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a b s t r a c t

The present study is developed within the framework of marine structure design operating in transient
regimes. It deals with an experimental and numerical investigation of the time–space distribution of the
wall-pressure field on a NACA66 hydrofoil undergoing a transient up-and-down pitching motion from
0� to 15� at four pitching velocities and a Reynolds number Re¼ 0.75� 106. The experimental investi-
gation is performed using an array of wall-pressure transducers located on the suction side and by means
of time–frequency analysis and Empirical Modal Decomposition method. The numerical study is con-
ducted for the same flow conditions. It is based on a 2D RANS code including mesh reconstruction and an
ALE formulation in order to take into account the foil rotation and the tunnel walls. Due to the moderate
Reynolds number, a laminar to turbulent transition model was also activated. For the operating flow
conditions of the study, experimental and numerical flow analysis revealed that the flow experiences
complex boundary layer events as leading-edge laminar separation bubble, laminar to turbulent tran-
sition, trailing-edge separation and flow detachment at stall. Although the flow is relatively complex, the
calculated wall pressure shows a quite good agreement with the experiment provided that the mesh
resolution and the temporal discretization are carefully selected depending on the pitching velocity. It is
particularly shown that the general trend of the wall pressure (low frequency) is rather well predicted for
the four pitching velocities with for instance a net inflection of the wall pressure when transition occurs.
The inflection zone is reduced as the pitching velocity increases and tends to disappear for the highest
pitching velocity. Conversely, high frequency wall-pressure fluctuations observed experimentally are not
captured by the RANS model. Based on the good agreement with experiment, the model is then used to
investigate the effects of the pitching velocity on boundary layer events and on hydrodynamic loadings.
It is shown that increasing the pitching velocity tends to delay the laminar-to-turbulence transition and
even to suppress it for the highest pitching velocity during the pitch-up motion. It induces also an
increase of the stall angle (compared to quasi-static one) and an increase of the hysteresis effect during
pitch-down motion resulting to a significant increase of the hydrodynamic loading.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

The prediction of the forces acting on lifting bodies operating in
forced motions of large amplitude is fundamental for design and
sizing of marine structures such as rudders, stabilizers, marine
propeller blades but also for innovative and complex propulsion
systems based on like-fish propulsion [1]. Basically, it requires the
knowledge of unsteady boundary layer in forced motions including
the understanding of relative complex boundary layer events such
as transition, turbulence, flow separation, dynamic stall which is
. Ducoin).
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still the object of many researches. One challenge is the flow
prediction based on RANS codes together with experimental
developments in such complex unsteady flows. Srinivasan et al. [2]
and Barakos [3] showed the accuracy of RANS codes for the
prediction of hydrodynamic loading of foils in case of low angles of
incidence; they also highlighted the influence of turbulence model
when flow separation is strong at high angles of incidence. The
influence of pitching velocities can be also of primary importance
on loading prediction for flows at low Reynolds numbers. Hamdani
and Sun [4] showed in a numerical study that inertial effects
increased when pitching velocities increased at low Reynolds
numbers. Lee and Gerontakos [5] developed an experimental study
for an oscillating airfoil at various reduced frequencies k ¼ _ac=2UN

(with _a the pitching velocity) at Re¼ 1.35�105. The reduced
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Nomenclature

b hydrofoil span
c hydrofoil chord
C convective term
D diffusive term
h tunnel test section height
k low frequency cut-off
Re Reynolds number (¼UNc/n)
Reqt transition Reynolds number
Stq Strouhal number of

LSB (¼f(q)sep/(ve)sep)
p local fluid pressure
P0 reference pressure
us friction velocity
UN free stream velocity
v local fluid velocity
v fluid velocity vector
v* grid velocity vector

(ve)sep external velocity, laminar separation
yþ dimensionless wall distance (¼yus/n)

Greek letters
a angle of incidence
_a pitching velocity
_a* dimensionless pitching velocity
b relaxation factor
4 unknown fluid scalar
g intermittency
G boundary of a control volume
k reduced frequency
Lf diffusion term
m dynamic viscosity
n fluid kinematic viscosity (¼m/r)
(q)sep momentum thickness, laminar separation
r fluid density
Sf source term
U control volume
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frequency is a reliable parameter to characterize unsteady pitching
velocity effect. For small reduced frequencies, boundary layer
events produce variations in lift, drag and moment coefficients. For
instance, boundary layer transition caused by laminar separation is
delayed and promoted when reduced frequencies increases. The lift
coefficient and lift-curve slope exhibit modifications but it was
shown that the laminar separation bubble length was independent
on the reduced frequency.

The case of laminar separation induced transition has been
studied extensively in many works concerning aerodynamic
applications. For hydrofoils at moderate Reynolds number, it
appears near the trailing edge for moderate angle of incidence and
suddenly moves toward the leading edge as the angle of incidence
increases to form a laminar separation bubble that induces flow
transition. Tani [6] showed that the bubble length is reduced when
the adverse pressure gradient increases. Many works have been
therefore considered on laminar separation bubble (LSB) from the
pioneer experimental works of Gaster [7] to recent DNS simulations
like Alam and Sandham [8] and Alving and Fernholz [9]. The latter
show that complex and multi scaled structures can occur in the LSB
wake. Pauley et al. [10] studied an unsteady laminar separation
bubble induced by an adverse pressure gradient on a leading-edge
geometry. It has been found that the frequency of the vortex
shedding from the bubble can be non-dimensionalized using
a Strouhal number Stq based on momentum thickness (q)sep and
external velocity (ve)sep at laminar separation which appears in
many recent works [11,12]. Moreover, some recent DNS studies
have shown that those vortex sheddings resulting into a flapping
motion of the bubble generate characteristic velocity and pressure
fluctuations downstream the bubble, as highlighted by Rist and
Maucher [13] in the case of a flat plate and Jones et al. [14] in the
case of an airfoil.

