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Abstract: A 470 sailing race requires effective cooperation between athletes to optimize the hull
position and the correct heading. To understand the effect of the hull on the maneuverability of the
rudder and the influence of the rudder on the stability and rapidity of the hull at different ship
speeds, requires numerical 3D simulation and research on the viscous flow field of 470 sailing based
on Reynolds-averaged Navier-Stokes equations. The results show that the rudder can reduce the
wave making characteristics of the hull, reducing energy loss and thus improving the hull’s rapidity
when the speed is greater than 6 m/s, as the effective area of rudder decrease and increases the stall
angle, which reduces the manipulatable performance of the rudder to some extent. This study could
quantify the performance of the hull and rudder at different speeds. Moreover, this study might
provide strategies for the athletes to effectively control the rudder and hull at different speeds.
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1. Introduction
The 470 sailing is an Olympic sailing event in which two teammates tacitly cooperate with the
sailboat for racing in the complex sea conditions of certain sea areas. Generally, the speed of the yacht
ranges from 2 to 10 m per second within the regular races. Each race will go through the process of
multiple rounds of headwind, downwind, and crosswind, fully testing the cooperation between the
two athletes in adjusting the sail wing system and optimizing the hull position and correct heading
by controlling the rudder, to make the sailing boat obtain enough power. In the course of the sailing
competition, the athletes often fall behind in the ship’s deceleration ranking caused by the failure of
coordination in the process of sailing and circling the standard. Scientific and systematic research on
the interaction between the rudder control and the ship’s position can realize the perfect coordination
between the athletes, which has practical benefits for the athletes allowing them to improve their
competitive ability. Therefore, the basic research on the hydrodynamic performance of sailing
equipment will become very important.
Through research on the dynamic performance of sports equipment, former scholars can make
athletes familiar with the overall operation performance of sports equipment to complete technical
actions more efficiently. Parolini et al. (2005) [1] studied the America Cup yacht by solving the
Reynolds-averaged Navier-Stokes equations and towing tank testing, including the optimization of
hull performance of fully equipped sailboats under different motion conditions, the effect of hull
appendage on hull performance, the influence of crew position on hull position [2], and the
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improvement of accuracy of numerical simulation method [3], so as to achieve the America Cup
championship.
In terms of Olympic sailing, Ma Yong et al. [4,5] used numerical simulation and towing tank
methods to study the fluid performance of windsurfing and sail. On the basis of summing up the law
of resistance changing with speed under the condition of the longitudinal and transverse inclination
of the windsurfing board and analyzing the influence of the wing camber, the angle of attack, the
angle of buckle, the mast etc. on the aerodynamic performance of board, he put forward the strategy
of adjusting windsurfing for sailing, the cross tail wind section, and the vicinity of the standard,
which provides reference for the control of the board and sail wing. His team’s research promotes
that China won the windsurfing championship in 2008 and the laser women’s championship in 2012.
Vidmar et al. (2013) [6] studied the simple steering system and a hydrodynamic shaped single
rudder, or multiple rudders, depending on upwind sail boat characteristics. Rickard et al. (2014) [7]
investigated the hydrodynamic resistance prediction using Computational Fluid Dynamics (CFD)
and towing tank testing for the better position of Laser sailing. Huetz et al. (2014) [8] optimized the
hull shape based on statistical methodology to treat the database. Through the total station, the shape
measurement and drawing model of the 470 sailing yacht and laser yacht have been completed, and
the numerical simulation of the no wave laser trim hull position, wave navigation, and interaction
between the stable plate and hull of the 470 sailing yacht has been carried out [9,10]. The study of the
interaction between the hull and the rudder will help to adjust the equipment reasonably, realize the
control of the high speed and stability of the sailboat, and ensure the sailboat will complete the race
according to the strategic route of the athletes.
2. Computational Method
2.1. Governing Equations
The Navier-Stokes equations are based on the assumptions that fluid around the hull and the
rudder is incompressible. This study adopted Reynolds-averaged Navier-Stokes equations and
continuity equations as governing equations to simulate the yacht without trim and heeling; the
general speeds in actual races are 2 m/s, 4 m/s,6 m/s,8 m/s, and 10 m/s, and the rudder angle range
measured is from 0 to 40 degrees. In Cartesian coordinates, the continuity equation and the
momentum equation can be expressed as follows [11]:
Continuity equation:
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where ui is average velocity and u i is fluctuation velocity(i = 1,2,3), ρ is the fluid density, t is time,

' '
vt is the kinetic viscosity of the fluid, Bi is body force, and ui u j is turbulent influence.

2.2. Mesh Generation and Domain Boundary
The hull-rudder parameters are shown in Table 1. The weight of the hull is 118 kg, and the
weight of the two athletes ranges from 110 kg to 180 kg. The displacement is assumed to be 280 kg in
this study. The grids were meshed in ICEM CFD 15.0. As shown in Figures 1 and 2, the simulations
are carried out on a Cartesian grid for the hull and a hybrid grid for the hull-rudder assembly. The
computational domain size is chosen as 7 L × 6 L × 2 L (L is the length of hull) with approximately 5
million grids in total. The region around the rudder and hull model with high-resolution
unstructured grids is employed to capture the boundary layer and satisfy the distance of the first
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neighbor grid and y+ = 60~100. At the upstream boundary of the hull, it is a constant inflow velocity
boundary condition. The downstream boundary is the pressure-outlet boundary, availing simulation
iteration convergence. The bottom boundary is the moving wall, and the wall of the hull and the
rudder are no slip walls. The symmetry boundary condition is provided at all other boundaries [11].
Table 1. Parameters of 470 Sailing yacht [11].

