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ABSTRACT
The objective of this paper is to investigate the behavior
of Laminar Separation Bubble (LSB) induced vibration on a
NACA66TMB hydrofoil section. In this context, Direct Numerical Simulations are first performed on a rigid hydrofoil using the massively parallelized open source code Nek5000 that
uses the high order spectral element method to solve the incompressible Navier Stokes equations. It is validated by comparing the wall pressure coefficient obtained with measurements performed in hydrodynamic tunnel at the French Naval
Academy Research Institute (IRENav). A Reynolds numbers
of Re=450,000 is considered with an angle of attack of 4◦
which induces a Laminar Separation Bubble close from the
trailing edge of the hydrofoil. The results suggest that a very
sharp transition occurs upstream the Laminar Separation Bubble, characterized by a typical H type behavior. This induces
a high and localized level of wall pressure fluctuations with
periodic behavior just upstream the LSB, followed by a rapid
development of turbulence, also observed experimentally. Experimental observations suggest that this high level of pressure
fluctuation strongly interacts with the hydrofoil natural vibrations. The current numerical model will be extended in the near
future to study fluid structure interaction in transitional flows.
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transitional regimes, even at relatively high Reynolds numbers
and is often used to design marine propeller blades to maintain
laminar boundary layer at the blade surface, and hence reduce
the friction.
The main characteristics of transition over lifting profiles is
well known. It is usually triggered by a laminar separation
and a reversed flow, due to an adverse pressure gradient. The
development of the turbulent flow, which causes a momentum transfer in the wall normal direction, allows the flow
to reattach, to form a so called laminar separation bubble
(LSB) ( [1]). Downstream of the LSB, the flow is usually
highly unsteady and periodic and is governed by complex
mechanisms identified as primary and secondary instabilities
that lead to transition to turbulence.
Laminar to turbulent transition over lifting profiles have been
largely investigated for aerodynamic applications, on small
scales devices, where the transition takes a large portion of
the chord and govern the boundary layer flow, see [2–4] for
experimental works and [5] for numerical works. From the
author’s knowledge, there is only one numerical study that
considered laminar to turbulent transition at relatively high
Reynolds number i.e. Re = 400, 000, see [6], for aircraft
applications. This work showed the ability of the spectral
element method to predict the transition, and the development
of turbulence.
As far as hydrodynamic applications are concerned, several experimental works on LSB were carried out on marine propeller
sections in the past at the Naval Academy Research Institute
(IRENav), France. These studies concerned the NACA66 sec-

INTRODUCTION
The present paper deal with the physical understanding
of transition induced vibration over a NACA66 hydrofoil.
This profile have a laminar section, which can induced large
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tenuated from the theoretical cut-off frequency fc = 9152Hz.
Experiments are led with a sample frequency of f = 20kHz.
A main set of ten transducers is aligned along the chord on
the suction side at mid-span, where the flow is considered as
quasi-2D. It starts from the leading edge at reduced coordinate
x/c = 0.1 up to the trailing edge at coordinate x/c = 0.90 with
a step of 0.10c.
Measurements are performed for an angle of attach of α = 4◦
and for upstream velocities ranging from U∞ = 1.5m/s to
10m/s, which corresponds to a Reynolds number ranging from
Re = 150, 000 to 1, 000, 000. Over these conditions, the laminar flow is maintained over about 60% to 80% of the chord and
hence pressure fluctuations are observed starting x/c = 0.7.
The analysis of structural vibrations is carried out on the hydrofoil pressure side using a Laser Doppler Vibrometer Polytech
PSV-400 . It is a class II He-Ne laser of wavelength λ = 632.8
nm. The vibrometer sensivity ranges between 10 mm/s/Volt
up to 1m/s/Volt. The system performs scanning measurements
over a grid pre-defined on the structure surface by means of a
internal camera. A mean vibration spectrum was obtained from
an average of 32 spectrums obtained on one point of the grid.
Then the spectrum could be averaged over the surface to obtain the average spatial vibration spectrum of the surface. The
reader should refers to [9] for more detail about the experimental setup.