Recent works focus on the impact of laminar-to-turbulent
transition modeling in RANS codes for unsteady flows. Smith et al.
[15] show that fully turbulent computations over predict lift and
drag. Shelton et al. [16] included a transition model and showed its
impact on hydrodynamic coefficients which is closer from experi-
ments compared to fully turbulent computations; transition
models can also be important for stall prediction. As shown, there is
a real challenge to introduce complex flow features in RANS code
and to develop experimental methods to a better understanding of
unsteady flows.
The present paper focuses on the a flow over an hydrofoil
undergoing a transient pitching motion at a moderate Reynolds
number Re¼ 0.75�106. Both experimental and numerical
approaches were developed. The experiment consist in measuring
the wall pressure using pressure transducers at several points
located along the chord on the suction side of the hydrofoil.
Computations are led with the CFD RANS based code CFX� in the
same conditions as in the experiment. One aim of the study is
a better understanding of boundary layer events like transition
and laminar separation induced transition on an hydrofoil suction
side undergoing a forced transient motion at various pitching
velocity. An other point is to check the accuracy and the limita-
tions of a RANS simulation in the flow prediction. The flow is
studied in the case of a low pitching velocity corresponding to
a quasi-static motion. Measured and computed wall pressures
near the leading edge and the trailing edge help to characterize
separation and transition location on the hydrofoil. Then the
influence of the pitching velocity on the boundary layer events is
investigated. Finally the effects of the pitching velocity on the
hydrodynamic loading are highlighted on the basis of the
numerical study.

2. Experimental set up

Measurements are carried out in the cavitation tunnel at IRE-
Nav. The test section is 1 m long and has an square section of
h¼ 0.192 m. The velocity can range between 0 and 15 m/s and the
pressure from 30 mbar to 3 bars. The hydrofoil is a NACA66 witch
presents a camber type NACA a¼ 0.8, a camber ratio of 2% and
a relative thickness of 12% [17]. It is mounted horizontally in the
tunnel test section (Fig. 1). The chord is c¼ 0.150 m and the span is
b¼ 0.191 m. It corresponds to a low aspect ratio b/c¼ 1.3 and
a confinement parameter h/c¼ 1.28 that can imply relatively
complex 3D effects and blocking effects that are difficult to
quantify. Moreover it could implicate flow separation on the
horizontal wall tunnel for large angles of incidence. However no
indication of such phenomena was observed in the present study.
Particularly no specific cavitation patterns that could reveal
boundary layer separation on the wall was observed. On the other
hand the vertical walls induce the development of boundary
layers interacting with the foil surface in the vicinity of the tip and
the root of the hydrofoil. It was observed that the wall boundary



Fig. 1. Hydrofoil instrumentation and tunnel test section.

A. Ducoin et al. / European Journal of Mechanics B/Fluids 28 (2009) 728–743730
layer thickness were of about 0.009 m for a free stream velocity of
5 m/s corresponding to about 10% of the span. Moreover, flow
visualizations based on the cavitation inception on the suction
side show that about 80–90% of the foil surface can be considered
as a 2D flow [18], depending on the angle of incidence.

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
attenuated from the theoretical cut-off frequency fc¼ 9152 Hz.
Experiments are led with a sample frequency of f¼ 20 kHz.

The transducer locations are given in Fig. 1. As shown, one set of
ten transducers is aligned along the chord on the suction side at
mid-span, starting from the leading edge at reduced coordinate
x/c¼ 0.1 up to the trailing edge at coordinate x/c¼ 0.90 with a step
of 0.10c. Two sets of three transducers are arranged parallel to this
line in order to analyze three-dimensional effects (which is
however beyond the scope of this paper).

The paper presents some measurements in which a roughness
patch has been added near the leading edge. This allows the
suppression of the transition to turbulence zone and laminar
separation bubble. The patch has 16 mm grain and is 250 mm thick.

The nominal free stream velocity UN is 5 m/s, corresponding to
a Reynolds number based on the foil chord length of
Re¼ 0.75�106. The uncertainty for the free stream velocity is
DUN¼�0.02 m/s. The pressure in the tunnel test section was set to
P0¼1.4 bars with an uncertainty of DP0¼�0.003 bar. This pressure
condition allows to avoid cavitation which is therefore not
considered in the study. The hydrofoil pitches about an axis located
at 25% from the leading edge. The angle of incidence varies from
0� to 15� and then comes back to 0�, with at least two periods of
acceleration and 2 periods of deceleration. The major uncertainty
comes from the zero angle of incidence which is adjusted by
aligning the foil chord to the horizontal top wall of the test section;
it is about Da¼�0.15�. As shown in Fig. 2, four pitching velocities
are defined, from a considered low pitching velocity to a high
pitching velocity.

The average rotation velocity is _a ¼ 2amax=tf , where tf is the
total time of transient motion. A similarity parameter based on the
chord length c and the upstream velocity UN is introduced to
characterize the pitching velocity: _a* ¼ _a� c=UN.

