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Résumé :

L’augmentation considérable de la puissance de calculs des ordinateurs permet aujourd’hui a la simula-
tion numérique de se positionner en tant qu’outil d’analyse et aide a la performance sportive. Cependant,
la tdche s’ avére souvent tout de méme ambitieuse et ardue pour les raisons suivantes : les configurations
physiques mise en jeu impliquent une approche pluridisciplinaire ou I’ humain fait partie intégrante du
systeme étudié et interagit avec celui-ci. De plus, une exigence particuliére est requise du fait que les
athletes élites sont déja proches de l'optimum. Par conséquent, les modélisations des phénomémes qui
rentrent en jeu doivent fournir un degré de précision suffisant pour étre utiles et pertinentes lorsqu’il
s’agit de d’analyser des interactions complexes et de fournir des tendances fiables a des petites varia-
tions de paramétres. Le cas de I’aviron est présenté ici, au travers du développement d’un simulateur
haute-fidélité du systeme global "bateau-avirons-rameur(s)", couplé avec la résolution des équations
de Navier-Stokes pour fournir les efforts fluides agissant sur celui-ci. Pour ce sport nautique, ce sont
les écoulements autour de la coque et des palettes trés singuliers dans le monde de I’ hydrodynamique
navale associés aux interactions avec le systeme global dii aux mouvements du rameur et a la flexibité

du manche qui font que cette démarche reléve encore du défi scientifique.

Abstract :

With the tremendous growth of computational power, the use of numerical simulations to help analy-
sing and improving sport performance becomes achievable but is still challenging because the physical
configurations generally involved coupled problems and because a human is part of the system. Futher-
more, elite athletes already operate near an optimal point. As a consequence, the modelization of all the
phenomena that come into play has to be accurate enough to be useful and relevant when the objective
is to analyse interactions and to give reliable trends while varying some parameters. The case of rowing
is presented here, through the development of a high-fidelity simulator of the global system "boat-oars-
rower(s)" coupled with the resolution of the Navier-Stokes equations to provide fluid forces acting on it.
For this nautical sport, the complexity comes from the non-classical naval hydrodynamics flows around
the hull and the blades and from the fluid-structure interactions with the global system due to the motion
of the rower and the flexibility of the shafft.
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1 Introduction

Numerical simulations which require High-Performance Computing (HPC) are more and more used
in all the fields of industry, yielding performance improvement for numerous products. This trend is
similar in sports, especially when material and technology are involved. Numerical simulations become
useful tools as performance aids : from weather forecast to estimate snow quality on the skiing track
to use the best possible wax to Formula One racing car for which a lot of optimization (aerodynamics,
structure, combustion...) are carried out thanks to great power computer. Nautical sports are not left
behind, especially in sailing, where the design workflow is similar to the one used in the industry, since
some of classes can afford skills, tools and computer power, as for the America’s cup. A sport like rowing
do not benefit from such a financial support. In addition to that, from the hydrodynamic point of view,
it has some specificities which make it challenging : the athlete who is the propulsive machine has a
great interaction with the system and uses blades which generate a violent unsteady flow near the free
surface. The unsteadiness of the propulsion associated to the motion of the athlete with respect to his
hull leads to large secondary motions, which are a singular feature for the flow around hulls in calm
water in hydrodynamics. Another fluid-structure interaction (FSI) which influences the response of the
global system boat-rower(s)-oar(s) is due to the flexibility of the oar shaft.

Previous research works have been done about the validation of the flow around the hull and around
the blade ([20, 22]). Here, a focus is done on a recent work aiming at developing a high-fidelity model-
ling of the complete boat-oars-rower(s) system. This development has started with the contribution of a
group of engineering students who followed the project-based specialisation named "Paris Scientifiques
2024/ Scientific Challenge 2024" at Centrale Nantes. To achieve this scientific challenge, a multibody
system is developed to accurately model the kinematics of the rower with respect to its environment.
This imposed kinematics is driven both by some gesture parameters and in-situ data measurements as
the time evolution of the sweep angle of each oar. The dynamics of the global system is then reduced
to the dynamics of the hull, which is solved by integrating the major fluid forces acting on both the hull
and the blades through Computational Fluid Dynamics (CFD). This is done by coupling the Navier-
Stokes solver ISIS-CFD developed by the METHRIC team at the LHEEA Lab. with a dedicaded Python
program which models the multibody system boat-oars-rower(s). Such a CFD configuration brings into
play advanced numerical techniques such as the combined use of overset grid technique and adaptive
grid refinement (AGR) ([29]). To reach an efficient and robust algorithm for this partionned approach,
the coupling iteration occurs during the non-linear iterations of the fluid solver because it is the most
costly part. This implicit internal coupling solves both the dynamics of the hull and the flexibility of the
oar shafts. Data transfer between the two codes is done through a TCP socket by the way of the ZeroMQ
library ([1]). As other fluid-structure interaction in hydrodynamics, a stabilization procedure based on
an artificial added mass method is used to tackle the destabilising added-mass effects ([33]).

