in the wall normal direction, allows the
search Institute of the French Naval Academy, are based on wall flow to reattach. This phenomenon can also appear at highe
pressure and flow velocity measurements along a rigid hydro- Reynolds numbers on laminar sections, designed in the marir
foil, which enable a characterization of the Laminar Separation industry for the propeller blades, which promote a laminar
Bubble and the identification of a vortex shedding at a given fre- boundary-layer flow along their chords. However, because o
quency. Vibrations measurements are then carried out on a flex- the large Reynolds number, a very strong and located vorticity
ible hydrofoil in the same operating conditions. The results indi- region may occur and affect the pressure distribution.
cate that the boundary-layer transition induces important vibra-
tions, whose characteristics in terms of frequency and amplitude
depend on the vortex shedding frequency, and can be coupled
with natural frequencies.

Many studies have been dedicated to the issue of laming
separation, in particular for aerodynamic applications on fla
plates and lifting bodies. The Laminar Separation Bubble
(LSB) on hydrofoils at moderate Reynolds numbers has bee
INTRODUCTION given a special interest, from the pioneer experimental works o

The hydrodynamic loading prediction on control sur- Gaster (1969) [1] or Tani (1964) [2] to recent numerical studies
faces requires a good know|edge of the boundary-|ayer flow inVOIVing DNS. It has hence been shown that the transitiona
regime around the body. For instance, the control surfaces region appears near the trailing edge for low to moderate angle

of Autonomous Underwater Vehicles (AUV) can operate at Of incidence, and moves towards the leading edge as the ang
of incidence increases, and that the bubble length is inversel

related to the adverse pressure gradient. More recently, DN

*Address all correspondence to this author.
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simulations performed by Alam et al. (2000) [3] showed that of the fluid lead into a mean camber of the airfoil, as well as
complex and multi-scaled structures can occur in the LSB large membrane fluctuations for high angles of incidence. Tht
wake. Pauley et al. (1990) [4] studied an unsteady Laminar vibrations proved to affect the boundary-layer flow at separation
Separation Bubble induced by an adverse pressure gradientresulting in improved aerodynamic performances. At a highel
on a leading edge geometry . They found that the frequency Reynolds numbeiRe = 4.85 x 10, the boundary-layer was

of the vortex shedding from the bubble can be made dimen- seen to become rapidly turbulent from the leading edge, an
sionless using a Strouhal numk®p based on the momentum  the resulting multi-scaled coherent flow structures induce mor:

thickness(8)sep and the external velocityve)sep at laminar regular but smaller vibrations.
separation . Moreover, some recent DNS studies showed that
those vortex sheddings, resulting from a flapping motion of the The aim of the present paper is to investigate, through al

bubble, generate characteristic velocity and pressure fluctuationsexperimental study, the vibratory response of flexible a hydrofoi
downstream of the bubble, as highlighted by Rist and Maucher subjected to a transitional regime induced by a Laminar Sepe
(2002) [5] in the case of a flat plate. Recently, Jones et al. ration Bubble. Flow velocity and wall pressure measurement
(2008) [6] performed a numerical analysis of a LSB in the are first carried out on a rigid hydrofoil, at given angle of inci-
case of an airfoil abr = 5° and a moderate Reynolds number dence 2 and Reynolds number. 6 x 10°. The results provide
Re = 5x 10*. Transition to turbulence was here triggered by qualitative and quantitative characterizations of the LSB and th
a volume forcing, and turbulence development was analyzed following laminar to turbulent transition. A flexible hydrofoil is
in terms of vorticity and wall pressure fluctuations. It appears then considered, and vibration measurements are performed
that the vorticity grows significantly downstream of the LSB various configurations, including the same operating condition:
location, like in Rist and Maucher (2002) [5] on a flat plate. At as for the rigid hydrofoil. The results are analyzed in light of the
the same time, periodic and intermittent pressure fluctuations previous LSB characteristics, and help to assess the influence
are found in the near-LSB region, induced by coherent vortex the LSB and transition process on the hydrofoil vibrations.
shedding. Far away from the LSB region near the trailing edge,