tion. Under relatively high Reynolds numbers (Re=300,000 to
1,000,000), highly transitional flows has been observed for this
profile. It was shown that a very strong and localized transition
to turbulence occurs inside the boundary layer, which induces
intense pressure fluctuations ( [7]). This physic have a strong
influence on hydrodynamic performances [8]. Moreover, it
has been demonstrated that this type of transition induces
important structural vibrations. [9] showed that there could be
a strong interaction between these vibrations and the physic
of LSB vortex shedding. In particular, additional frequencies
around the frequency of LSB shedding and structural modes,
as well as a global increase of amplitude were observed in
the vibration spectra in transitional flows, which could be the
result of a complex fluid structure interaction phenomenon.
This work also showed that when the frequency of LSB vortex
shedding get close to a natural vibration mode, resonance with
the blade natural frequencies can be obtained.
The objective of the present work is (i) to characterize the
wall-pressure generated by a Laminar separation bubble on
a rigid NACA66 section operating at low angle of attack, at
Re = 450, 000 through a combined numerical and experimental
analysis and (ii) to analyze experimentally the Fluid Structure
Interaction (FSI) Response of the same hydrofoil, under various upstream velocities (i.e. Reynolds numbers). Because of
the moderates Reynolds number considered, a simplified DNS
domain is set and RANS velocity profiles are implemented for
the inflow conditions. First, the transitional flow is analyzed
numerically at Re=450,000, then DNS results are compared to
experimental measurements. Finally, first experimental results
of transition induced vibration are presented for a wide range
of Reynolds numbers.

2 Computational methods
2.1 Direct Numerical Simulation
The dynamics of a three-dimensional incompressible flow
of a Newtonian fluid are described by the Navier-Stokes equations
U̇ = −(U · ∇)U − ∇P + Re−1 ∆U
∇·U = 0

1 Experimental method
Measurements are carried out in the cavitation tunnel at
IRENav, France. The test section is 1 m long and has a
h = 0.192 m square section. The velocity can range between 0
and 15m/s and the pressure from 30 mbar to 3bars. The hydrofoil is a NACA 66 which presents a camber type NACA a=0.8,
a camber ratio of 2% and a relative thickness of 12% [10]. It is
mounted horizontally in the tunnel test section. The hydrofoil
is partially clamped at x/c = 0.25 from the leading edge, where
it is linked to a rotation axis mounted on a motor connected to
a rotating system.. The chord is c = 0.150m and the span is
b = 0.191m. It corresponds to a low aspect ratio b/c = 1.3
and a confinement parameter h/c = 1.28. Pressure measurements are carried out using seventeen piezo-resistive transducers (Keller AG 2 MI PAA100-075-010) of 10 bars maximum
pressure. The pressure transducers are mounted into small cavities with a 0.5 mm diameter pinhole at the hydrofoil surface.
The wall pressure spectrum measured by the transducer is at-

(1)

where U = (Ux ,Uy ,Uz )T is the velocity vector and P the pressure term. The Reynolds number is defined as Re = U∞ c/ν ,
where ν is the kinematic viscosity of the considered fluid, c is
the chord length and U∞ is the upstream velocity.
The Navier-Stokes equations are solved using the flow
solver N EK 5000 developed at Argonne National Laboratory
by [11]. It is based on the spectral elements method (SEM),
introduced by [12], which provides spectral accuracy in space
while allowing for the geometrical flexibility of finite element
methods. Spatial discretization is obtained by decomposing
the physical domain into spectral elements within which the
velocity is defined on Gauss-Lobatto-Legendre (GLL) nodes
and the pressure field on Gauss-Legendre (GL) nodes. The
solution to the Navier-Stokes equations is then approximated
within each element as a sum of Lagrange interpolants defined
2

by an orthogonal basis of Legendre polynomials up to degree
N. The results presented in this paper have been obtained with
a polynomial order between N = 8 and N = 12, depending on
the Reynolds number considered. The convective terms are
advanced in time using an extrapolation of order 3, whereas
the viscous terms use a backward differentiation of order 3
as well, resulting in the time-advancement scheme labeled
BDF3/EXT3. N EK 5000 employs the MPI standard for
parallelism. For further details about the spectral elements
method, the reader is referred to the books by [13] and [14].

FIGURE 1: Spectral element mesh of the NACA66 hydrofoil,

2.2

Numerical setup
Because of the moderates Reynolds numbers considered,
the DNS domain is reduced to the near wall region, and velocity boundary conditions are imposed at the domain boundaries
from a transitional RANS calculation to reproduce the velocity
gradient external to the hydrofoil boundary layer, which determine the circulation around the hydrofoil. Hence, the total
height of the DNS domain is 0.25c and 0.5c is set in the wake.
The span has been reduced to 0.05c. The domain of the RANS
calculation corresponds to the dimensions of the experimental
test section of the hydrodynamic tunnel at IRENav.
The velocity profiles at the DNS domain boundary are extracted from the RANS calculation , for Re = 450, 000 - V∞ =
3m/s. ∇U · x = 0 is set at the outlet, whereas a no slip condition is set on the wing surface. A periodic boundary conditions
is imposed on the vertical side planes of the domain.In order
to add the perturbation inside the computational domain, an
isotropic von Kármán turbulence spectra is set at the inlet with
an integral length scale is set to 0.006c and a turbulence intensity of about 2%. The spectral mesh is shown in figure 1. It is
refined close to the wall to obtain a low y+ value, whereas it is
almost constant in x and z direction, i.e. chord-wise and spanwise directions. This leads to 188480 spectral elements, with
an element order of 0(12) for Re = 450, 000. A convergence
study on the element order was performed at Re = 225, 000 to
validate the mesh, and is not shown in the present paper. The
+ = ∆z+ ≈ 7 and ∆y+ = 0.2 ,
final resolution is set to ∆xmax
max
min
i.e. 326 million grid points in total.
To obtain the DNS, a progressive increase of the element order
is performed to advance in time, up to the target mesh. As the
DNS code is semi-implicit, it requires the local CFL number
to be strictly CFL = u∆t/∆x < 0.75 . The computations are
carried out with CFL ≈ 0.5.