2 Modelling of the global system boat-oar(s)-rower(s)

Several works aiming at modelling the global system boat-oar(s)-rower(s) are found in the literature.
Many of them consider the rower as a point mass whose motion is prescribed with respect to the boat
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[4-6, 16, 17, 25, 27, 28]. Among them, a multi-body model is sometimes used, but only to refine the
kinematics of the rower and then the evolution of the mass center position : the dynamics remain mass
point based, with more or less refinement [5, 6, 16]. The analysis is then restricted to the interaction with
the surge motion of the hull, without any consideration of pitch and heave motion and using simplified
model for the fluid forces acting on the hull and on the blade. Only [27, 28] uses CFD to evaluation the
fluid force acting on the blade with a point mass system, but without any vertical motion of the blade.
Furthermore, the flexilibity of the shaft taking into account in [27] seems to give strange results with a
propulsive force negative at the end of the drive phase.

In contrast, [8, 9, 23, 24, 26] used more advanced multi-body model and take into account the evolution
of the centre of mass and that of the inertia. A more realistic dynamics of the system can then be solved,
by coupling the resolution of surge, heave and pitch motions. However, fluid model are again restricted
to simplified model for the fluid force acting on the blade and more often for the hull too. Only [8, 9]
used a potential flow to investigate the fluid force on the hull.

The present work aims at achieving such a complete model but using a fully coupling with a CFD solver
to achieve fluid forces as accurate as possible. In addition to the design of a refine mechanical model
for the global system, the primal objective is definitively oriented to be used in collaboration with the
technical staff. As a consequence, instead of driving each join of the rower (by imposing kinematics or
torque) and to deduce the evolution of the sweep angle in time as it is commonly done in the previous
works, it was decided to base the control of the rower on this data. Actually, the sweep angle is the
information which is accurately and daily measured in practise. Then, real kinematics can be easier be
reproduced and analysed.

The GMRS solver ([23, 24]), which solves the dynamics of the global system using a robotic approach
could have been used as a starting point. But the Matlab language associated to the complexity of the
robotic approach for non-expert makes hard the pursuit of the development, the change of the control
paradigm, the maintenance and the coupling with a CFD solver. Another option could have been to use
some existing general purpose multi-body solvers like MBDyn already coupled in the past with the CFD
code ([32]). But, the requirement specifications in term of driving through the sweep angle with some
additional judicious parameters to charactize the technical gesture makes such a sophisticated tool not
so appropriate. Finally, it was decided to develop a dedicated tool (named SPRing for "Simulator of
Performance in Rowing") to have more freedom about the description of the technical gesture of the
rower, and about the parameters which drive the rower motion, see section 4.2.

2.1 Parameterization of the multi-body system

Let define Ry = (Op, By = (3?6, 70, z_0>)) the Galilean frame of reference fixed to the Earth. A reference
frame fixed to the boat is defined. The reference point of the system is arbitrarily set on the keel line at
the middle of the boat, see figure 1. The orientation of 5, is supposed to be identical to By at the initial
state.

The goal is finally to compute the relative position of R} with respect to R, by solving the Newton’s
law of the global system boat-oar(s)-rower(s), see section 2.2. The parameterization of R} with respect
to Ry is set through the coordinates of the vector OyO; expressed in 3y, whereas the orientation is
specified through the three classical successive rotations Yaw-Pitch-Roll (see figure 2).