In some cases, the pressure signal is decomposed using the
‘‘Empirical Mode Decomposition ’’(EMD) [19], which has been the
object of several hydrodynamic studies [20,21]. This method
consists on the decomposition of an unsteady signal x(t) into
intrinsic oscillatory components called ‘‘Intrinsic Mode Function-
s’’(IMFs) by means of an algorithm called sifting process. The basic
principle is the extraction of intrinsic time scale components of the
signal starting from finer temporal scales (high frequency modes)
to coarser ones (low frequency modes). The total sum of the
extracted IMFs matches the signal and therefore ensures signal
complete reconstruction. Huang et al. [19] have introduced the
EMD method for analyzing data from unsteady and non-linear
processes. In the present paper, the method is used first for the
reconstruction of a low frequency signal xðtÞ in order to obtain
a trend signal. On one hand, it permits a more pertinent compar-
ison with computations which are resolved with RANS equations.
On the other hand, the medium and high frequency components
are used to reconstruct a signal ~xðtÞ in order to analyze the pressure
fluctuations with spectrograms. Then the reconstructed signal can
be written as [22]:

xðtÞ ¼
Xn

j¼ k

IMFjðtÞ þ rnðtÞ (1)

~xðtÞ ¼
Xk�1

j¼1

IMFjðtÞ (2)

where n is the number of modes, rn(t) is the residue, and k is the low
frequency cut-off [19].

An example is shown in Fig. 3 where the reconstructed pressure
signal CPðtÞ corresponds to low frequency modes whereas the
reconstructed pressure signal eCPðtÞ corresponds to medium and
high frequency modes for k¼ 10.

Experimental frequencies resulting from wall-pressure fluctu-
ations relied to LSB are then non-dimensionalized using the
dimensionless shedding frequency of Pauley et al. [10]. It is based
on boundary layer momentum thickness (q)sep and local free
stream velocity (ve)sep at the laminar separation point, those
quantity being determined experimentally, and it can be written as
Stq¼ f(q)sep/(ve)sep. In this paper the Strouhal number is computed
by numerical values of (q)sep and (ve)sep and experimental value of
the frequency. It is then compared with the Strouhal number
Stq¼ 0.00686 [10].
3. Flow modeling and numerical resolution

The fluid problem is solved with the finite volume technique
using the CFD code CFX�. The fluid flow is described by the mass
and momentum conservation equations which read for an incom-
pressible and viscous fluid:

vvj

vxj
¼ 0 (3)

vðrviÞ
vt
þ

v
�
rvivj

�
vxj

¼ �vp
vxi
þ m

v2vi

vxjvxj
(4)

where v is the fluid velocity, r is the fluid density, p is the pressure
and m is the dynamic viscosity.

Equations of mass and momentum are integrated over a control
volume U of boundary G, using the Leibnitz rule and the Gauss



α  = 6°/ s, α∗ = 0.18

α  = 35°/ s, α∗ = 1.05 α  = 63°/ s, α∗ = 1.89

α  = 20.6°/ s, α∗ = 0.618

Fig. 2. Measurements and computations, angle of incidence versus time for 4 pitching velocities.
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theorem. The general form of an integrated conservation equation
for a scalar fluid unknown 4 is the following one:

d
dt

0B@Z
U

rfdU

1CAþ Z
G

rfv$ndG ¼
Z
U

SfdUþ
Z
G

LfVf$ndG (5)

where Sf denotes a source term for quantity f and Lf stands for the
diffusion of quantity f. The time dependent terms are approxi-
mated by a second order backward Euler scheme:
0 5 10 15
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−1.5
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−0.5
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0.5

α (°)

C
P

CP (t)

CP (t)

Fig. 3. Measurement, reconstructed pressure signal by EMD method, CPðtÞ (Eq. (1))
and eCPðtÞ (Eq. (2)), _a* ¼ 0:18.
d
dt

0B@Z
U

rfdU

1CAz
rjUj
dt

�
3=2fnþ1

P � 2fn
P þ 1=2fn�1

P

�
(6)

where n, n� 1 and nþ 1 are the time steps.
The convective and diffusive terms respectively denoted as C

and D are calculated using finite difference approximations, leading
to the global expression:Z
vU

rvjf� Lf
vf

vxj
dnjz

X
M

Cnþ1
M fnþ1

M � Dnþ1
M fnþ1

M (7)

where M stands for the neighboring points of cell UP. Nodal values
are computed with a high resolution upwind scheme. This advec-
tion scheme is implemented into the CFD code and can be cast in
the form:

fp ¼ fup þ bVfD r! (8)

where fp and fup are respectively the values of f at the integration
point P and at the upwind node (depending on the flow direction).
b is a relaxation coefficient ranging between 0 and 1. The high
resolution scheme computes b locally in order to be as close to 1 as
possible without violating boundedness principles, see Barth and
Jesperson [23]. r! is the vector from the upwind node to the inte-
gration point P. A value of b¼ 1 leads to a second order upwind
difference scheme whereas a value of b¼ 0 leads to a first order
upwind difference scheme. Taking into account Eqs. (7) and (8)
leads to the following algebraic non-linear system:

APfnþ1
P þ

X
N

ANfnþ1
N ¼ bn

P (9)

where P stands for any cell node and N for all neighboring nodes.
The latter equation can be formulated as A(f)f¼ b; the non-linear
system can be solved with iterative methods and yields the value of
quantity 4 at each node of the fluid mesh. In the present study, the