the vorticity increases in a thick boundary-layer and the pressure

fluctuations become random, which is characteristic of turbulent EXPERIMENTAL SET-UP

fluctuations. Later on, Ducoin et al. (2009) [7] investigated the Measurements are carried out in the cavitation tunnel at IRE
wall pressure fluctuations along a rigid NACA66 hydrofoil in  Nav. The test section is 1 m long and has a square section ¢
the case of a transient pitching motion froh @ 15. They lengthh = 0.192 m. The facility provides velocities ranging

suggested that the transition together with the vortex shedding of from 0 to 15 m/s, and pressures from 30 mbar to 3 bars. Th
the LSB creates large-amplitude periodic pressure fluctuations tunnel turbulence intensity is about 2%. Both rigid and flexi-
downstream of the bubble. ble hydrofoils are NACA 66-shaped, and present a camber typ
NACA a = 0.8, a camber ratio of 2% and a relative thickness of
In the case of a flexible foil, such fluctuations are likely 12% [11]. They are mounted horizontally in the tunnel test sec
to induce important vibrations, that may in return affect the tion (Figure 1). Their chords = 0.150 m and spanis = 0.191
boundary-layer flow. Poirel et al. (2008) [8] have studied the m correspond to a low aspect rabgc = 1.3 and a confinement
self-sustained oscillations of a NACA0012 airfoil. The low parameteh/c = 1.28. The hydrofoils can also rotate about an
to moderate Reynolds numbers considered suggest that theaxis located ak/c = 0.25. The rigid hydrofoil is made of stain-
Laminar Separation Bubble plays an important role in the foil less steel, whereas polyacetate (POM) is chosen for the flexibl
oscillation. Moreover, the laminar to turbulent transition is one.
seen to strongly affect the lift coefficient. Such interactions Pressure measurements are carried out using sevente
have also been studied through experimental and numerical piezo-resistive transducers (Keller AG 2 Ml PAA100-075-010)
approaches for membrane airfoils. Lian et al. (2007) [9], for of 10 bars maximum pressure. The pressure transducers a
instance, performed a numerical simulation Re= 6 x 10* mounted into small cavities with a®mm diameter pinhole at
of a hydrofoil partly covered with a latex membrane, which the rigid hydrofoil surface. The wall pressure spectra measure
was seen to vibrate under the pressure fluctuations generatedy the transducers are attenuated from the theoretical cut-off fre
by the LSB. The presence of this vibrating portion affected the quencyf; = 9152 Hz. Experiments are led with a sample fre-
positions of the separation and of the transition, compared to quency off =20 kHz.
the case of an entirely rigid airfoil in the same conditions, even The transducers locations are given in Figure 1. As shown
though the lift and drag mean coefficients are closed to the rigid a set of ten transducers is aligned along the chord on the suctic
hydrofoil values. From their numerical simulations involving side at mid-span, starting from the leading edge at reduced coo
a latex-membrane airfoil, Visbal et al. (2009) [10] showed dinatex/c= 0.1 up to the trailing edge at coordinatéc = 0.90,
that for a low Reynolds numbdRe= 2.5 x 10°, the presence with a step of 01Oc. In this paper we will focus on the trans-
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ducers located in the LSB region near the trailing edge, that i
to say fromx/c = 0.60 tox/c = 0.90. Two sets of three trans-

ducers are arranged parallel to this line in order to analyze three- % °
dimensional effects (which are however beyond the scope of this —e— laser poits, 10086 o

@ rotation center v
paper). —fatz

- - - -foilat0”

