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ABSTRACT

The objective of this study is to perform a comparative study of the performance of two Olympic
racing-canoes in the presence of lateral wind. This collaborative work gathers some experimental
measurements of the ship kinematics and geometrical model, numerical simulations for both
aerodynamic and hydrodynamic effects and a mechanical analysis of the performance.
A high-fidelity Computational Fluid Dynamics (CFD) solver has been used for steady and unsteady
aerodynamic and hydrodynamic simulations, including turbulence and free-surface effects, for
different wind conditions. Experimental measures, carried out during real races, allowed to use a
realistic kinematic model for the ship movements.
Results are considered to provide a mechanical analysis of the two racing-canoe performances and
provide practical advises for different wind conditions.

1 INTRODUCTION
1.1 Presentation of the project
A project consortium composed of the French Canoe Kayak Federation (FFCK), the naval
architecture company Jean & Frasca, the K-Epsilon company and INRIA has been set up to
compare the performances of two Olympic racing-canoes, denoted here “Plastex” and
“Quattro” in the case of unfavourable lateral wind conditions. Jean & Frasca was responsible
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for the geometrical analysis of the two racing-canoe hulls, while the K-Epsilon company was
in charge of studying the hydrodynamics and aerodynamics of the problem using CFD tools.
FFCK provided some experimental measurements of canoe kinematics in real wind
conditions. INRIA partner ensured the project coordination.
1.1 Physical description of the problem
We provide hereafter a description of the physics associated with the racing-canoe advancing
with a lateral wind. Figure 1 depicts the racing-canoe advancing in straight line. The canoeist
exerts a force Fp on his paddle resulting on a propelling force Rp. As the racing-canoe
advances at a velocity Vx, a yaw moment MRp appears due to the offset between the force
application point and the boat symmetry plane. To keep advancing in straight line, the
canoeist has to counter this moment with his paddle while a force Fxhydro is exerted on the
racing-canoe at the bow or well forward the bow.

Figure 1 Efforts on the racing-canoe

In windy conditions, the canoeist is submitted to the action of an aerodynamical force Fvent.
Its Y-component Fyvent creates a drift velocity Vy that modifies the velocity vector of the
racing-canoe that becomes ( Vx , Vy ) as can be seen on Figure 2. As a result of this drift
motion, an hydrodynamical force Fhydro develops on the hull as can be seen on Figure 3.

Figure 2 Aerodynamical forces and velocities in portside wind conditions
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Figure 3 Aerodynamical and hydrodynamical forces and velocities in portside wind conditions

As the forces Fyhydro and Fyvent do not have the same application point, an additional
yaw moment is created putting the canoeist in a more difficult position to keep advancing in
straight line as can be seen on Figure 4.

Figure 4 Summary of forces, moments and velocities in portside wind conditions

This unfavourable case will be considered in this study to compare the two racing-canoe
hulls. In the case of starboard wind, the moment will cancel each other and the canoeist will
be more efficient.
First, the two hulls are compared in terms of drag resistance, using steady CFD
computations at different imposed advance velocities Vx (3.5 m/s, 4 m/s , 4.5 m/s). Then, the
drift motion that occurs in windy conditions is modelled by imposing a drift velocity Vy = V
sin(β), for different drift angles β (2 °, 3 °, 4°) with a constant velocity intensity of V = 4 m/s.
The two hulls are compared with respect to the yaw moment MTZ that is developed: the more
this moment will be important, the more the canoeist will have to produce an effort to cancel
it.
In a second step, unsteady computations using the experimental measurements are
considered. Some degrees of freedom (advance velocity Vx, heave position Tz and pitch
angle Ry) of the ship motion are imposed and the resulting yaw moment MTZ is used to
compare the two hulls. However, the imposed kinematics must be twice differentiable. This is
not the case for the heave and pitch signals, for which the kinematics is approximated using
sine functions.
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2 HYDRODYNAMIC STUDY
2.1 Meshing the computational domain
The computational domain is discretized using unstructured hexahedral cells. The racingcanoe bow is located at X=0, its body is in X<0 and (X,Z) is its symmetry plane.
The fluid domain around the hull has been meshed in order to satisfy the commonly used
criteria to get a good description of the boundary layer and to capture the deformation of the
free surface:
• The first cell height yp at the wall has been computed using the classical formulas of
flat plane boundary layer such that y+ = 40 for a kinematical viscosity ν = 1.0E-6
m²/s resulting in yp = 4.0E-4 m.
• To capture the deformation of the free surface, cells of thickness 0.001 have been
used.
The half-mesh counts 1.6 M cells. Steady and unsteady drag resistance computations have
been performed on the half-mesh while the computations involving drift have been used the
entire mesh (obtained by a (X,Z) symmetry operation). The half-mesh is presented on Figure
5. As can be seen, the cells height is decreased in the region of the fee surface to capture its
deformation. On Figure 6, the surface mesh of the hull is shown. One can notice that the mesh
is denser at the location of the free surface, at the stern and at the bow.

