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ABSTRACT
An innovative joint experimental-numerical study of a
pitch-actuated rigid BB2 rudder in dynamic stall is pre-
sented based on test cases from research task group AVT-
392 of the NATO science and technology organization. The
novel experimental setup is capable of testing large-scale
appendages in the towing tank at Central Nantes, France,
with dynamic pitching actuation from 0° to 30° incidence
at Reynolds numbers of Rec̄ = 3.5 × 105 and 1 × 106.
Sinusoidal pitching motions were performed at a reduced
frequency of k = 0.11 for both Reynolds numbers. Force
measurements were obtained using a 6 DOF hydrodynamic
balance with excellent repeatability. Static runs showed a
stall point between 22° to 24° and dynamic measurements
exhibited characteristics of light dynamic stall with hys-
teresis on the downstroke. Furthermore, numerical simu-
lations were performed with the commercial code STAR-
CCM+ using 3D U-RANS computation and a high-fidelity
model using scale-resolved hybrid (SRH) model. Compar-
isons of the hybrid CFD and experimental results show en-
couragingly similar trends, with discrepancies in the hys-
teresis. Tufts on the rudder’s suction side surface were suc-
cessfully used to capture the friction lines. The comparison
with CFD allowed the correlation of hydrodynamic force
evolution and flow detachments, providing deeper insights
into the rudder’s stall mechanism.
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1 INTRODUCTION
Lifting surfaces are vital appendages in the performance
and safety of marine crafts, including submarines, as con-
trol surfaces providing directional capabilities. A thorough
understanding of their behaviour at various angles of inci-
dence is required to effectively predict their performance,
especially during stall, which is characterized by a sudden
loss of lift. Although experimental studies on performance
of marine rudders have been carried out since at least the
mid-20th century (Whicker 1958), experimental investiga-
tions on the phenomenon of stall have mostly been per-
formed in the field of aerodynamics, especially concerning

rotorcraft (McCroskey et al. 1982, Leishman 1990, Lor-
ber et al. 1992, Piziali 1994). Recently, there has been a
surge of interest in the effect of stall on the manoeuvering
of marine crafts. For example, Seil et al. (2017) pointed
out that submarines may experience abrupt load changes
at high drift angles, which was attributed to stall. It was
also pointed out that the difficulty of predicting appendage
stall reduces the precision of manoeuvering models (Guo et
al. 2023). Gabriel et al. (2020) showed that taking into ac-
count the appendage stall while deriving hydrodynamic co-
efficients resulted in a notable difference on the simulated
manoeuvring behaviour of an underwater vehicle. These
studies highlighted the need to investigate the behaviour of
marine lifting control surfaces, particularly at high flow in-
cidences and understand the mechanics of stall.

Decades of experimental research has been carried out in
an attempt to describe the phenomenon of dynamic stall.
Carr et al. (1977) performed dynamic stall experiments on
an oscillating NACA 0012 airfoil and on several leading-
edge modifications, characterizing the pressure distribution
and flow separation on the pitching foils. This resulted in a
detailed description of the dynamic stall process, differenti-
ating between leading-edge and trailing-edge stall. Further
differentiation between light and dynamic stall was put for-
ward by McCroskey (1981) who investigated numerous air-
foil sections dedicated for helicopters. It was observed that
the parameters of the unsteady motion had a more signif-
icant influence on the dynamic stall airloads as compared
to airfoil shape (McCroskey et al. 1982). Leishman (1990)
observed that the static and dynamic stall mechanisms were
different for a NACA 23012 airfoil section. Performing
experiments at a Reynolds number of 1.5 million, he ob-
served that static stall occurred due to abrupt upstream
movement of trailing edge separation, while dynamic stall
occurred via leading edge separation followed by a suc-
tion wave moving across the foil. Investigating 3D effects
on dynamic-stall, Lorber et al. (1992) performed oscillat-
ing experiments on a wing at various sweep angles. They
found that the presence of a tip vortex distorts the pressure
distribution over the wing close to the tip, delaying stall
and providing better manoeuvrability. Surface flow visu-
alizations performed by Piziali (1994) on 3D wings show



that flow on the suction side tend to separate into spanwise
cells which become harder to observe as Reynolds numbers
increases. Using particle image velocimetry (PIV), Mul-
leners and Raffel (2012) provided a detailed description of
the unsteady flow development and dynamic stall life cycle.
They further expanded on the differentiation of light and
deep dynamic stall given by McCroskey (1981) and defined
light dynamic stall as the forced downstroke motion oc-
curring before full stall vortex development has occurred,
which causes the stall vortex to separate at the top of the
sinusoidal cycle. Choudhry et al. (2014) more recently cor-
related lift curve evolution with observed flow structures
for dynamic stall on ramp-up type motions. Notably, they
performed a parametric investigation of the unsteady lift
curve behaviour during dynamic stall and highlighted that
a larger range of Reynolds numbers, along with a deeper
insight into 3D effects, were required to better understand
their effects. To differentiate between static and dynamic
stall, Le Fouest et al. (2021) investigated the average reac-
tion time delay (time it takes for the lift to drop after ex-
ceeding static stall angle) at various reduced pitching rates.
They suggested that quasi static behaviour occurs when the
inertial lift contribution is negligible, which is obtained at
a reduced pitching rate of k = cα̇