Fig. 4. Mesh of the fluid computational domain.
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numerical calculation of the fluid flow has to take into account
modification of the computational domain, which results from the
forced pitching motion of the hydrofoil. The simulation is therefore
based on the ALE formulation of the conservation equations, which
reads:

d
dt

0B@Z
U

rfdU

1CAþ Z
G

rf
�

v � v*
�

$ndG

¼
Z
U

SfdUþ
Z
G

LfVf$ndG (10)

for unknown f. v* is the so-called ‘‘grid velocity’’ which accounts
for the displacement of the nodes in the fluid mesh. As this new
unknown in the fluid problem is introduced, an additional
conservation equation has to be solved, namely The Space
Conservation Law (SCL), which ensures that no artificial fluid flow is
generated by the mesh motion [24]. The SCL reads:

d
dt

0B@Z
U

dU

1CA ¼ Z
G

v*$ndG (11)
Fig. 5. Mesh of the fluid computational
It is solved once the displacement of the node in the fluid mesh is
imposed and it yields the grid velocity. Displacement of the node is
the fluid mesh allows taking moving boundaries into account;
many remeshing techniques are available, among which the shear
slip mesh update method [25,26] and the ortho-semi torsional
method [27]. In the CFX� code, the latter method is employed to
perform the moving mesh simulation.
3.1. Turbulence and transition modeling

The calculations are performed with the CFD RANS based code
CFX�. The k�u SST (Shear Stress Transport) model appears to be an
accurate turbulence model for boundary layer detachment
prediction [28–30].

The k�u SST turbulence model is coupled with a transition
model g� Req which uses experimental correlations based on local
variables [31–33]. The model is based on two transport equations.
The first one is for intermittency g which triggers the transition
process:

vðrgÞ
vt
þ

v
�
rvjg

�
vxj

¼ Pg þ Eg þ
v

vxj

" 
mþ us

sf

!
vg

vxj

#
(12)
domain after deformation, a¼ 15� .



Fig. 6. Mesh expansion factor versus time.
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where Pg and Eg are the transition sources based on empirical
correlations [31]. us is the friction velocity and sf is a constant.

The second one is a transport equation for the transition
momentum thickness Reynolds number Reqt is given by:

v
�
rReqt

�
vt

þ
v
�
rvjReqt

�
vxj

¼ Pqt þ
v

vxj

"
sqtðmþ usÞ

vReqt

vxj

#
(13)

with Pqt a source term which forces Reqt to match the local value of
Reqt based empirical correlation and sqt is a source term of diffusion
control.

In this formulation, only local information is used to activate the
production term in the intermittency equation. This model allows
to capture major transition effects and is accurate in the case of
separation induced transition. The intermittency is modified to
accept values larger than one at separation in order to have
a correct prediction of transition length. Complete transition model
formulation is given in Ref. [33].

3.2. Boundary conditions and discretization

The 2D domain corresponds to the tunnel test section at IRENav.
The inlet velocity is set to UN¼ 5 m/s and the taken outlet reference
pressure is set to zero. A no slip condition is imposed on the
hydrofoil surface and the symmetry conditions on the top and
bottom walls of the tunnel are chosen for simplification, in order to
have a coarse mesh in this zone to allow large deformations. This
can have some influence on the prediction of simulation as shown
recently by Dular et al. [34] due to non uniformity of the upstream
flow in the real situation. However numerical computations were
performed taken into account of the side wall boundary layers in
static cases and have shown a weak influence. For an angle of
incidence of 10� the difference of the pressure coefficient on the
hydrofoil suction side was lower than 1% when tunnel wall
boundary layers were considered. Moreover from an experimental
point of view, the boundary layer thickness on the tunnel walls are
found to be of about 8–9 mm for a free stream velocity of about
5 m/s. This indicates that the real upstream velocity profile is
uniform in the large part of the test section. Transient computations
Table 1
Computations, lift and drag coefficients convergence according to boundary layer
resolution, a¼ 6� , Re¼ 750 000.

Boundary layer resolution yþ Cl (%) Cd (%)

Wall function 50 0.9661 3.3 0.0144 14.6
Low Reynolds 2 0.9529 1.9 0.0163 3.2
Low Reynolds 1 0.9503 1.6 0.0164 2.7
Low Reynolds 0.5 0.9362 0.1 0.01676 0.5
Low Reynolds 0.3 0.9353 – 0.01686 –
are initialized with a stationary converged computation. As shown
in Fig. 4, the mesh is composed of 66 000 elements and 50 layers
are used in the structured near wall zone. The other part of the
domain is discretized with unstructured triangle elements. The
boundary layer is discretized in order to satisfy yþ¼ 1, which
ensures a low Reynolds resolution. Mesh refinements are per-
formed at the leading edge, at the trailing edge and in the wake. The
hydrofoil motion is taken into account using a changing boundary
condition at the wall: foil mesh coordinates are calculated at each
time step and the whole domain is then meshed again by moving
each node. This technique uses a diffusivity parameter applied in
the mesh displacement equation which induces a mesh stiffness
[35–37]. This one is set to be inversely proportional to the wall
distance in order to limit mesh distortion in the wall region. A view
of the deformed mesh is shown in Fig. 5 for the maximum angle of
incidence a¼ 15�. As shown, mesh distortion is small in the near
wall region and cells have the same areas as the initial mesh, unless
the normal to the wall has moved of about few degrees, see the
difference between Figs. 4 and 5. Far away from the hydrofoil, cells
are highly extended near the top wall and highly compressed near
the bottom wall. Moreover, the quality of the deformed mesh stays
very close to the quality of the initial mesh as shown by the
evolution of the maximum expansion factor in Fig. 6. The RANS
equations are solved in an arbitrary referential with the Arbitrary
Lagrangian Euler (ALE) formulation [36].

