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The influence of the cavitation level on the vortex shedding frequency is used to 
compare the flow field in the wake of a blunt hydrofoil, with and without hydro
elastic lock-in, and with a constant Reynolds number. Accurate LOA measurements 
allow us to examine in detail the base flow regime considered as the excitation 
source of the hydroelastic phenomena. Thanks to these measurements a second vortex 
street superposed on the Karman street ;1as been observed. 

Comparisons between measurements and calculations show that a Strouhal number 
evaluation based on boundary layer displacement thickness agrees well with ex
periments. 

Finally the influence on the configuration of the wake is considered by modifying 
the shape of the trailing edge. 
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hydrofoil length 

= vortex line spacing 

= thickness of the truncated trailing-edge 

displacement thickness on each side of the 
trailing-edge 

= 6' + 6i + 62 : total displacement thickness 

= separation thickness 

= upstream velocity 

= velocity of the outer edge of the wake 
at the x location 

= mean value of velocity on both separation 
loci 

mean velocity components 

2nd order moments of velocity fluctuations 

z component of vorticity vector 

upstream static pressure 

= vapour pressure 

= eigen frequency of the hydrofoil 

= power spectrum density for the x component 
velocity fluctuations 

= specific mass 

= kinematic velocity 

Reynolds number Re U c/v 
"' 

Strouhal number St= f•d/U 
"' 

= modified Strouhal number f•6/U(TE) 

o = (P -P ) /~ p u2 cavitation number 
"' V "' 

= trailing edge 
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1 • INTRODUCTION 

Vortex shedding studies are mainly concentrated on the case of the Karman vortex 
street behind a circular cylinder. About 60 years ago industry began to take an 
interest in the wakes of plates and profiles in hydraulic machinery (Ref. 1). 
Several basic investigations were made into wake structure,e.g. (Ref. 2), while 
research was increased into the problem of the Strouhal number definition, including 
boundary layer parameters, e.g. (Ref. 3). Because of the increasing specific power 
of hydraulic machinery, many flow-induced cracks occurred (refs 4, 5 and 6) and 
safe industrial solutions were demanded as a result of geometrical modifications of 
the trailing edges (Ref. 7). Knowledge of the excitation structure was improving, 
but the obstacle of the interaction between the excitation process and mechanical 
response had to be faced, including the resulting noise (Ref. 8). The influence of 
cavitation also began to be taken into account (Ref. 9). 

This contribution attempts firstly to clarify the wake structure of a truncated 
NACA 009 profile when there is hydroelastic behaviour. Both the mean and unsteady 
velocity values were obtained by two-componen tL.D.A. measurements in the wake of a 
truncated hydrofoil, and were compared to acoustic measurement in the vicinity of 
the hydrofoil. One original aspect of this is that lock-in or lock-off between flow 
and mechanical structure are not obtained by a change in velocity, but by a change 
in cavitation number. The influence of the degree of cavitation on wake frequencies 
is therefore checked and confirmed. An analysis of these results makes it possible, 
on the one hand, to understand better the velocity field in the wake and, on the 
other hand, to check the Strauhal number obtained with boundary layer displacement 
thickness. Finally, some information is given on the influence of trailing-edge 
geometry. 

2. EXPERIMENTAL SET-UP 

The experiments were done in the cavitation water tunnel at the Institut de Machines 
Hydrauliques et de Mecanique des Fluides of the Swiss Federal Institute of Technology, 
Lausanne. 

Three kinds of measurements were taken. Firstly, visualisations using a classic strobe 
flash. Secondly, acoustic measurements using a hydrophone (BK 8103) installed in a 
vessel (see Fig. 1). The BK 8103 amplifier output signal was analysed by an FFT HP 
3582A spectrum analyser. Thirdly, the flow field was investigated by a two-component 
laser-Doppler anemometer (DANTEC 55X). The LOA output data were processed and stored 
on a DEC LSI 11/7 3. 

A 100 tmn-wide 2-D NACA 009 profile, truncated to 90\ and with a 3.6 mm-thick trailing 
edge was maintained at zero incidence. The hydrofoil was fixed on one side and 
supported by a 10 mm rod on the other side. The first ten elastic modes were calcula
ted, with a finite element software developed by Neyrpic S.A. The main calculations are 
summarised in Table 1, and the hydrofoil deformation pictures are shown in Fig. 2 for 
the first three vibration modes. 