FIGURE 2. LDV measurements along a normal to the hydrofoil sur-
face

Motor /

inclination system along the chord is set according to the knowledge of the LSB lo

cation fora = 2°, which has been previously studied using wall
pressure transducers. Therefore, the mesh is refined near the s
; . aration point around/c = 0.69, as well as around the LSB vor-
. ~Anflow tex and the turbulent reattachment positions, where transition:
$° ‘/\transduoer Z : boundary layer and high pressure fluctuations occur, that is to se
Ay : betweenx/c=0.76 andx/c = 0.84. The normal lines are fitted is
order to have the first measured point at-a 0 mm coordinate.
The random uncertainty associated with the electronic and nt
merical treatment of the Doppler signal giving the instantaneou
velocity is estimated to be less tham%. The uncertainty of the
absolute location in the normal direction with respect to the foil
surface was of about one tenth of millimeter. Although this error
appears small, this implies that a relatively large margin of error:
still exists for points in the close vicinity of the foil surface.

Hydrofoil

transducer
x/c=0.9

192mm

FIGURE 1. Experimental set-up

The nominal free stream veloci¥, is 5 m/s, correspond- 7

ing to a Reynolds number based on the foil chord length of
Re= 0.75x 1°. The velocities are measured on the suction £

1,2 7

0,8 . .
side of the foil using a DANTEC two component LDA system, 50,61 :
providing a 0.5 mm long (Z direction) and 0.04 mm wide (X and 04 1 :
Y directions) measuring volume. It was coupled with two DAN- 02 1 i
TEC enhanced Burst Spectrum Analyzers and a DANTEC Burst- 00,6 oes ! 0r om 08 0,55! o
ware software. The origin (X =0, Y = 0) of the positioning sys- e

tem is set at the leading edge of the foil at zero angle of incidence.
Measurements are performed at Z = 35 mm (in the spanwise di- FIGURE 3. LDV measurement grid in the vicinity of the LSB
rection) from the front wall of the test section. The laser beams
were aligned with the spanwise direction allowing us to approach
closely the surface foil. In our case, only longitudinal velocities Structural vibrations are measured by means of a Lase
are measured due to the near wall measurements into the boundboppler Vibrometer Polytec PSV-400, using a class Il He-Ne
ary layer which is below 1 mm high. Therefore one laser signal laser of wavelengtih = 633 nm. The device is equipped with
is consistently lost. At each measurement location, the resulting a scanning system that enables vibration measurements ovel
velocity corresponds to the time-averaged value over the mea- predefined grid mapped on the vibrating surface. The measure
surement length. Velocities are mapped along normal lines to optimized for a plane surface subjected to vibrations in its norma
the foil surface. The measurement positions along the normals direction, the normal velocities being captured with sensitivities
are selected with a logarithmic progression in order to obtain an ranging from 10 mm/s/V to 1000 mm/s/V. At each measuremen
accurate resolution of the velocity field close to the foil surface, pointof the grid, the software provides a Fourier transform of the
as shown in Figure 2 for/c = 0.86 anda = 2°. velocity signal, possibly averaged from a user-defined number ¢
The complete measurement grid used during the experi- acquisitions, and for frequencies up to 40 kHz. In the follow-
ments is summarized in Figure 3. The distribution of the normals ing, sets of 32 to 64 acquisitions will be considered to compute
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the spectra. Moreover, the preservation of the phase intioma 3
throughout the scan, thanks to an appropriate reference signal, is
useful to retrieve the operating deflection shape at a given fre-
quency, and therefore to identify the natural frequencies of the 251
structure, and their associated vibration modes, from the individ-
ual or grid-averaged velocity spectra.

The measurements of the flexible hydrofoil vibrations are
performed on the pressure side through the transparent bottom
wall of the tunnel test section, the vibrometer scanning head be-
ing fixed on the ground. Low-frequency vibrations related to the
tunnel structure may hence been detected along with the foil vi-
brations during the experiment. Considering the geometry of the
tunnel test section, the scanning head has to be inclined from its
vertical position, the laser beam hence having an angle of inci-
dence with the hydrofoil chord from about4Bear the trailing
edge to 90 near the leading edge, as shown in Figure 4.