Mesh convergence is carried out on hydrodynamic coefficients
for an angle of attack of 6� and a steady flow. Table 1 summarizes
the lift and drag coefficients for each tested mesh case. The thick-
ness of the structured mesh near the wall and the aspect ratio
between structured and unstructured meshes have been kept. On
one hand, it appears that wall function predicts the lift coefficient
quite well as compared to the low Reynolds resolution yþ¼ 0.3
taken as a reference. On the other hand, the wall functions under
predict the drag coefficient of about 15%. This is due to the
contribution of wall shear to the drag coefficient. The influence of
the number of elements has been investigated in Table 2. Nfoil is the
number of nodes on the hydrofoil surface and Ntotal is the total
number of elements. The lift coefficient converges very fast, from
Nfoil¼ 100, while the drag coefficient converges from Nfoil¼ 200.
Table 2
Computations, lift and drag coefficients as functions of number of elements a¼ 6� ,
Re¼ 750 000.

Nfoil Ntotal Cl (%) Cd (%)

50 18 000 0.9915 4.3 0.02198 34.2
100 23 000 0.9545 0.4 0.01987 21.3
200 40 000 0.9477 0.3 0.01719 4.9
400 66 000 0.95026 0.1 0.0164 0.1
Nmax¼ 800 100 000 0.95082 – 0.01638 –



Fig. 7. Computations, pressure coefficient versus time for various time steps during
transition, _a* ¼ 0:18, Re¼ 750 000.

α =0° to 15° (upward)

α =14° to 12° (backward)

a

b

Fig. 9. Experimental and numerical pressure coefficient as function of the angle of
incidence at x/c¼ 0.3 during the transient motion, _a* ¼ 0:18, Re¼ 750 000.
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Temporal discretization has been set according to CFL number
with fixed spatial mesh. Fig. 7 shows pressure coefficients located
at x/c¼ 0.1 versus time for pitching motion from 0� to 15� and
_a* ¼ 0:18. The study focuses on the non-linear behavior which
appears from t¼ 0.9 s to t¼ 1 s: it is associated to laminar to
turbulent transition. It needs a high temporal discretization level:
convergence is indeed obtained for values lower than Dt¼ 0.001 s.
In the same way, Fig. 8 shows the pressure coefficient when
leading-edge separation occurs. It is found to be very sensitive to Dt.
For the highest Dt, there is an advance of separation whereas
Dt¼ 0.001 s and Dt¼ 0.0005 s give same results: Dt¼ 0.001 s has
therefore been chosen for the pitching velocity of _a* ¼ 0:18. A
minimum number of time steps is set to correctly take into account
the dynamic in computation. The time step Dt satisfies the condi-
tion Dt/tf< 5�10�4, where tf is the total simulation time which
depend of pitching velocity.
4. Results and discussion

Fig. 9a shows the measured pressure coefficient at x/c¼ 0.3
during the transient motion from 0� to 15� for _a* ¼ 0:18 compared
to the computed value. There is a good agreement between the
experimental and the numerical results except for high frequency
fluctuations which are not captured by the simulation.
Fig. 8. Computations, pressure coefficient versus time for various time steps in
leading-edge separation zone, _a* ¼ 0:18, Re¼ 750 000.
From 0� to 5�, the pressure decreases with low fluctuations. At
5�, the pressure stops to decrease and shows an inflection with
a high level of fluctuations. Then the pressure continues to decrease
with significant fluctuations, increasing from 6� to 13�. A more
accurate analysis showed that the fluctuations are quasi-periodic
and can be related to vortex shedding downstream a laminar
separation bubble. From 13� a strong pressure overshoot followed
by low frequency fluctuations (f z 6 Hz) with large amplitude are
observed resulting of stall, as shown in Fig. 9b. Again, the higher
frequency fluctuations are not captured by computations whereas
the periodic peaks resulting from the leading-edge vortex shedding
are well reproduced. The relatively complex characteristic of the
wall-pressure evolutions comes from the various features of the
boundary layer flow during foil rotation.

4.1. Flow analysis

The flow is first analyzed for the lowest pitching velocity
_a* ¼ 0:18 considered as a quasi-static case. Fig. 10 shows the
experimental and computed wall-pressure coefficients evolutions
for transducers located from x/c¼ 0.2 to x/c¼ 0.9. As shown, there
is a good agreement between computations and measurements on
wall pressures. A maximum difference of about DCP¼ 0.1 is found at
x/c¼ 0.9, x/c¼ 0.7 and x/c¼ 0.2. Measured wall-pressure coefficient
at x/c¼ 0.9 shows high level fluctuations which move and increase
to x/c¼ 0.8 at a z 2� and then to x/c¼ 0.7 at a z 4� as shown
in Fig. 10b, c. Computations show a global increase of pressure
coefficient without any fluctuation due to a laminar separation
bubble which moves from the trailing edge to the leading edge.
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This induces a strong temporal variation of pressure due to the
constant pressure zone in the LSB region. For both computation and
measurement, there is a net pressure inflection for a¼ 5.7� as
transition is moving toward the leading edge. Fig. 10d–f shows that
the measured pressure fluctuations highly increase up to a burst
and continue to increase progressively to a¼ 12�. Spatially, the
level of fluctuations increases from x/c¼ 0.2 to x/c¼ 0.5. At the
same time, wall-pressure coefficient at x/c¼ 0.9 and x/c¼ 0.8 rea-
ches a maximum value at respectively a¼ 7� and a¼ 10� compared
to a¼ 5.5� and a¼ 10� according to computations. It corresponds to
the trailing-edge separation passing on the pressure transducers
(Fig. 12) for which the flow is decelerated and then accelerated by
the reverse flow.