Figure 5 General view of the mesh and the computational domain
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Figure 6 Racing-canoe transom surface mesh

2.2 Numerical simulation
The flow simulation has been performed using the software package FINE/Marine that solves
the Reynolds Averaged Navier-Stokes equations with free surface [1]. The half-mesh is
enclosed in a parallelepiped and the following boundary conditions are imposed:
• On the planes Xmin, Xmax et Ymax: null velocity,
• On the plane Ymin: symmetry condition,
• On the plane Ymin: null velocity,
• On the hull: boat velocity,
• On the planes Zmin and Zmax: a hydrostatic pressure.
The VOF (Volume Of Fluid) method is used to describe the deformation of the free surface
along with a K-Omega turbulence model for the flow. A wall law is used to describe the flow
boundary layer.
2.3 Hydrodynamic results
2.3.1 Imposed velocity computations
For steady computations, the nominal boat velocity is imposed using a sine acceleration ramp.
For computations involving drift, two ramps are used one along X and another one along Y. A
quasi-steady method is used to ease convergence towards a steady state. For unsteady
computations, the unsteady signals are damped during their first period.
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2.3.2 Hydrodynamics forces and moments
2.3.2.1 Steady drag resistance analysis
The first step is to compare the two hulls using drag resistance computations at prescribed
advance X-velocities. The boat’s draft is free. The total hydrodynamic forces are reported in
Table 1, FTX,Z being the total hydrodynamic forces in X and Z in N.
Table 1 : Steady hydrodynamic total forces.

Plastex
X-Velocity
(m/s)
3,5
4
4,5

Quattro

FTX

FTZ

FTX

FTZ

-48
-60
-72

1153
1153
1153

-47
-59
-72

1162
1162
1162

The hydrodynamic forces are decomposed as follows:
•
•

FPX,Z : X and Z components of the pressure forces in N
FVX,Z : X and Z components of viscous forces in N
Table 2: Steady hydrodynamic total forces decomposition.

Plastex
X-Velocity
(m/s)
3,5
4
4,5
X-Velocity
(m/s)
3,5
4
4,5

Quattro

FVX

FVZ

FVX

FVZ

-32
-41
-52

0
0
0

-32
-41
-52

0
0
0

FPX

FPZ

FPX

FPZ

-15
-18
-20

1153
1153
1153

-14
-17
-20

1162
1162
1162

Quattro canoe is slightly heavier than Plastex, which is corroborated by the values of FTZ
that are slightly higher for Quattro than for Plastex. Moreover, the relative difference in drag
resistance between the two hulls is inferior to 2.2 % as can be seen from Table 1, which is
negligible. The two hulls are then equivalent from drag resistance point of view. Furthermore,
Table 2 presents the decomposition of the hydrodynamic forces. One can notice that viscous
friction represents 65-70 % of FTX. This points out that the surface finish of the hull can be
an important element to consider when dealing with the reduction drag resistance forces.
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2.3.2.2 Steady analysis with drift
Steady computations with drift have been achieved to quantify the yaw moment MTZ
generated by the portside wind. The norm V of the velocity vector is fixed here at 4 m/s.
MTX,Y,Z stands for the total moment in X,Y and Z in N.m calculated at the point (0,0,0).
The results are presented in Table 3.
Table 3: Hydrodynamic moments in steady flow with drift.

Drift angle β (°)
4
3
2

Quattro
MTX
0,00
0,00
0,00

MTY
2927,00
2925,00
2923,00

MTZ
37,00
37,00
29,00

Plastex
MTX
0,00
0,00
0,00

MTY
2805,00
2796,00
2789,00

MTZ
57,00
53,00
39,00

One can see that the yaw moment MTZ is more important in the case of the Plastex than in
the case of Quattro. In addition to that, MTZ increases with the drift angle.
2.3.2.3 Unsteady drag resistance analysis
Unsteady signals coming from experimental measurements are imposed. Three cases have
been considered:
•
•
•

Case 1 : X-Velocity Vx is imposed and the draft Tz is free,
Case 2 : X-Velocity Vx is imposed and the draft Tz is imposed,
Case 3 : X-Velocity Vx is imposed, the draft Tz is imposed and the pitch Ry is imposed.

The X-Velocity Vx signal is depicted on Figure 7. The signal consists in 6 periods. The
first period of the signal is damped. The obtained drag resistance forces for Plastex and
Quattro are reproduced on Figure 8 and 9. One can notice that the drag values are close for
both racing-canoes, which points out that the two hulls are very close in terms of drag
resistance even in unsteady motion.