—m— x/c=0.9: turbulent boundary layer
- 00 - x/c=0.84: transitionnal boundary layer
27 @— x/c=0.79: inside LSB vortex

—— x/c=0.72: laminar separation

—e— x/c=0.6: laminar boundary layer

y(mm)

-0,1 0,1 0,3 0,5 0,7 0,9

u/uext

FIGURE 5. Mean velocity profiles fronx/c = 0.6 to x/c = 0.9 for
o = 2° andRe= 750000

boundary layer is thin and laminar. The laminar separation i
found at aboux/c = 0.72, then the velocity profiles are disturbed
near the wall, as for instancegtc = 0.79, due to reverse flow.
Downstream of this region, a transitional boundary-layer is ob:-
served (Figure 5 at/c = 0.84) and the flow is turbulent at about
x/c=0.9.

To complete the analysis, the measured values of the longitt
dinal velocity componeni have been gathered and interpolated
over the measurement grid (cf. Figure 3). The Figure 6 rep
resents the resulting contour map of the dimensionless velocit
U/Uext (With uex: the external velocity to the boundary-layer). The

FIGURE 4. Laser vibrometry measurements on the pressure (the
straight line is the laser beam)

To improve the accuracy of the results, several single-point
vibration measurements have been carried out in addition to
scanning measurements over the hydrofoil pressure side. In this os !1

Boundary-layer velocity measurements are carried out for
the angle of incidence of°Zaround the transitional region. The
results are summarized in Figure 5 which shows the velocity pro-

configuration, the number of acquisitions used to compute the 0.9
velocity spectra has been increased, and reflective patches have o 06 i Eg?
been stuck on the measurement locations, to avoid the light- S P— 70:6
absorption effect due to the hydrofoil material. 004 Tlos
. o4

—0.3

RESULTS AND DISCUSSION —02
Velocity measurements ig”
-0.1

files along the chord fronx/c = 0.6 to x/c = 0.9. The sce- FIGURE 6. Laminar Separation Bubble near the trailing edge: isoval-
nario expected in the case of a transition from laminar to tur- ues of the longitudinal velocity componenfuex: through the boundary-
bulent induced by a LSB is well described. Atc = 0.6, the layer fora = 2° andRe= 750000
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presence of the LSB, characterized by negative to smallipesit
values, can be easily spotted betwega~ 0.7 andx/c ~ 0.82.

The growth of the boundary-layer thickness downstream of the
bubble, which reveals the establishment of a turbulent regime, is
also clearly visible.

The different stages of the LSB-induced transition are illus-
trated from the velocity profiles in Figures 7 to 9. The Figure
7 first details the velocity profiles measured betwggn= 0.6
andx/c = 0.74, which are characteristic of a laminar boundary-
layer of thickness less than 1mm. The thinest boundary-layer
is located atx/c = 0.6, then the thickness increases as the lo-
cation gets closer to the trailing edge. Betwego= 0.72 and
x/c = 0.74 , the velocity profiles show an inflection which is
identified as the laminar separation.

-0,2 0 0,2 0,4 0,6 0,8 1
u/uext

FIGURE 7. Mean velocity profiles at laminar separatioa £ 2°,
Re= 750000)

The next velocity profiles, measured betweeic = 0.76
andx/c = 0.81 into the vortex region of the LSB, are shown in
Figure 8. Inthe close vicinity of the hydrofoil surface, the density
of particles needed by the LDV system to estimate the flow veloc-
ity decreases which may induce precision errors in the measure
of the velocities. In this region, it would hence be hardly feasible
to identify the lowest negative and positive velocity components
that are expected inside a vortex. Nevertheless, the velocity pro-
files of Figure 8 clearly exhibit a series of near-zero values close
to the surface, which reveal the presence of reversed flow charac-
teristic of the LSB vortex region. Moreover, we observe that the
boundary-layer thickness increases upto= 0.79 and then de-
crease up ta/c = 0.81. The LSB thickness, which is character-