Contrary to what is done in the generic Newton’s law module implemented into the CFD solver ISIS-

CFD, quaternions are not used here to parameterize the orientation. Since the configuration investigated
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FiGURE 2 — Parameterization of the orientation (5, = 33)

here is not as general as the ISIS-CFD body dynamics module, it was decided to switch to the Cardan
angles. Unless you want to replay the sinking of the Titanic, the problem of gimbal lock which appears
when the pitch angle reaches 90 degree will never happer for the case of a rowing boat. In addition to
that, the Cardan angles are more direct to interpretate and give the possibility to easily imposed of fixed
some rotation as the roll or the yaw, which are not the high-priority degree of freedom to investigate for
the global dynamics of the considered system.

2.2 Resolution of the dynamics

The global system composed of a series of rigid bodies linked together can be considered as a particular
case of a flexible body already studied in [10, 11]. A floating frame is also used and corresponds in
the present case to the boat frame R;. The equations which describes the dynamics of the boat can be
written as the equations (1) and (2).

ﬁ —
dV(Ob/RO @ A ﬁ _ j _ SRes (1)
dt » dt ® b Mg Mg
0 0

. Skres  dV(G,S/Rp)
with Mg = 7

+2 %AV(G,S/RIJ‘F%/\ <976/\0?>

j
dob

+ H(Ob, S) W
Ro
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— -
= MOb - SI - SMom (2)
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dV(0Oy/R
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with Sy = /// ps <ObM QO> (oﬁh 0) dv
)

— // OpM A psV (M, S/Ry) dv
Ry

SMom =

dt
+2/// ps (V(M, S/Ry) - ObM) b dv

—2///51)5 <ObM'§%>de

where we define :

— G, Mg and I(Oy, S) the centre of mass of the global system S, its mass, and its inertia matrix
expressed at the point Oy, respectively,

— (2 the instantaneous rotation vector of /3, with respect to S,

— ? and /\/l—ob> the resultant and the moment at the point Oy, of the external forces acting on the
system (gravity, fluid force acting on the hull and on the blades, aerodynamic forces).

— V(M,S/ Rb; the velocity of a point M belonging to .S with respect to R,

— pg the local density of the system S

However, contrary to what is done in [11], there is no need of a structure mesh to compute the inertial

term Sjsom here, since it can be directly computed taking advantage of this specific system composed

of n rigid bodies denoted S;, with mass M;, centre of mass G; and inertia I(G;, S;). If (A;, B;, C;) and

(D;, E;, F;) mean the moments and the products of inertia as defined by equation (3), it can be deduced
-—

after some algebraic manipulations the expression of Sys.,, as defined by equation (4).

(G, Si)’Rb =| —-F B, —D; 3)
—-E; -D; G

Stom = M, Z O4Gi p A(Gi, Si/Re) + Z <H<Gi, s,mz)
b

=1

2003 (O VG SR - f7a @
=1
— 2 M; i (O[)—Gz . %) V(Gz, Sz/Rb; -2 i SMomIi

i=1 =1

with
— OB i B._C,
SMomti - Th = aBiE; — ayiF; + BBiD; — Byi( AG=EL) 4 48, (4F5=Ch) — vy, D;
o CA A B,—C,
Smtomri + Y = oy (BG4 — aqi By + ByiFy — Boi Di + 4y By — yaq (A 5i=C1 )
— AL OB
SMomIi : Z—b> = ooyl — aﬁz(%) + Baz(W) ﬁBzF + '7041 i ’Yﬁz i

where we denote A(G;, S;/ Rb; the acceleration of the center of mass (G; belonging to the body S;
with respect to the reference frame Ry, («, 3, 7) the coordinates of the instananeous rotation vector {2

_)
expressed in R and (v, (i, ;) the coordinates of the instananeous rotation vector €2, expressed in Ry.