2V ≤ 1 × 10�4, with c, α̇,
and V being the length of the airfoil chord, pitching rate,
and free-stream velocity, respectively. Using a combina-
tion of PIV and pressure-sensitive-paint (PSP), Ullah et al.
(2024) was able to study the flow evolution and surface
pressure profile of a NACA 0012 with aspect ratio (AR)
= 4. Their setup was able to show the three-dimensionality
of the dynamic stall vortex by capturing its spanwise vari-
ations. As marine rudders are commonly of a small AR,
spanwise variations and 3D effects could strongly influence
the stall mechanism. A recent study on the dynamic stall of
both rigid and flexible hydrofoils was performed in a tow-
ing tank (Simonet et al. 2024a, Simonet et al. 2024b). They
were able to measure strains on the flexible hydrofoil via
installed fiber bragg gratings, enabling correlation of lift
coefficients with the strain signals located at various span-
wise locations. Large strains near the root and lower strains
near the tip were observed, indicating structural bending
due to hydrodynamic loading during the dynamic stall pro-
cess.

While experimental studies have been largely successful
in gaining deeper understanding on stall, numerical stud-
ies follow closely, although it still seems very challeng-
ing to capture the full physics. Ekaterinaris and Platzer
(1998) performed an extensive review of the different nu-
merical methods and their results on simulating dynamic
stall. They highlighted significant shortcomings of their
numerical simulations, including in modelling flow reat-
tachment, transitional flow effects, and 3D dynamic stall
effects. More recently, Ouchene et al. (2023) assessed the
performance of various 2D Unsteady Reynolds-Averaged
Navier-Stokes (URANS) turbulence models for an oscillat-
ing NACA 0015 at Reynolds number 1.95 million and re-
duced frequency 0.1 in deep dynamic stall. It was observed
that while the k-ω-SST model performed best, a delay was
still observed in the prediction of static stall, while other

models failed to predict the deep stall characteristics and
flow separation. Khalifa et al. (2023) performed 2D and
3D URANS and two different Detached Eddy Simulations
(DES) solvers (Delayed-DES and Improved-Delayed DES)
on a harmonically pitching NACA 0012 airfoil. Results
showed that 3D simulations were more accurate compared
to literature and the hybrid DES solvers’ capability to cap-
ture more flow features resulted in more accurate predic-
tions of the dynamic stall. Batther and Lee (2022) com-
pared the performance of a DDES and Large-Eddy Simu-
lations (LES) in capturing the detailed flow physics occur-
ring during dynamic stall. They showed that DDES was
able to capture the formation and collapse of the laminar
separation bubble (LSB) and the formation of a dynamic
stall vortex, despite slightly mispredicting both the onset
of stall and the maximum lift value.

Given the numerous experimental and numerical studies
that have been performed, Gardner et al. (2023) attempted
to provide an extensive review of dynamic stall of rotat-
ing wings and indicated future directions. Among others,
they suggested that a combined use of accurate numerical
results with high quality experimental studies would yield
the greatest advancements in understanding the physics of
dynamic stall since the strengths and weaknesses of both
approaches are complementary. The present study heeds
this suggestion and performs numerical simulations along
with a experimental campaign in a towing-tank to investi-
gate the static and dynamic stall for a BB2 rudder.