This experimental versus computation wall-pressure analysis
enables a validation of the simulation on local phenomena which
event in the boundary layer (such as transition by laminar sepa-
ration bubble and leading-edge vortex shedding). From now on, the
analysis will therefore be based on numerical simulations which
are assumed to correctly reproduce the experimental flow.
Fig. 11 shows the velocity streamlines determined from
computations. As shown at 0�, a reversed flow is located at x/c¼ 0.8
resulting from a laminar separation bubble (LSB) inducing a tran-
sition to turbulent flow at reattachment. The displacement of LSB
toward the leading-edge zone is observed up to 5�. At 5� the LSB at
trailing edge is replaced by a LSB at leading edge and stays close to
this location when the angle of attack increases, as shown in Fig. 11
for a¼ 11�. Then, stall is observed for 13.6� together with leading-
edge vortex shedding. At a¼ 13.9�, a vortex extends along the
suction side corresponding to the strong global pressure overshoot,
as shown on Fig. 9. Then two contra-rotative vortices are shed from
the trailing edge (a¼ 14.2�). This scenario is repeated 3 times
periodically in the case of the lowest pitching velocity. A reverse
scenario is observed during downward rotation.

Separation and transition points have been located using the
‘‘wall shear stress equal to 0 criteria’’. The transition point is defined
as the turbulent reattachment point [33]. Fig. 12 summarizes the
locations of the separations, reattachment and transition points
from a¼ 0� to 13� before stall. The vertical axis is the x/c location



Fig. 11. Computation, flow visualizations, _a* ¼ 0:18, including laminar separation bubble (LSB), Re¼ 750 000.

Fig. 12. Computation, location of separations, reattachment and transition points on
the suction side as functions of the angle of incidence during the hydrofoil rotation,
a¼ 0–13.4� , Re¼ 750 000, _a* ¼ 0:18.

Fig. 13. Computation, location of separations, reattachment and transition points on
the suction side as functions of the angle of incidence during the hydrofoil rotation,
a¼ 4.65–5.4� , Re¼ 750 000, _a* ¼ 0:18.
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along the chord from leading edge (x/c¼ 0) to trailing edge (x/
c¼ 1). The trailing-edge separation point is located very close to the
trailing edge for 0�, and moves slowly toward the leading edge
when the angle of incidence increases. For a¼ 0� to 5� the two
characteristic points (laminar separation and turbulent reattach-
ment) are respectively located between (x/c)sep¼ 0.74–0.66 and (x/
c)reattach¼ 0.85–0.69. As a matter of fact, the global length of LSB
tends to decrease as a increases. At these angles of incidence, the
boundary layer around the hydrofoil is laminar. As shown in Fig. 13,
at a¼ 4.7�, the trailing-edge LSB disappears and a shorter LSB
induced by higher pressure gradient appears at the leading edge
which induces a shift of the transition location from x/c¼ 0.66 to x/
c¼ 0.08 at a¼ 5�. Then the boundary layer around the hydrofoil is
fully turbulent. As well, the trailing-edge separation xT�E shift from
x/c¼ 0.99 to x/c¼ 0.92 and leads to a lift coefficient decrease from
CL¼ 1.01 to CL¼ 0.93.

Experimental high level of fluctuations related in Fig. 10 have
a periodic behavior. Fig. 14a–c shows a frequency f11¼550 Hz that
Fig. 14. Measurements, spectrograms from high frequency EMD fluctuation eCPðtÞ (Eq. (2)) as
12� , Re¼ 750 000.
disappears at t¼ 0.92 s corresponding to a¼ 5.5�. The frequency
results from a global instability in the reattachment region [38].
This leads to a flapping motion of the separated shear layer where
vortex shedding occurs in the LSB wake. It moves from transducers
x/c¼ 0.9 to x/c¼ 0.7 because the LSB is moving progressively to the
leading edge as the angle of incidence increases. Higher frequencies
visible in Fig. 14a and mostly Fig. 14b are harmonics of f11¼550 Hz.
A peak is visible after t¼ 0 s at f12 z 1100 Hz for x/c¼ 0.9 and
moves up to x/c¼ 0.8 at t¼ 0.35 s. Other harmonics are clearly
visible at t¼ 0.45 s for x/c¼ 0.8, values are f12 z 1100 Hz,
f13 z 1650 Hz and f14 z 2100 Hz. Those frequencies result from
a turbulence development induced by global instability at
f11¼550 Hz. Haggmark et al. [38] found that disturbance over LSB
can induce low and high frequency fluctuations.