As aresult, once projected on the axes of the reference frame R, the system to be solved can be written
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as equation 5 :

A 5& B
(10 0 0 o —ye| |4 _ T & — Skes - |
0 1 0 —2¢ 0 z¢ Y ?'%—@‘%
0 0 1 we —ze 0 |4 |f 1 T %~ Spen 3 o
0 - yo 42 3 sE| Yol Ms\Rio B8 B - Suon 7
@ 0 —ag = Bs bs 3 Mo, - T — 51 — Satom - 70
v e 0 2 ] | _/%Z%—@%—W%_

where we define :
— (Ag, Bs,Cg) and (Dg, Eg, Fs) the moments and the products inertia matrix for the global
system .S expressed at the point Oy,
— (z¢,ya, z¢) the coordinates of the vector 075 expressed in the basis [,
— (z,y, z) the coordinates of the vector (TOZ, in fy and (&,y, 2) the coordinates of the vector
V(Oy/ Ro) expressed in (3, .
and where we recall the expression of the components of S already developed in [11] :

%

Si- @, =ayFs—aBEs+ (v — %) Ds + B~(Cs — Bs)

St 9 =aBDs— By Fs+(a® =% Es +ay(As — Cs) (6)
Si- % =By Es — ayDg+ (8> — o) Fs + a3 (Bs — Asg)

Since the Cardan angles are the variables used to parameterize the orientation, we compute a transfor-
. . . T . . . . . .
mation matrix C such that X = CX ¢, where X~ = [, 9, 2, ¢, 0, ¢].

Finally, the system to be solved is described as equation (7) :

A [@i (Xc) n CXC] _B %
The temporal discretization has been given to the classical second order BDF2 (Backward Difference
Formulae) scheme, which is the one used for the fluid solver, see section 4.1. Some verification pro-
cedures have been done to check the implementation such as the reproduction of a gyroscopic motion,
and some simple 1-DOF analytical motions too. It was also checked that starting from an initial state at
rest, the initial position and orientation of the boat are recovered after moving the different bodies of the
system without any external force.

3 Modelling of the fluid flows

In rowing, two kind of fluid flows are involved, around the hull and the blades. The first one is not so
easy to investigate. As a matter of fact, the unsteadiness of the propulsion associated to the motion of the
athlete with respect to his hull leads to a great oscillating surge motion coupled with non-negligeable
pitch and heave secondary motions. It makes it singular regarding the flow around hulls in calm water in
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hydrodynamics. Friction resistance is the main part of the total resistance for such a hull. But the possible
roughness effect of the hull and the unsteadiness of the turbulent boundary layer at the wall makes the
modeling more tricky than it can be thought. However, the flow around the oar blade is definively more
complex to handle : the blade moves with a complex 6 DOF motion close to the free surface, leading to
an unsteady flow with a very complex shape of free surface varying in time and including breakup. It
also involves fluid-structure interaction through the flexibility of the shaft. It easily explains the limits of
simplified models often used in the literature ([3, 30]) and justify the use of a high-fidelity model, even
if it requires far more computational power.

3.1 Need for high-fidelity CFD model

Simplified models can be useful to initialize the boat dynamics to impose as a starting point for the
resolution of high-fidelity model. However, even if they could be improved in the future, we are now
convinced that they will never take care into account all the subtle interactions which appear during the
propulsive phase, especially during the catch phase, which is essential to the propulive force generation of
the whole stroke. Some years ago, experimental research works were done to try to characterize the flow
and deduce an accurate simplified model ([2, 3]). Then, numerical simulations have been investigated
for its capabilities to deal more easily with complex motions, and to replace measurement by numerical
result to improve the calibration of a simplified model ([12, 13, 21]). However, in consideration of the
great number of parameters to define accurately the motion of the blade and the physics of the flow,
the building of an accurate surrogate model based on a response surface model for the temporal fluid
force actin on the blade appears unaffordable. Finally, it was decided to directly coupled the high-fidelity
model to power the fluid force of the global mechanical system, without any compromise in accuracy
([22]). This choice is all the more sustainable that the increase of the HPC resources can limit nowadays
the physical response time of such a configuration in less than a day.