1,6

) o~ Xe=0.81

14 02'5 h\_ % -0- x/c=0.80
’ g o g_’! o— x/c=0.79

1217 B x/c=0.78
o —a-x/c=0.77

14 o ; , ‘ —e— x/c=0.76

y(mm)

-0,2 0 0,2 0,4 0,6 0,8 1

u/uext

FIGURE 8. Mean velocity profiles in the LSB, vortex region and tur-
bulent reattachmenti(= 2°, Re= 750 000)

and the stream flow (see zoom in Figure 8), follows the sam
evolution. Therefore, the LSB maximum thickness is found for
x/c=0.79 and is about @ to 025 mm. The turbulent reat-
tachment point of the LSB is located downstreamxaf = 0.79,
where the velocity profiles show a decrease of the boundary-laye
thickness.

25 1 —=—x/c=0.9
o x/c=0.86
B x/c=0.84
27 —& x/c=0.83
_ —e— x/c=0.82
E 1,5
>

0,5

0 0,2 0,4 0,6 0,8 1
u/uext

FIGURE 9. Mean velocity profiles around the LSB, transition to tur-

ized by a velocity drop in the transition region between the LSB bulence ¢ = 2°, Re=750000)
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The Figure 9 illustrates the scenario of transition to turbu- the pressure transducer therefore lays in the laminar and unpe

lence. The boundary-layer is seen transitional fooim= 0.82

turbed boundary-layer. At/c = 0.8 (Figure 10 (b)), high am-

to x/c = 0.84, with a thickness of about 1 to 1.2mm, and then plitude fluctuations of abowtCp = 0.3 are observed, character-

becomes turbulent from/c = 0.86. The maximum thickness
observed on Figure 9 is locatedatc = 0.9 and is about 2
mm.

ized by an intermittent behavior. Moreover, these fluctuation:s
seem periodic and are located around the turbulent reattachme
of the LSB (see Figure 8), where the boundary-layer is highly

Given the decreasing data rate values at the vicinity of the disturbed. Then, at/c= 0.9 (Figure 10 (c)), the level of fluctu-
hydrofoil surface, spectral analyses of velocity fluctuations have ations decreaseACr ~ 0.1) and gets denser within an approxi-
not been considered in the present study. However, valuable in- mately constant envelope, confirming the turbulent behaviour o
formation can be obtained from spectral analyses of wall pres- the boundary-layer at this location.

sure measurements, as shown in the next section.

Wall pressure measurements

Wall pressure measurements were carried outafes 2°
during a period off =1 s. The results are shown in Figure 10 for
three location/c = 0.7, x/c = 0.8 andx/c = 0.9. No fluctua-
tions are visible ak/c = 0.7, Figure 10 (a). Assuming that the
laminar separation is located betwegn = 0.72 andx/c = 0.74,

.
01 02 03 04 05 06 07 08 09 1
time(s)

(@)x/c=0.7

0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 1

0.5
time(s)

(b)x/c=0.8

L L L L
0.6 0.7 0.8 0.9 1

L L L L
o 0.1 0.2 0.3 0.4

!\rgés(s)
(c)x/c=0.9

FIGURE 10. Wall pressure fluctuations for a static angle of incidence
a = 2° and various transducers along the suction dt#e+ 750000

The pressure signal fluctuations are post-processed usir
spectrograms to highlight possible characteristic frequencie:
The spectrograms are short-time frequency spectra comput
from signal segments of 256 points, that is, considering the san
pling frequencyf = 20 kHz, of lengthT = 0.0128 s. For each
time-segment, a Fast Fourier Transform is computed using
Hamming window, with a precisioAf = 4.88 Hz. An over-
lap of 50% (that is, 128 points) is chosen between the segment
and the frequency spectra are hence estimated every 0.0064
The spectrograms of the two fluctuating pressure signals, co
responding tax/c = 0.8 andx/c = 0.9, are depicted in Figure
11. Forx/c= 0.8 (Figure 11 (a)), the spectrogram presents high-
amplitude frequency peaks, relatively localized between a mai
frequencyf ~ 400 Hz, and a secondary frequency about 60C
Hz. These fluctuations are clearly not turbulent, but the conse
guence of a vortex shedding process with an intermittent beha
ior. Downstream of this location, the fluctuations appear to be
more random, as a result of the turbulence development (Figur

2000‘

1500) I

1000 | | |
Irandtishatpe it

01 .4

Hz,

Frequency

Ti?‘ne (s)
(a)x/c=0.8

2000

1500

|

!