Figure 7 Unsteady imposed X-Velocity
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Figure 8 Unsteady FTX for Plastex

Figure 9 Unsteady FTX for Quattro
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2.3.2.3 Unsteady drift analysis
Drift analysis using unsteady experimental signals coming from measurements (Vx is given
by a data file, Ry = - 1.5 Sin (5.86 t -4.5) (deg), Tz = 0.03 Sin (5.86 t -2) (m)). Three cases (4,
5 and 6) with have been considered, imposing a drift angle of 2, 3 and 4 degrees.
Unsteady yaw moments MTZ are given in Figure 10, 11 and 12 for Plastex and Quattro
showing that MTZ amplitude increases with drift angle. A comparison for each drift angle of
the MTZ moments for Plastex and Quattro shows that MTZ is lower for Quattro than for
Plastex.

	
  
Figure 10 Unsteady MTZ for Plastex and Quattro for Case 4

	
  
Figure 11 Unsteady MTZ for Plastex and Quattro for Case 5
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Figure 12 Unsteady MTZ for Plastex and Quattro for Case 6

An additional simulation for a drift angle of 3 degrees (case 7) with X-Velocity Vx imposed,
draft Tz imposed and pitch Ry imposed, is considered and the moment MTZ is compared for
the two hulls. It is shown that the Quattro experiences a lower yaw moment than the Plastex.

	
  
Figure 13 Unsteady MTZ for Plastex and Quattro for Case 7
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3 AERODYNAMIC STUDY
The computations in drift, performed for different drift angles gave us the hydrodynamic
force FYhydro or FTY that is supposed to be equal to the Y-component FYaero of the
aerodynamic force exerted on the canoeist. To determine the real drift angle, aerodynamic
computations on the canoeist on the racing-canoe Quattro have been performed for an
advance X-velocity Vx of 4m/s and a wind intensity of 4.5 m/s.
3.1 Wind angle
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Figure 14 Wind intensity, aerodynamic velocity and racing-canoe X-velocity

The wind angle α has been estimated to maximize the aerodynamical force FYaero. As can be
seen on Figure 14, the aerodynamical velocity is Va	
   =	
   Vv-‐Vx	
   satisfying	
   Va²	
   =	
   Vv²	
   +	
   Vx²	
   -‐	
  
2*Vv*Vx*cos(α). The canoeist is modelled by a cylinder of radius r	
  =0.5	
  m	
  and	
  height	
  h	
  =	
  1.5	
  
m. It appears that FY is maximized for α	
   =	
   -‐110	
   °	
   resulting	
   in	
   an	
   aerodynamical	
   speed	
   Va	
  
whose	
  components	
  are	
  (-‐2.3941,	
  -‐6.5778,	
  0.0).
3.2 Computational domain meshing
A view of the computational domain is presented on Figure 15.

	
  
Figure 15 Portside close view of the surface mesh of the canoeist on the Quattro racing-canoe	
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3.3 Numerical simulation
The numerical simulation of the aerodynamics around the canoeist on the racing-canoe
Quattro has been performed using the software package FINE/Marine with the following
boundary conditions:
• On the planes Xmax, Ymax et Zmax: aerodynamic velocity,
• On the planes Xmin et Ymin: outlet pressure condition,
• On the plan Zmin: a symmetry condition.
Turbulence is modelled using the K-Omega model and wall laws are used to model boundary
layers.
3.4 Aerodynamical efforts
The aerodynamic forces exerted on the canoeist are given by FTX,Y,Z	
  in	
  N:
	
  
Table 4 Total aerodynamic efforts on the canoeist

	
  
FTX	
  
-‐4	
  

FTY	
  
-‐37	
  

FTZ	
  
40	
  

The steady hydrodynamic force FTY obtained previously with drift is as follows:
Table 5 Hydrodynamic force FTY on the canoeist versus drift angle.

Drift	
  angle	
  
(°)	
  

FTY	
  

4	
  

57,00	
  

3	
  
2	
  

38,00	
  
23,00	
  

One can see that a drift angle of 3 degrees gives a hydrodynamic force of 38 N that is close to
the aerodynamic force of 37 N computed on the canoeist.
3.5 Streamlines and pressure field
Streamlines colored by pressure are shown in Figure 24 and y+ values at the walls are shown
in Figure 16. One can see that the flow field is highly complex especially around the canoeist
and that the y+ values remain reasonable at the walls showing that the mesh is fine enough to
capture the physics at the walls.
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Figure 16 Streamlines colored by pressure around the canoeist.

	
  
Figure 17 Streamlines colored by pressure and y+ values at the wall.

4 CONCLUSIONS
In conclusion, steady and unsteady CFD hydrodynamic computations, comparing drag
resistance and yaw moment in drift, have been considered to compare two racing-canoes in
unfavourable portside wind conditions. The results show that, even if the two hulls are
equivalent in terms of drag resistance, the racing-canoe Quattro experiences a lower yaw
moment in unfavourable portside wind conditions, making it easier to maneuver.
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