3.2 ISIS-CFD solver

ISIS-CFD is available as a part of the FINE” /Marine computing suite which is dedicated to marine
applications. This is an incompressible unsteady Reynolds-averaged Navier—Stokes (RANS) solver de-
veloped by ECN-CNRS ([19]). This solver is based on a cell-centred unstructured finite-volume method.
Pressure—velocity coupling is obtained through a Rhie & Chow SIMPLE-type method. Free-surface flow
is addressed with an interface capturing method, by solving a convection equation for the volume frac-
tion of water, which is discretised with specific compressive discretisation schemes ([18]). An Arbitrary
Lagrangian Eulerian (ALE) formulation is used to take into account modification of the fluid spatial
domain ([12]). It is associated with robust and fast grid deformation techniques ([11]). The temporal
discretisation scheme is the Backward Difference Formula of order 2 (BDF2) when dealing with uns-
teady configurations. For each time step, an inner loop (denoted by non-linear loop) associated to a
Picard linearisation is used to solve the non-linearities of the system. The code is fully parallel using the
MPI (Message Passing Interface) protocol. An automatic adaptive grid refinement technique ([29]) as
well as overlaping grid technology are also included.

4 Co-simulation between ISIS-CFD and SPRing

Co-simulation, which involves codes coupling, is the most popular technique in an industrial context to
deal with multi-physics applications. This is mainly due to its modular nature and the use of specialized
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solvers which have the ability to integrate the most advanced numerical techniques and physical models
in each scientific field. Here, a dedicated tool modeling the global system boat-rower(s)-oars (SPRing,
see section 2) is associated to a general purpose CFD solver for incompressible and turbulent flow (ISIS-
CFD) to provide an accurate evaluation of the fluid forces acting on the system to reach an high-fidelity
model.

The data exchange between the two codes is driven by a TCP/IP socket-based protocol, using the ZeroMQ
distributed message library ([1]). This communication interface enables to easily exchange data between
different programming language such as Fortran and Python in the present case.

However, specific attention has to be paid to coupling strategies to be both accurate and stable.
4.1 Coupling algorithm and stabilization

In the present configuration, two separated fluid-structure interactions are solved. The first one concerns
the fluid forces acting on the hull and on the blades computed by the CFD solver which interacts with
the dynamics of the system, i.e. the dynamics of the hull. The second one is related to the flexibility of
the shaft which depends on the fluid force action on the blade. Both are submitted to large added mass
effects and then are subjected to numerical instabilities.

To tackle this issue, an internal implicit coupling is used in conjunction with an artificial added-mass
method ([7, 11, 32, 33]) The resolution of the dynamic of the global system is then solved at each non-
linear iteration of the fluid solver. New positions of the hull and of the blades due to the flexibility of the
shaft are updated and taken into account to progress in both the convergence of the fluid flow and the
convergence of the FSI problems. A simplified coupling diagram is presented in figure 3.

ISTIS-CFD SPRing

linitia]ization I linitia]ization I

temparal loop b <— t+dt temnporal loop b <— t+dt

s

3

Vv ¥

non—linear loop

( update sweep angles ]

fluid forces (on Aull and blades) ( update rower(s) position ]

( SOLVE HULL DYNAMICS ]
[
|

I
( erid deformation ] Aull and blades kinematics i
! -
| baundary conditions | : ( update water heights ]
I
I
I
I
I

[SOLVE OAR DEFORMATION ]

[ FLUID SOLVER ]

| flaw | Ll ____
no
CV .
Hew time step t+dt no
yesl ______________ e -o

Ficure 3 — Coupling diagram

Considering the discrete timeline as described in figure 4, and the BDF2 scheme expressed in equa-
tion (8), the discrete operator to solve the hull dynamics (equation (9)) is deduced from equation (7),
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where k refers to the index of the non-linear loop of the fluid solver. In the present case, the added-mass
operator Ma is evaluated in the CFD solver itself using the same method as described in [33].

dt, dt,
time
| | |
t‘q t‘p t‘c = current computed time
FiGure 4 — Discrete timeline
df
| = e f(te)+ep f(tp) +eq f(ty)
C
8
h 2dt. + dt, dt. + dt, dt. ®)
withe, = —/—FFF—, )= ——, 6, = ——F————
¢ dte(dte+dty) P dtedt, ¢ dt, (dt. + dtp)
M . .
AE | (CE e+ CE) X, = BE
S
k—1 M, k—1 ; ] 9)
- Ac + ﬁ (Cc (ePXCP + eqXCQ)
S
M, d k—1 k-1
2 (ck1x )
Mg dt ( ¢ Ce