3. EXPERIMENTAL RESULTS 

3.1. Visualisations 

The spatial arrangement of the shedded vortices was made apparent by cavitation of the 
vortices' core centre. Without lock-in the vortex arrangement shows a 3-D behaviour 
corresponding to the excited mode of the hydrofoil, see Fig. 3a. In the lock-in flow 
conditions, the second mode, i.e. the torsional mode, induced a 2-D arrangement of 
these shedded vortices (fig. 3b). Surprisingly, if the pressure value was decreased 
the frequency lock-in phenomenon was eliminated, and the vortex street cavitation 
then disappeared. 
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3.2. Velocity Measurements 

The following L.D.A. measurements were made with a constant upstream velocity and 
at two different static pressure levels, corresponding to a o value of 1.47, 
frequency lock-in case, and to a o value of 0.67 respectively without lock-in. Five 
mean velocity transverse profiles were measured in the wake of the hydrofoil. The 
results for these two cases are shown in Fig. 4. Typical RMS and mean values of the 
velocity are shown in Fig. 5 by a trans'verse section at the locations of x = 3.5 mm 
and 5.0 mm behind the trailing edge. Spectral analysis by Fourier transform of the 
velocity correlation function gave the power spectrum density function. Typical 
results are shown in Fig. 6 for the two cases at the x = 5 mm location. 

3.3. Acoustic Measurements 

Acoustic measurements were taken for the whole range of velocities from 5 m/s to 
35 m/s and various static pressure levels. In Fig. 7 three noise power spectra are 
superposed, showing the influence of the o value by keeping the upstream velocity 
constant (U~ = 12.75 m/s). The frequency lock-in conditions were verified from 
a= 4.1 (no cavitation) too= 1.47 (moderate cavitation). Acoustic evidence of the 
frequency lock-in phenomenon is shown in Fig. 10. Moreover, to show the trailing
edge geometry effects, three acoustic spectra are shwon in Fig. 8 corresponding to 
the actual geometry, and to. a 450 trailing-edge and 250 trailing-edge. In these 
measurements the flow was free of cavitation at 24.7 m/s. It was noted that the 
second mode of vibration (torsional) induces a 35 dB acoustic amplification for 
lock-in conditions with the actual trailing-edge. Meanwhile, bending mode 1 induces 
a 20 dB acoustic amplification with the 250 trailing-edge and for U00 = 6 m/s. 

4. ANALYSIS 

4.1. Base Flow Analysis 

The strong influence of the cavitation number on the vortex shedding frequency 
(see Fig. 9) gave us the opportunity to study the base flow, considered as the 
excitation source of the hydroelastic phenomenon, by keeping the Reynolds number 
constant. The excellent quality of the L.D.A. velocity measurements allowed us to 
obtain stream lines and vorticity fields for the base flow and for the wake of the 
hydrofoil without lock-in (see Fig. 11). In this figure high vorticity regions and 
recirculating flow are readily shown and correspond to the path of the shedded vor
tices, limiting the base flow region where there is a pair of fixed vortices. 

In the velocity vector profiles (Fig. 4a), Karman vortex trajectories are also 
fairly apparent. In the same figure, in the lock-in case, a second high vorticity 
region appears. In this case the base flow fluctuates so much that it prevents us 
from seeing the previous pair of fixed vortices. Using the vortex line spacing d 
measured on photographs (Fig. 3) and the Karman frequency fK in Fig. 6, we can 
determine the convective velocity UK of the vortices by the relation UK= fK•d. 
Taking th~s value on the mean velocity profile at a given location, we can deter
mine they coordinate of the Karman street (see Fig. 5). However, RMS distribution 
at the same location reaches a local maximum (Fig. 5). If we associate this RMS 
distribution behaviour with the presence of a vortex path, another local maximum 
can be seen, which suggests the existence of a second vortex street, both on the 
x ~ 3.5 mm and x = 5 mm velocity profiles. Moreover, the location of this hypo
thetical street corresponds to the above-mentioned high vorticity region. The 
existence of a second vortex street can be confirmed by the amplification of the 
second harmonic on the power spectrum (Fig. 6). Hence, convective velocity UK2 
associated with the second street is half the previous convective velocity uKl, 
as shown in Fig. 5. Nevertheless, definite proof of the existence of a second 
vortex street in the base region with lock-in could be obtained µsing .spatial 
correlation techniques. 
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4.2. Strouhal Number Evaluation 