2 METHODOLOGY

2.1 Experimental Study
The experiments were conducted via an innovative setup
in the towing tank facility in École Central Nantes (ECN),
France. The towing tank has dimensions (length x width x
depth) of 140 x 5 x 3 m with a maximum carriage speed
of 8 m/s, allowing the study of hydrodynamics of large-
scale appendices. The innovative setup, shown in Figure
1, has been extensively described previously (Simonet et
al. 2024a), (Simonet et al. 2024b). A foil is attached to a
6-axis hydrodynamic balance via a clamping mechanism
installed on a metal mounting apparatus. This metal mount
is fixed to a rigid metal frame, which is in turn rigidly fixed
to the towing carriage. A flat bottomed wooden hull mea-
suring 5 m long, 0.5 m wide, and 0.6 m high is fixed to the
rigid metal frame to mitigate free surface effects on the hy-
drofoil. An opening was reamed at the bottom of the hull
to allow the setup to pass through and ensures that the mea-
sured forces come only from the foil. Forced rotational mo-
tion of the setup is provided via a AKM2G-41XLANCN2-
0V servo-motor from Kollmorgen installed on top of the
mounting apparatus. The motor’s rotation is redirected by
a right angle drive, generating a rotation about the verti-
cal z-axis applied at the foil’s quarter chord. A small glass
window situated below the waterline, roughly mid-way of
the towing tank, allowed for a setup of camera and lighting
that enabled image capture of the rudder as it was pass-
ing by during towing runs. The underwater image capture
setup can be seen in Figure 2.



Figure 1: Graphical representation of the experimental setup

Figure 2: Setup of camera and lights for flow visualization

The hydrodynamic balance MCS10CV manufactured by
HBM measures forces and moments near the root of the
foil in the foil’s local coordinate system (i.e. coordinate
system that rotates with the foil). Without foil rotation,
the local coordinate system aligns with the global coor-
dinate system (see Figure 1). The coordinate system fol-
lows a right handed convention with the positive x-axis in
the chordwise direction pointing towards the leading edge
(LE). The positive y-axis points portside and the positive
z-axis in the spanwise direction pointing towards the root.
The maximum measured forces / moments and correspond-
ing sensor uncertainty, calculated based on vendor calibra-
tion data, are listed in Table 1.

Table 1: Balance Specification and Sensor Uncertainty Values

Fx (N) Fy (N) Fz (N)
Max. Load 20,000 20,000 100,000
Unc. Range ±4.66 ±3.91 ±23.74

Mx (N.m) My (N.m) Mz (N.m)
Max. Load 2,000 2,000 3,000
Unc. Range ±0.51 ±0.33 ±11.75

2.1.1 BB2 Rudder
The foil tested in this work is a model of the BB2 subma-
rine rudder, based on a NACA0016 profile. This BB2 foil
was selected for the NATO AVT-392 Research Task Group
with small design changes compared to its original shape
(i.e when placed behind a submarine) in order to repro-
duce a similar incoming flow in an experimental test facil-
ity. The design of this rudder is fully described in Bettle et

al. (2025). For the present study, it was manufactured from
a carbon composite material with a trapezoidal planform,
a truncated trailing edge (TE) to facilitate manufacturing,
and a slanted tip. It has a mean chord length of 500 mm,
LE length of 623 mm (spanwise direction), and TE length
of 662 mm. The foil has a planform area of 0.318 m2 with
aspect ratio of AR = 1.31 and taper ratio ≈ 0.76. The ro-
tation axis is at quarter the chord of the foil (145 mm from
the LE). Considering the cross-sectional area of the towing
tank, the tested foil has a blockage factor of 0.021 when
fully perpendicular to the flow (α = 900), suggesting that
the blockage effect may be negligible (He et al. 2022).

Tufts were attached on the surface of the rudder to obtain
surface flow visualization in the towing tank, similar to ex-
periments previously performed by Ducoin et al. (2023). A
thin polyester string (dia. ± 0.2 mm) is used and attached
to the foil using surgical tape with thickness of ± 0.05 m.
The tufts were placed every x/c = 0.1 of local chord
length. Refinements with spacings of x/c = 0.05 between
tufts were then added near the leading and trailing edges,
up to x/c = 0.2 of local chord length, to better capture
flow behaviour and separation in these areas. The same
was performed spanwise with a staggering of the tufts by
z/s = ±0.03 of local span to cover a larger area while
avoiding excessive proximity between the tufts. The tested
BB2 foil and the tufting layout can be seen in Figure 3.

(a) (b)

Figure 3: Upside down (a) image of the tested BB2 foil, (b)
surface with with tufts installed for flow visualization

2.1.2 Test Cases
Static and dynamic tests were performed in this experi-
mental study. Runs with two different Reynolds numbers
(Rec̄ = 3.5 × 105 and 1 × 106) based on the mean chord
length were performed. This corresponds to towing car-
riage speeds of 0.7 m/s and 2 m/s. For static runs, tests
of incidence angles from 0o to 30o in steps of 2o were per-
formed at each Rec̄. For dynamic runs, a sinusoidal motion
α = α0+A sin (2πft) was imposed around α0 = 0o with
a pitching amplitude of A = 30o to exceed the static stall
angles. The tests were performed at a reduced frequency
of k = πfc̄/V = 0.11, with f, c̄, and V being the oscil-
lation frequency, mean chord length, and towing-carriage
velocity, respectively.