The structural model of the oar to take into account the flexibility of the shaft is the complete model
described in [22], where the linear and angular stiffness coefficients are supposed to be measured with
respect to the deformed oarlock line (line tangent to the deformed shaft at the oarlock location) : contrary
to the specific device built to test real oar in the towing tank which was used in [22] where the rotating
arm imposed the angular motion of the non-deformed oarlock line, in-situ measurements give the sweep
angle including the rotation of the oarlock induced by the deformation of the shaft, see figure 5. As it is
detailed in [22], a quasi-static approach with an added-mass stabilization is used with an update of the
added-mass operator given by the CFD solver.

oarlock location blade root deformed oarlock line

linear deviation
deformed shaft angular deviation ==

-
F
tangent line to the deformed shaft

at the blade root

Fi1GURE 5 — Linear and angular deviation with respect to the deformed oarlock line
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4.2 Control of the system and simulation

An initial phase starts with a speed-up of the hull using an imposed forward velocity ramp up to a guess
velocity while keeping solving heave and pitch. In the meanwhile, the rower moves from his initial
position (sweep angle 90 deg, see figure 6) to the catch phase with a smooth kinematic connection at
the configuration when the height of the blade reaches its maximum value. This connection is done at
the time when the whole resolution of the dynamics starts.

FiGure 6 — Definition of the sweep angle

As discussed in section 2, it was decided to drive the rower through the temporal evolution of the sweep
angle, instead of driving the different joins which composes the rower model. This input data, which can
be extracted from in-situ measurements, only sets the longitudinal positions of the hands of the rower, but
not his global body with respect to the boat. As a consequence, additional information is required to fully
describe the technical gesture. Without going into too much detail, the motion laws of the different body
parts (legs,spine and arms) are computed from percentage rates, which evolve according to the sweep
angle. The body position is then computed successively by moving the differents body parts for a given
modification of the sweep angle according to these ratio. Some additional features (spine curvature,
detachment of the heel close to the catch phase,...) have also be implemented to enrich the possible
kinematics of the rower. To complete the control of the system, the vertical position of the blades, which
corresponds to the vertical position of the rower’s hands, has to be driven. Here again, it was decided
to specify the height of the blade root with respect to the water (denoted as water height). Here again,
this choice is rather unusual since this data depends on the boat attitude. As a result, the angle of the oar
with respect to the horizontal plane has to be dynamically computed. However, it appears to be the more
judicious choice since it corresponds to what is controlled by the rower and what it is looked at by the
coaches. It is thus in line with the objective to have the most operational tool.

Other input data as density and geometry of each members of the rower are mainly based on the work
described in [15, 31] . A first simulation has been carried out using a quite coarse mesh of 2.3 million
cells, based on measurements with a rower who followed the project-based specialisation "PariSci2024"
(see figure 7). Advanced numerical methods, such as overset grids, adaptive grid refinement, mesh de-
formation, have to be used to carry out such a configuration.

Another important aspect of the project concerns the realistic rendering of the simulation (figure 8). It
has been developed using the open-source Blender software. This tool is important as a communication
facility with coaches, but also to easier confront the reality with the simulation. Once synchronised with
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Ficure 7 — Imposed sweep angle as a function of time

specific outputs (acceleration, incident velocity around the blade,...), the physical analysis will be greatly

facilitated too.

(a) Before catch phase (b) During catch phase

(c) During drive phase (d) Begin of the recovery phase

Ficure 8 — Realistic rendering of the simulation

5 Conclusion and perspectives

It is demonstrated in this work the proof of concept of a high-fidelity model of the system boat-rower(s)-
oars, designed as a future tool to analyse and to serve performance in rowing. Before playing this role, an
extensive step of validation for these coupled simulations needs to be investigated using in-situ measu-
rement. The main issue concerns the incomplete set of measured data available to drive the simulation.
As an example, until now, no experimental device is able to measure accurately the height of the blade
with respect to the water. As a result, until a better solution is found, video analysis is going to be used
to calibrate this input kinematics. This validation step is fondamental because Science can bring a new
right insight on sport performance, only if the modelization lives up to the expectations in term of accu-
racy so that the physical analysis of the phenomena can be trustingly carried out. In parallel of that, more
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advanced mechanical analysis (loads on human joints, power consumption, efficiency,...) is planned to
benefit from all the data which are computed. At term, such tool targets to bring objective and unbiased
criteria for questions which have only empirical answers up to now .
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