Hull (L)

Beam (B)

Span-Rudder (h)

Chord-Length (b)

Wetted Area-Rudder ( AR )

4.7 m

1.89 m

0.675 m

0.25 m

0.168 m2

Figure 1. Schematic of the computational mesh and boundary conditions employed in the present
simulations.

(a)

(b)

Figure 2. Schematic of the computational mesh of hull and rudder: (a) is hull and (b) is rudder [11].

3. Numerical Results and Analysis
In order to understand the influence of the hull on the maneuverability of the rudder at different
hull speeds and the influence of the rudder on the stability and rapidity of the hull at different ship
speeds, this paper used Reynolds-averaged Navier-Stokes equations to simulate the viscous flow
field of 470 sailing by ANSYS 15.0. Considering the impact of free liquid, we used the Volume of
Fraction (VOF) method and the Shear Stress Transport (SST) turbulence model to simulate the fluid,
and the numerical simulation of this model was analyzed through a first-order upwind difference
scheme.
The rudder may have a substantial impact on the stability and rapidity of the hull, so this paper
analyzes the resistance and lateral forces of the hull and the lift and drag of the rudder. The
dimensionless expressions were as follows:
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Drag Coefficient of Hull:

CRt =

Rt
1
ρU 2 S
2

(3)

Lateral Force Coefficient of Hull:
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(4)

Drag Coefficient of Rudder:

Cd =

Dt
1
ρU 2 AR
2

(5)

Lift Coefficient of Rudder:

Cl =

Lt
1 2
ρU AR
2

(6)

where Rt is drag force of hull and Y is lateral force of hull, S is wet area of hull when the displacement
is 280 Kg. Dt is drag force of rudder, Lt is lift force of rudder, Rt is wet area of rudder, and U is inflow
velocity.
3.1. Hydrodynamic Analysis of the Influence of Rudder on Hull
In this section, this paper aims to understand the effect of the rudder interaction on the
hydrodynamic performance of the hull when the rudder turns from 0 degree to 40 degrees at the
velocities 2 m/s, 4 m/s, 6 m/s, 8 m/s, and 10 m/s. We extracted the resistance and lateral force of the
hull for analysis, as shown in Figure 3; the drag coefficient is distributed at 0.01 and the lateral force
coefficient is around 0. It is hard to find the rudder increase the resistance and lateral force of the hull.

(a)

(b)

Figure 3. The result of relation between hull force coefficient and leeway angle: (a) is hull drag and
(b) is lateral forces.

Evident in Figure 4 is that the rudder has an impact on the wake profile behind the hull. Figure
4a shows the wake profile of the naked hull is complex and fully flowing, and Figure 4b shows the
rudder reduces the waveform of the hull wake effectively and makes the wake profile asymmetrical,
weakening the waveform and saving energy. In summary, the rudder plays the role of rectifying the
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plate and reducing the wave-making ability of the hull, saving energy and thus improving the hull’s
rapidity.

(a)

(b)

Figure 4. The wake profile of 470 Sailing: (a) naked hull and (b) hull-rudder assembly.

As shown in Figure 5, when the inflow velocity is less than 6 m/s the resistance of the hull is
almost unaffected by the rudder, while when the velocity exceeds 6 m/s the presence of the rudder
causes the drag to decrease compared to the naked hull. Therefore, the rudder can reduce the wet
area and drag of the hull when the speed is greater than 6 m/s.

Figure 5. The result of relation between hull resistance and speed.

3.2. Manipulative Analysis of the Influence of Hull on Rudder
Figure 6 presents the lift coefficient of the rudder with the leeway angle in some speeds, as
shown in Figure 6a, the stall angle is about 15 degrees, and the lift coefficient of the rudder assembly
is changed with the leeway angle shown in Figure 6b. At 2–6 m/s, the stall angle is about 30 degrees,
while the stall angle increases to 35 degrees when speed reaches 8 m/s to 10 m/s. Compared with the
free liquid surface wave cloud diagram of the rudder assembly in Figure 4b, the hull wake is caused
by the increase of the ship speed. The effective area of the rudder body continues to decrease, and
the aspect ratio is reduced to increase the stall angle of the rudder body. The data results of the
comprehensive numerical test and the results of the free surface cloud analysis show that as the speed
increases, the hull wake increases the stall angle of the rudder when the velocity is greater than 6 m/s.
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(a)

(b)

Figure 6. The relationship between the coefficient of force and leeway angle: (a) is naked rudder and
(b) [11] is rudder on the hull.

4. Conclusions
This paper investigates the hydrodynamics of 470 sailing at different hull speeds using the
commercial software ANSYS 15.0. The results showed that the rudder can reduce the wave-making
characteristics of the hull, reducing energy loss and thus improving the hull’s rapidity when the
speed is greater than 6 m/s. The wake wave of the hull reduces the effective area of the rudder, and
the stall angle increases which reduces the manipulatable performance of the rudder to some extent.
Our findings could enhance the understanding of coaches and athletes on the performance of the hull
and rudder at different speeds. Moreover, our study might provide strategies for the athletes to
effectively control the rudder and hull at different speeds.
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