Initially, static runs were performed to determine the angle



of attack (AoA) corresponding to zero lift which was then
set as α = 0o for all following runs. The runs were then
performed, with each case repeated at least twice. A 5-10
minute pause between each run, depending on the carriage
speed, was allowed to let large scale vortices in the tank
from the previous run dissipate.

2.1.3 Noise Filtering and Data Processing
A time history of the 6-axis forces and moments
(Fx, Fy, Fz,Mx,My,Mz) is obtained from the hydrody-
namic balance at a rate of 1,000 hz. The towing carriage
acceleration and deceleration phases are filtered out by ex-
tracting data from a selected time window. The measured
forces from the local coordinate system are projected onto
lift and drag in the global coordinate system. For static
runs, they are averaged over the selected time window. A
low-pass filter with the cutoff frequency chosen to be two
convective times (fc = V/(2c̄)) is applied to filter out high
frequency vibrations and electrical noise for the dynamic
runs (Ducoin et al. 2023, Simonet et al. 2024a, Simonet et
al. 2024b). The chosen reduced frequency allowed multi-
ple complete oscillations over the length of the run which
were then averaged between the oscillation periods. For all
cases, averaging was performed between the different test
repetitions to obtain the final results.

Uncertainty can be classified into two types based on their
sources, which are random UR and systematic uncertain-
ties US (Dieck 2014). US comes from considering the un-
certainty present from the measuring instruments, such as
those specified in Table 1, into the computation of the hy-
drodynamic coefficients. UR is computed from the stan-
dard deviation of test repetitions for a given test case. In
this study, only UR will be presented for the experimental
results since in some cases, the measured values are small
and on the order of the sensor uncertainty value, which
would result in a relatively large total uncertainty. Never-
theless, obtaining a high repeatability of the measurements
between oscillation periods and test repetitions would indi-
cate that the obtained trends are not significantly affected
by sensor noise.

2.2 Numerical Study

2.2.1 Simulation Setup
The calculations implemented as part of this study repli-
cate the conditions of the towing tank tests by relying on
several simplifying assumptions for calculation cost con-
straints whose impact is still under investigation.

The foil surface is assimilated as a smooth wall and the flow
velocity is taken to be the towing carriage velocity. The in-
cident flow is mono-directional. The properties of the sur-
rounding water are defined considering the environmental
conditions measured in the towing tank during the experi-
mental campaign. The oscillation frequency of the profile
of k = 0.11 is identical to the one applied during the trials
and the governing law on angle of attack in the simulation
is the same sinusoidal pitching motion as the one applied
during the tests. At this stage, the hull and free surface ef-
fects are neglected. The boundary at the root of the rudder

is then modeled as a flat plate with a slip wall boundary
condition. The effect of the small mounting space between
the hull and the rudder is also neglected in the current mod-
eling, therefore, there is no gap considered between the foil
and the slip wall. With this first modeling approach, the
effects of free surface, hull shape and assembly space are
therefore neglected.

The calculation is set up to allow the rotation of the foil
following a given kinematics in a fixed domain. Therefore,
the computational domain is divided into two distinct areas
(Figure 4). The first domain is composed of the foil and its
surrounding space. This domain consists of a cylindrical
rotating region separated from the rest of the tank region
by a sliding interface. This cylindrical domain is meant to
contain the profile, leaving enough distance around the foil
to accurately capture the phenomena generated by the mov-
ing profile. Thus, the cylinder domain measures 0.7 m in
radius (1.4 mean chord) and 1.3 meters in height (2 mean
span). The other domain is the tank itself, whose dimen-
sions are made of one tenth of the real length of the tank
at ECN (140 m) separated of 5 m (10 mean chords) up-
stream and 10 meters (20 mean chords) downstream. The
real basin depth (3 m / 4.5 mean spans) is modeled, as well
as its width (5 m / 10 mean chords). The two domains are
connected by an interface of topological type, allowing the
interpolation of information during the movement of one
mesh with respect to the other. This setting forces the re-
calculation of the interface at each time step.

Figure 4: Boundary conditions of the computational domain

The boundary conditions in the computation are made of an
imposed velocity at the inlet of the domain and a constant
reference pressure imposed at the outlet boundary. Sides,
top and bottom boundaries are modeled as slip walls. The
foil surfaces are treated as no-slip walls without roughness.

In the rotating domain, the maximum angular deflection is
set to 0.1° per time step to meet CFL ≈ 1 criterion en-
suring a steering speed strictly greater than the incidence
increment per time step (3.84°/s for Rec̄ = 3.5 × 105, k =
0.11 and 26.4°/s for Rec̄ = 1× 106, k = 0.11).