AN WA A il

0.1 0 0 04
Time (s)

Frequency (Hz)
=]
S
S

06
(b)x/c=0.9
FIGURE 11. Spectrograms of wall pressure fluctuationa at 2° for

two transducers along the suction site= 750000
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11 (b)). It may be noticed that the main frequency of the vor- 3500
tex sheddingf ~ 400 Hz is still visible, however with a lower 3000
amplitude. 20
Further Fourier transform computations of the wall pressure ?000
fluctuations have been performed to get a more precise value
of the specific frequencies mentioned above. For this purpose,
two sets of Fast Fourier Transforms are computed for the later
transducter locations/c = 0.8 andx/c = 0.9, using pressure 01 02 03 04 05 06 07 08 09 1
signals recorded over a period of length T = 4s with a timestep (@)x/c=0.8
AT =5.10"%s. The precision of the Fourier transforms is there- '
fore Af = 0.25 Hz. The resulting average frequency spectra for
the two locations are shown in Figure 12. The trends raised from 2500
the analysis of the previous spectrogramms are retrieved, and  £....
the dominating vortex shedding frequency may be estimated as

3500‘

f =395 Hz, whereas the secondary frequency is about 576 Hz. ® 1000
500
0 0.1 0.2 0.3 0.4 TETS © 06 07 0.8 0.9 1
0:00 " xlc=08 —— (b)x/c=0.9
xlec=09 —— :
0.05 1 FIGURE 13. Spectrograms of wall pressure fluctuationa at 6° for

two transducers along the suction siee= 750000

The boundary-layeris characterized by the shape coefficier
defined asH = %, with &* the boundary-layer displacement
thickness and@ the boundary-layer momentum thickness.
This parameter is useful to localize the laminar separation
whereH reaches a value of 3.5, and discriminate the laminal
boundary-layer, for whickH = 2.6, from the turbulent one,
characterized bl = 1.6 (according to previous humerical stud-

f [Hz] ies). First, the results obtainedatc = 0.6, whereH = 2.43,
_ meets the expected value for a laminar boundary-layer. Th
FIGURE 12. Frequency spectra of the wall pressure fluctuations at laminar separation may then be located betwelen= 0.72 and
x/c =08 andx/c=0.9 for a = 2* andRe= 750000 x/c = 0.74, whereH ranges between 3.379 and 3.959. The LSB
region is then observed betwerfc = 0.76 andx/c = 0.81 and
is characterized by1 values larger than 3.5. At/c = 0.83,
At higher angles of incidence > 5°, it was observed that  the shape factor reaches the valueHof 2 characteristic of a

the transition is located at the leading edge of the hydrofoil, and transitional boundary-layer, and then a turbulent vadue 1.61
the boundary-layer is fully turbulent over the whole suction side. s retrieved ak/c = 0.86.

Examples of spectrograms, obtaineddo« 6° at the same loca-

tionsx/c = 0.8 andx/c = 0.9 as previously, are shown in Figure From the boundary-layer characteristics, it is possible tc
13. Both spectra exhibit a large range of random frequencies as-compute the Strouhal numb&yg of the LSB vortex shedding,
sociated to low amplitudes, without any dominating peak as for gefined from the vortex shedding frequentythe momentum

the previous turbulent spectrum far= 2°. These spectrograms  thickness at separatici®)sepand the external velocity at sepa-
hence confirm the presence of a fully turbulent boundary-layer _ . fx(0)sep
ration (Uext)sep aSSe =