N = 188, 480.
TABLE 1: Comparison of RANS and DNS LSB characteristics.

Case

xsep

xre

fshed (Hz)

fexp−shed (Hz)

DNS - Re=450,000

0.62

0.72

335

300

RANS - Re=450,000

0.65

0.72

-

-

that the pressure gradient is well reproduced in the reduced
DNS domain with RANS velocity boundary conditions.
The turbulent reattachment predicted by RANS and DNS
calculations are also very close from each other . The LSB
vortex shedding frequency obtained from DNS fshed match
also well with the experimental ones ( fexp−shed ) extracted from
the wall pressure measurements (RANS calculation predicts
a steady LSB). It is consistent from the work of [15], that
characterized the frequency of LSB shedding with the Strouhal
θsep
f
. This Strouhal number consider that the
number Stθ = shed
usep
characteristic frequency of LSB vortex shedding only depends
on the boundary layer quantities at the laminar separation,
captured numerically by both DNS. The computed Strouhal
number is Stθ = 0.0090 as compared to Stθ = 0.0068found
by [15], who however considered a flat plate with pressure
gradient.
Iso surface of λ2 criterion is shown in Figure 2 between
0.6 < x/c < 1 colored with pressure coefficient contours
ranging from CP = −2 (dark blue to CP = 1 (dark red). It
shows where coherent structures start to form downstream
the LSB, and how it breakdown to transit to turbulence.
Coherent structures incept at x/c = 0.65 and are associated
with development of TS in the LSB region. It is maintained
almost 2D until x/c = 0.7 . Then the 2D vortex deform and
form a Λ structure and breakdown up to about x/c = 0.8,
location where smaller coherent structure are still present and
preserve a certain periodicity. Then, turbulent structures are

3 Results and discussion
3.1 DNS: flow analysis at Re=450,000
Table 1 compares the LSB characteristics between RANS
and DNS. It can be seen that the laminar separation of LSB
is very close between RANS and DNS, which clearly show
3

observed up to trailing edge. This type of transition can be
associated with H type transition, as also analyzed in [16] over
flat plate with pressure gradient.

(a)x/c = 0.7

FIGURE 2: Coherent structures downstream the LSB, iso λ2

colored with pressure coefficient, Re = 450, 000

3.2

DNS vs experiments: wall pressure fluctuations
at Re=450,000
The local wall pressure coefficients in Figure 3 obtained
with DNS at Re = 450, 000 is compared to experiments at
x/c = 0.7 and x/c = 0.8. The full DNS is plotted in time, and
adjusted temporally to be synchronized with the experimental
signal. It match overall very well with experiments, in terms of
temporal behavior and amplitudes. In the transition region at
x/c=0.7 (Figure 3 (a)), the flow is highlighted by the development of TS waves and then progressively 3D structures and the
pressure fluctuations show a strong periodic and intermittent
behavior for both DNS and experiments. The amplitudes and
modulations are fully captured by the present computations.
With the development of turbulence, the pressure signal shows
smaller fluctuations with random behavior, in particular in the
positive pressure area occurring between two consecutive vortex shedding.

(b)x/c = 0.8
FIGURE 3: Comparison of computed and measured wall pres-

sure coefficient, Re = 450, 000

increases is observed in Figure 4. The frequency peaks vanish after U∞ > 3.5m/s at x/c = 0.8 (Figure 4 (b)) and appear
starting U∞ > 4m/sat x/c = 0.7 (Figure 4 (a)), which clearly
mean that periodic fluctuation due to LSB shedding moves toward the leading edge. This variation is due to the combined
effects of (i) decreases in the LSB size and (ii) increases of
adverse pressure gradient as Reynolds number increases (i.e.
viscous effects decreases) that shift the LSB towards the leading edge. Due to a large displacement of the LSB toward the
leading edge and the early establishment of turbulent boundary layer in a relatively strong adverse pressure gradient region, the turbulent boundary layer tends to detach at the trailing edge for the highest velocities, although the wall friction