The displacement thickness 6 and the outer mean velocity U at the trailing edge 
were used to calculate the Strouhal number S6. A first application for the _ truncated 
TE can be given by o = 0.67 and u~ = 12.75 m/s, i.e. without lock-in effect (central 
frequency= 960 Hz) (see Table 2). The Strouhal number based on L.D.A. measurement 
therefore has an intermediate value between both calculations based on the displa
cement boundary layer. If acoustic measurements are now considered for the whole 
non-cavitating and non-interacting operating range, e.g. 15 m/s<U~<35 m/s, S6 values 
based on the measured frequency and calculated wake thickness values remain between 
0.255 and 0.265. Concerning other TE equipped with 450 and 250 edges, although the 
excitation peaks are less organized, the same calculation procedure leads to S6 values 
of between 0.250 and 0.270. It therefore seems convenient to base a reasonable 
prognosis on those S6 values for non-cavitating flows. When cavitation begins, the 
Strouhal number may be increased by about 15%. 

4.3. Trailing-Edge Geometry Influence 

Although L.D.A. measurements were not taken when the TE shape was changing, signifi
cant conclusions can be drawn from the acoustic measurements. Without lock-in, e.g. 
U~ = 24.7 m/s the blunt trailing edge shows that an acoustic spectrum rather diffe
rent from those of the TE with 450 and 25° edges (Fig. 8). The truncated TE leads to 
a well-formed peak around 1,500 Hz, which corresponds to a Strouhal number s6 = 0.26. 

The TE with shaped edges does not present a typical peak, but a rather wide amplifi
cation range around 2,500 Hz if compared to the basic noise . Agairi, the central 
frequency corresponds to S6 = 0.26 and we checked that linear Strouhal law agrees up 
to 40 m/s. There is a lock-in range for the TE with shaped edges as well, for the 
same 820 Hz mode, but for a lower velocity ~ 7 m/s. The relevant Strouhal number 
s 6 = 0.26 remains quasi constant. For the very low velocity range, e.g. U~<5 m/s, it 
seems that organization in the spectrum of the truncated TE disappears, while typical 
peaks arise in the spectra with edges . This rather paradoxical result must be 
confirmed by L. D. A. measurement. If confirmed it could be concluded that for a 
relatively well formed TE, wake organization could be stronger at a low Reynolds 
number than for a higher one, therefore conf l icting with other references (Ref. 10). 

5. CONCLUSIONS 

Accurate and detailed L.D.A. measurements allowed us to analyse the base flow region 
of a hydrofoil's blunt trailing edge. Influence of the cavitation number on the 
shedded vortices' frequency is clearly shown. This particularity was used to compare 
two flows corresponding to situations with and without lock-in by keeping the Reynolds 
number constant. It was clearly shown that, in the lock-in situation, a second vortex 
street was created in the base flow region with a convective velocity half that of 
the external Karman vortices. 

Acoustic frequencies obtained by noise measurement were confirmed by the L.D.A . 
measurements in both situations, with and without cavitation. 

Both experimental and theoretical values of the boundary layer thickness confirm 
very well the Strouhal number predicted by previous anthers. This good agreement was 
also found for the sheped trailing edge. 

Systematic acoustic study, using a wide range of Reynolds numbers, of three different 
trailing-edges shows that sheped trailing edges have a less organized structure 
than blunt ones for a high Reynolds number. However, at a low Reynolds number 
Rec 5•105 , the shaped trailing-edge wake seems to have an organized configuration. 
This particularity can be of a certain importance in model testing. 
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TABLE 1 

Mode 1st 2nd 3rd 

Calculated fp in air (Hz) 1062 1062 3228 

Measured fp in air (Hz) 1100 1020 3500 

Measured fp in water (Hz) 610 - 630 820 - 880 2220-2280 

Calculated fp water/fp air (-) 0.547 0. 729 0.547 

Measured fp water/fp air (-) 0.55-0.57 0.80 - 0.86 0.63-0.65 

TABLE 2 

6* 6* - -Imput data = U(TE) !::, f•!::,/U(TE) 1 2 
Theoretical calculation 0.26 mm 

14.03 m/s 
4 . 12 mm 0.282 

(Truckenbrodt, Head) 0.40 mm 4.40 mm 0.301 

L.D.A. measurements - 13.40 m/s 4.40 mm 0 . 287 
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Figure l: Diagram of experimental set-up 

Figure 2: Three first vibration 
modes (finite elements 
calculation) 

a. 

b. 

Figure 3: Karman vortex caV;itation 
(a. without lock-in and 
b. with lock-in) 
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