Fig. 14e shows a frequency of f2¼1700 Hz which is clearly
identified as a transition shift at the leading edge. This frequency is
also interpreted as a vortex shedding frequency induced by LSB at
leading edge. The transducer located upstream at x/c¼ 0.2 shows
a function of time for various transducers along the suction side, _a* ¼ 0:18 and a¼ 0–
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a low amplitude frequency around 500 Hz whereas the transducer
located downstream at x/c¼ 0.5 shows a broad frequency spectrum
one can be the consequence of a fully turbulent flow.

The Strouhal number of vortex shedding Stq [10] is evaluated
using the computed boundary layer momentum thickness (q)sep

and the local upstream velocity (ve)sep at separation and the
experimental shedding frequencies. Before the transition passes
near the leading edge, the LSB is located in a thick and developed
boundary layer discretized into 20 layers. Computation gives mean
values of (q)sep¼ 10.12�10�5 m and (ve)sep¼ 6.28 m/s for a from
0� to 5�. This leads to Stq¼ 0.0088 that can be compared to the
Stq¼ 0.00686 found by Pauley et al. in Ref. [10]. Computed
boundary layer momentum thickness (q)sep and velocity (ve)sep for
a from 6� to 12� are respectively between (q)sep¼ 1.0�10�5 m to
1.5�10�5 m and (ve)sep¼ 7.135 m/s to 8.135 m/s at separation
point: this leads to Stq¼ 0.00238–0.00313.

A roughness patch has been added on the leading edge in order
to trigger the turbulence. Fig. 15 shows the comparison of pressure
fluctuations with and without roughness for x/c¼ 0.8 and x/c¼ 0.3.
The pressure fluctuations relied to LSB vortex shedding are not
visible anymore on pressure signal with roughness. Fluctuations
are weak for a¼ 0–5� at x/c¼ 0.8 (trailing edge) as well as for a¼ 5–
12� at x/c¼ 0.3 (leading edge). Except for those zones, pressure
fluctuations are the same. This clearly shows that the high pressure
fluctuations observed earlier are relied to the presence of a LSB and
to the transition to turbulence. The corresponding spectrograms of
the signal obtained with roughness are shown in Fig. 15c and d and
confirm this result: frequencies of f¼ 550 Hz and f¼ 1700 Hz have
disappeared on both transducers. A low frequency around 200 Hz is
observed and could be the consequence of trailing-edge separation.
This frequency is not observed for the experiments without
roughness patch because of the high amplitude frequencies
induced by the vortex shedding of LSB; this has to be confirmed by
future investigations.
4.2. Dynamic effects of pitching velocity on local pressure and
boundary layer events

Fig. 16 is a comparison between numerical and experimental
local wall pressures at x/c¼ 0.3 and x/c¼ 0.8 for pitching velocities
ranging between _a* ¼ 0:618 and _a* ¼ 1:89. The increase of tran-
sient effects together with the pitching velocity does not affect the
numerical prediction and the pressure variations due to laminar to
turbulent transition is well predicted by computations in all cases.
In particular, the pressure inflection resulting from the moves of the
transition at the leading edge (at a¼ 5� for _a* ¼ 0:18; see the
previous section) can be seen for both computations and experi-
ments. The transition is delayed when pitching velocity increases;
as a consequence the transducer located at x/c¼ 0.8 in Fig. 16a
shows a pressure inflection at a¼ 6� for _a* ¼ 0:618 whereas it is
delayed at a¼ 9� for _a* ¼ 1:89 as shown in Fig. 16e.

Fig. 18a shows the transition and the trailing-edge separation
and Fig. 18b shows the LSB length, obtained by computations for
the considered pitching velocities. It illustrates that transition is
delayed when pitching velocity increases. As a consequence, trail-
ing-edge separation point is delayed and a higher lift coefficient
before stall is induced. Pitching velocity does not have impact on
the LSB size. Few variations appear when it forms but from a¼ 7� to
stall, bubble lengths are the same. This correlation shows that high
pitching velocities delay the separation induced transition
phenomenon whereas boundary layer thickness and separation
length are conserved. All these points have an impact on hydro-
dynamic loading of the foil.

Spectrograms of the experimental wall-pressure measurements
are shown in Fig. 17. Frequencies observed on transducers at x/
c¼ 0.3 and x/c¼ 0.8 are constant as functions of pitching velocity
and are delayed in time compared to the lowest pitching velocity,
which also means that the transition phenomenon is delayed as
well.
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4.3. Suction side loading analysis

Based on available experimental data, an analysis of suction side
loading can be done by summing pressure coefficients on the
suction side. The approximation can be written as:

Cþl ðtÞ ¼
X10

i¼2

Cpðxi=c; tÞDðxi=cÞ (14)

where Cp((xi/c), t) is the pressure coefficient at location xi/c and
D(xi/c) is the non-dimensional distance between two consecutive
transducers. The procedure is applied to numerical data for
comparison.

Fig. 19 shows the results obtained for the 4 pitching velocities.
As shown, there is a good agreement between measurements and
computations. The difference is very weak at the beginning of the
pitching rotation and the inflection which appears at 5� for the
lowest pitching velocity is accurately predicted by the transition
model. It is delayed when pitching velocity increases and disap-
pears even completely for the highest pitching velocity for both
experimental and numerical approaches. High amplitude fluctua-
tions at low frequency induced by leading-edge vortex shedding
are over-predicted by computations but the phenomenon starts at
an angle of incidence very close to measurement. This over-
prediction can be explained by 3D effects which develop along the
suction side and which are related to large structure of vortex
shedding. The return to 0� shows hysteresis induced by a delay in
the reattachment. Again, computations agree well to measure-
ments even if the model tends to over predict the loading when the
pitching velocity increases. Then it allows the authors to analyze
the influence of pitching velocity on hydrodynamic coefficients
obtained by computations.