flow that does not result from a LSB process. ) (Uext)sep - For a laminar separation oc-
curing atx/c = 0.72, using the frequency f = 395 Hz and the

velocity (Uext)sep~ 5.8 m/s determined through LDV measure-
LSB characteristics ments, we obtain a Strouhal numiSy = 0.0076, which is close
Table 1 details the boundary-layer characteristics along the to the value 059 = 0.0068 found in Pauley et al. (1990) [4]. To
suction side of the hydrofoil fosr = 2°, deduced from the veloc-  take into account the uncertainty in the determination of the sef
ity measurements. aration location, a mean Strouhal number may be computed frot
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the average momentum thickness and external velocity batwee mode), f3 = 291 Hz (second bending mode) afyd= 560 Hz
x/c = 0.68 andx/c = 0.74, which gives the value even closer of (mixed bending and torsional mode).

Se = 0.0074. This confirms that the periodic pressure fluctua-

tions observed in our experiments result from a vortex shedding

process downstream of a Laminar Separation Bubble.

Mode 2 Mode 3 Mode 4
B - S~ ] i -
TABLE 1. Boundary-layer characteristics forr = 2° and ggggg f /  reflective : o Voud A
Re= 750000 a ﬁj ’
Location on chord &*(mm)  6(mm) H /*74/% J \ \Lf
/ o & ;;’ /
0.6 0230 0095 243 — / leading 4L/ / @/
~/ edge —
0.68 0.317 0.104  3.049
f=171Hz f=291Hz f=560 Hz

0.69 0.307 0.108 2.852
0.7 0.338 0.108  3.119 FIGURE 14. Experimental mode shapes obtained from scanning

measurements at the grid points
0.72 0.379 0.112  3.379
0.74 0.447 0.113  3.959
0.76 0499 0123 4.050 Figure 15 compares the spectra of the normal displacemel
0.77 0.534 0.127  4.198 velocity of the hydrofoil measured on the reflective patch (ob-
0.78 0.564 0124 4548 servable in Figure 14) for the free stream velodity=5 m/s
079 0.504 0124 4383 and three angles of incidence= 2°, a = 4° anda = 6°. Con-

- - ' ' sidering first the two extreme values, the corresponding spect

0.8 0466  0.128  3.619 both exhibit resonance peaks at the first natural frequencies of tt
0.81 0.529 0.132  4.025 hydrofoil, but additional peaks appear around 450 Hofer 2°.
0.82 0472 0171 2757 As discussed in the previous sections, _such frequencies may |

related to the vortex shedding process induced by the LSB the
083 0382 0167 2.286 exists at this low angle of incidence. This is confirmed by the fac
0.84 0.395 0.185  2.139 that no additional contributions are visible on the spectrum ob
0.86 0403 0250  1.61 tained ata = 6°, for which the boundary-layer is fully attached

and turbulent all over the hydrofoil surface.
0.9 0.457  0.287 1.593

The vortex shedding frequency was estimated about 400 H
from the analysis of pressure spectrograms (Figure 11). Consic
ering the values of the additional components observed on th
velocity spectra, it seems that the frequencies associated with tf
vortex shedding process are slightly increased in the presence
Vibration measurements the flexible hydrofoil, which may be due to the fluid-structure