3.3

Experimental results: transition induced vibration at different Reynolds numbers
Experiments in cavitation tunnel are performed at α = 4◦
for U∞ = 1.5 to 10 m/s by range of 0.5m/s. The results are
shown in Figure 4, where frequency spectra of wall pressure at
x/c = 0.7 and x/c = 0.8 are plotted for all the velocities considered.
First, it is observed that the frequency of LSB shedding involves linearly as U∞ increases, it goes from about 100 Hz for
U∞ = 1.5m/s, up to about 1000 Hz for U∞ = 7m/s. The displacement of LSB throughout the leading edge as the velocity
4

FIGURE 5: Experimental frequency spectra of hydrofoil vibra-

tion together with wall pressure peaks, α = 4◦ .

i.e. the interaction between the wall pressures and the vibrations. As the hydrofoil is made of steel, the natural modes
observed at f1 = 120Hz (mode 1) and f2 = 400Hz (mode 2)
corresponds to vibration response of the rotation axis located
at x/c = 0.25 from the leading edge, which induces a rigid motions of the hydrofoil. As a consequence, the hydrofoil axis
can be seen as a spring mounted at the hydrofoil axis of rotation. At this stage, the mode shapes have not been investigated
and it is not possible to know if it corresponds to bending, torsion or coupled modes. For low upstream velocities, mode 1 at
f1 = 120Hzseems to be excited by LSB vortex shedding from
U∞ = 2m/s to 3.5m/s, where the LSB shedding frequency vary
from 130Hz to 350Hz. However, the vibration amplitude is too
low to induce a FSI response, such that there is no pressure
response in this range, see also Figure 4. After U∞ = 4m/s,
the LSB frequency reach the mode 2 and a strong vibratory response is observed around f2 = 400Hz. This time, there is also
a strong global pressure response, as observed by the pressure
peaks superposed to the maximum of vibration peaks, at different locations. This situation does not corresponds to lock-in,
as the frequency of LSB shedding is not disturbed by the vibrations and keep a linear slope, i.e. it increases up to 1000Hz
for U∞ = 8m/s. Finally, as the upstream velocity get close to
10m/s, the first natural mode is highly excited by a low frequency excitation, associated by turbulent detachment at the
trailing edge (TE vortex shedding, see Figure 4) of the hydrofoil.

FIGURE 4: Experimental frequency spectra of wall pressure at

(a) x/c=0.7 and (b) x/c=0.8 as function of upstream velocity,
α = 4◦ .

increases. This phenomenon had been previously investigated
numerically in [7], where a brutal transition to turbulent flow
caused by a leading edge LSB were found to generate suddenly
a vortex at trailing edge caused by a turbulent boundary layer
detachment. Finally, the additional frequencies around 400Hz
for 4.5m/s < U∞ < 8m/s are the FSI response induced by the
interaction of natural vibration of the hydrofoil and LSB vortex
shedding, which induces a wall pressure response.
The vibratory response of the hydrofoil is observed in Figure
5, for the same operating conditions. The pressure peaks observed in Figure 4 are superposed to analyze the FSI response,

4 Conclusion
In this paper, a first DNS is performed on a laminar
NACA66 propeller section at Re = 450, 000, and wall pressures
are compared to experiments in a hydrodynamic tunnel. Then,
the Fluid Structure Interaction response of the same hydrofoil
5

is investigated for a wide range of upstream velocities.
First, the mean flow is compared with the RANS calculations
at Re = 450, 000. The velocity field is correctly reproduced by
DNS, which allows to correctly capture the laminar separation,
and hence the vortex shedding frequency of LSB. Then, the
transition is investigated. It is observed that the flow exhibit a
classical H-type or K-type transition to turbulence, highlighted
by inception of 2D TS waves, which deform due to 3D instability to form Λ coherent structures. This hairpin structure blows
up because of secondary instability and the flow quickly transit to turbulence. The wall pressure fluctuations compares very
well with measurements in the different stages of development
of LSB through the transition process. An intermittent, periodic behavior of wall pressures is observed both experimentally and numerically, as well as the breakdown to turbulence,
which have a mixing effect. In the second part of the paper the
FSI response of the hydrofoil is investigated for upstream velocities ranging from 2 to 10m/s, i.e. Reynolds numbers ranging from 300,000 to 1,500,000. As the velocity increases, the
LSB vortex shedding frequency increases and seems to interacts with the two first hydrofoil natural modes. Whereas the
first mode is weakly excited by the LSB shedding frequency,
the second natural mode seems to strongly interacts with the
pressure response. Finally, no lock in has been observed, as
the LSB shedding frequency is clearly not affected by this phenomenon.
In future works, the current DNS will be coupled to a structural model to numerically study the FSI response in transitional flows.
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