Fig. 17. Measurements, spectrograms from high frequency EMD pressure fluctuations eCPðtÞ (Eq. (2)) at x/c¼ 0.8 and x/c¼ 0.3 for various pitching velocities, a¼ 0–12� , Re¼ 750 000.
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4.4. Dynamic effects of pitching velocity on hydrodynamic
coefficients

Fig. 20 shows the numerical lift coefficient evolution as a func-
tion of the angle of incidence during pitching motion. This one is
obtained by the integration of pressure over the whole foil surface.
The laminar to turbulent transition appears to have a significant
impact on lift when the pitching velocity is weak. An inflection is
followed by a slope modification at 5� for _a* ¼ 0:18 and 7� for _a* ¼
1:05 which tends to disappear for _a* ¼ 1:89. So the highest
pitching velocities tend to delay the transition of the boundary
layer as well as it deletes the effect on hydrodynamic loading. This
can be due to the diffusive time of the viscosity which becomes too
high as compared to the pitching velocity. Then, we see that lift
amplitude before stall is higher for high velocities. Stall appears at
13.3� for the lowest velocity and is delayed at 14.4� for the highest
velocity. It is shown that high lift fluctuations induced by leading-
edge vortex shedding appear for all pitching velocities, about three
times for the lowest pitching velocity and only one time for the
other ones. The flow reattachment is also delayed with high
pitching velocities which induce an hysteresis effect. As a conse-
quence, lift evolution is symmetric for _a* ¼ 0:18 where the reat-
tachment is located for CL¼ 1.33 whereas CL¼ 0.16 for _a* ¼ 1:89.

Fig. 21 shows the drag coefficient (a) and the moment coefficient
(b) versus the angle of incidence. Pitching velocity has some
influence before the transition passes at the leading edge for both
moment and drag coefficients. For the case _a* ¼ 0:18 and a¼ 5�,
Cm¼ 0.087 and Cd¼ 0.0124 whereas higher values are found for
_a* ¼ 1:89, Cm¼ 0.107 and Cd¼ 0.0325. It has been shown that the
boundary layer is laminar from a¼ 0� to 5�, so the increase can be
attributed to inertia effects. Then, for the lower pitching velocity,
the transition induces a slope modification of the drag curve due to
the increase of wall shear stress because the boundary layer
becomes turbulent. It also affects strongly the moment coefficient
which decreases by a half. Again, the highest pitching velocity
shows a disappearance of the transition effects. Drag coefficient is
almost linear whereas a small inflection is found on the moment
coefficient curve.
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Fig. 18. Numerical prediction of: (a) boundary layer separation at leading edge and
transition location on chord, (b) LSB length at leading edge on chord versus angle of
incidence for various pitching velocities, Re¼ 750 000.
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5. Conclusion

The flow on the suction side of a NACA66 hydrofoil undergoing
a transient pitching motion at a Re¼ 0.75�106 has been carried out
experimentally and numerically. Four reduced pitching velocities
were studied from a low velocity _a* ¼ 0:18 corresponding to
a quasi-static case to a high velocity _a* ¼ 1:89. The experiments
were based on wall-pressure measurements using an array of wall-
pressure transducers on the hydrofoil suction side. Computations
were performed using a 2D RANS code including a laminar to
turbulent transition model to take into account of the moderate
Reynolds number. It was shown experimentally that during the foil
rotation, the boundary layer experienced large modifications. Wall-
pressure coefficients exhibited an inflection point at a given angle
of incidence together with periodic wall-pressure fluctuations as
a result of a laminar separation bubble (LSB) and boundary layer
transition. The LSB and transition occurred near the trailing edge (x/
c¼ 0.8) for low angles of incidence, moved progressively toward
the leading edge as the angle of incidence increased and it was
suddenly supplanted by a LSB and transition at the leading edge for
a given angle of incidence depending on the pitching velocity
(a¼ 5� for the quasi-static case). Despite that some quantitative
discrepancies existed, it was shown that boundary layer develop-
ment including LSB and transition were quite well predicted
numerically except for periodic wall-pressure fluctuations that
were not captured by the RANS code. The influence of pitching
velocity showed both experimentally and numerically that an
increase of the pitching velocity delayed the boundary layer tran-
sition from about 5� for the lowest pitching velocity to about 8� for
the highest pitching velocity. On the other hand, the LSB length and
periodic pressure fluctuations were found to be constant versus
pitching velocity. The effect of pitching velocities on boundary layer
measurement
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Fig. 20. Computations, lift coefficient as a function of the angle of incidence for a¼ 0–
15� followed by the return to 0� , for 4 pitching velocities _a* , Re¼ 750 000.

Fig. 21. Computations, (a) drag coefficient and (b) moment coefficient versus angle of
incidence for 4 pitching velocities _a* , Re¼ 750 000.
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transition and hydrodynamic coefficients was highlighted. For the
low pitching velocity, the transition induced a significant lift coef-
ficient inflection at a¼ 5�. For higher pitching velocities the lift
inflection is reduced and suppressed. In the latter case, the
hydrofoil loading is strongly modified leading to higher lift values
at stall together with a strong hysteresis effect during the down-
ward motion.
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