Vibration measurements have been carried out on the flexi- interaction between the hydrofoil and the boundary-layer. The
ble hydrofoil for various angles of incidence and freestream ve- LSB vortex shedding may be affected by the vibrations at the
locities. In the following, results of single-point measurements fourth natural frequency, which are particularly enhanced, a:
on a reflective patch located near the trailing edge are presented compared to the fully turbulent case, by the shedding excitatiol
along with scanning measurements over the whole pressure sideat close frequencies. The presence of the laminar to turbuler
of the hydrofoil. For the latter, a grid of99 measurementpoints  transition also explains the increase of vibration levels betwee
in the longitudinal and spanwise directions and a frequency band- the two spectra. However, the present measurements do not :
with of [0; 2] kHz have been chosen in order to recover an accu- low us to raise conclusions regarding the influence of the hydro
rate description of the first modes of the hydrofoil. The visualiza- foil flexibility on the transition.
tion of the operating deflection shapes at the resonance frequen-  Vibration measurements have been performed at inter
cies observed on the vibration spectra enables the mode identifi-mediate angles of incidence, for which the boundary-layer is
cation, as shown in Figure 14 for the modes 2 to 4. The first four subjected to laminar separation before becoming turbulent. Th
natural frequencies of the hydrofoil have hence been determinedvelocity spectrum obtained for instance for= 4°, at the same
as f; = 43 Hz (first bending mode)¥, = 171 Hz (first torsional Reynolds numbeRe= 750 000, is very similar to the previous
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FIGURE 16. Comparison of hydrofoil velocity spectra far= 4° and various Reynolds numbers

one fora = 2°, showing only slight amplitude variations around impact on the LSB and the induced hydrofoil vibrations. Exam-
the fourth natural frequency (see Figure 15). This observation ples of hydrofoil velocity spectra computed from the vibration
is consistent with the fact that although the LSB comes closer measurements at = 4° and three Reynolds numbers are dis-
to the leading edge as the angle of incidence increases, theplayed in Figure 16. It appears that the amplitude of the addi
boundary-layer thickness is very little modified in this region, tional components related to the LSB vortex shedding proces
hence the LSB keeps overall the same characteristics (seeincreases with the Reynolds number, inducing a coherent growt
Ducoin et al. (2009) [7]). of the surrounding modal peaks (apart from the first two moda
peaks which remain similar whatever the Reynolds number). A
N ) ) reported for instance in Pauley et al. (1990) [4], the frequen:
Additional measurements, carried out at various Reynolds ¢jes jntroduced by the vortex shedding and the transition are als
numbers and angles of incidence, have shown that a variation geen g increase with the Reynolds number, and the interactic
of the free stream velocity could have on the contrary a strong

9 Copyright © 2010 by ASME



with the modal vibrations varies accordingly. For the snsdlle
Reynolds number considered in our experimeRs= 700 000,

growing instabilities in laminar separation bubbleEuro-
pean Journal of Mechanics/B Fluid21(5), pp. 495-509.

the LSB-induced frequency hence seems close to the third nat- [6] Jones, L. E., Sandberg, R. D., and Sandham, N. D., 200¢

ural frequency of the hydrofoil, resulting in an enlargement of
the corresponding peak in the vibration spectrum. For the larger
valueRe= 950000, the amplification of the fourth modal peak

reveals that the shedding frequency has now increased towards [7]

the fourth natural frequency. For the latter case, the amplitudes
of the modal peak and the surrounding additional components are
such that harmonics are visible in the higher frequency domain,
resulting again in a more complex interaction with the upper-
ranked modes.

CONCLUSION

In this paper, we have presented a characterization of
the Laminar Separation Bubble that may be observed in the [
boundary-layer along a hydrofoil, together with an analysis of
the hydrofoil vibrations induced by the LSB, through an exper-
imental study. Flow velocity measurements have been used to
determine, for given freestream velocity and angle of incidence, [
the localization and the size of the LSB on a rigid hydrofoil.
Laminar to turbulent transition and turbulent reattachment have
also been explored. A vortex shedding process induced by the
LSB has been identified from the observation of periodic struc-
tures in wall-pressure fluctuations measurements along the rigid
hydrofoil. The vortex shedding frequency has been computed
from a post-processing. We have then studied the behaviour of a
flexible hydrofoil in the same operating conditions. The vortex
shedding and the transition process are seen to enhance the vi-
brations of the hydrofoil, especially at frequencies close to that
of the vortex shedding. We observe that depending on their nat-
ural frequencies, some vibration modes are therefore likely to
interact strongly with the boundary-layer flow along the hydro-
foil. Further experiments are needed to asses the influence of the
hydrofoil vibrations on the LSB and the transition process.
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