
INTRODUCTION

Some of the scientific publications devoted to 
the study of ships and boats are focused on the anal-
ysis of their stability. Paper [9] presents a mathe-
matical model of the movement of a boat along the 
river, taking into account the external conditions: 
the influence of wind and water currents on the 
boat’s movement. In addition, researchers concen-
trate their work on the analysis of the boat structure 
stresses. An example of such a work is [15] where 
a method of designing hulls is presented, taking 
into account the phenomenon of slamming.

In the case of race powerboats and go-fast 
boats, the hydrodynamic phenomena are accompa-
nied by the aerodynamic ones, which play a ma-
jor role in performance. This is due to the fact that 

when moving at high velocity, the contact of the 
boat with water is significantly reduced, so the drag 
force is largely generated by the interaction with 
air. In addition, a tunnel hull is commonly used in 
race powerboats. As a result of the air flow through 
the central tunnel, the aerodynamic lift is generated 
which, together with the buoyancy force, affects 
the ship. The value of the resulting aerodynamic 
force is closely related to the ground effect. It is, 
therefore, necessary to conduct the aerodynamic 
drag tests on individual components of sport boats.

One of the methods of aerodynamic test-
ing of an object is to place it in the wind tunnel 
[18]. An example of such a test method includes 
the aircraft tests [1], in which the aerodynamic 
forces and the moments acting on the structure 
were determined. Due to the size of the boat, it 
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is recommended to use its scaled model for re-
search (there are very few tunnels capable of ex-
amining such an object on a scale of 1:1, and the 
costs of such research are too high). This method 
was used by the authors in the paper [10] in which 
the aerodynamics and stability of the sail-assisted 
ship model were investigated.

The scaling problem does not occur when 
using the CFD (Computational Fluid Dynam-
ics) method. This method is based on the nu-
merical solution of partial differential equations 
describing the flow of fluid in the studied area. 
The Navier-Stokes equations taking into account 
the principle of conservation of momentum, mass 
and energy are used. As a result of such calcula-
tions, the distributions of velocity, pressure and 
other thermodynamic parameters in the studied 
area are obtained. The CFD method is used in 
many areas of research on flow issues [3, 19, 2, 
17]. An example of using this method for analyz-
ing aerodynamic lift and drag performance of the 
airship is work [11].

In today’s aerodynamic research, many mea-
surement techniques are used. Currently, the syn-
ergy of experimental research and numerical cal-
culations for a validation of developed models is 
a significant trend [7].

An example of a work in which the CFD test 
method was used for an analysis of the aerody-
namic drag is the paper [6] in which the drag force 
generated on the individual elements of the gyro-
copter structure was examined. This method can 
also be used for a hydrodynamic research of the 
ship or its elements, as shown in [14] and [22]. An 
alternative method to the CFD technique and one 
of the most common methods to visualize the me-
dium flow is Particle Image Velocimetry (PIV). 
This is an optical method for a qualitative visual-
ization and a quantitative measurement of speed, 
e.g. of air around a research area. This method is 
described in [8]. 

Numerical calculations can also be used to 
optimize the boat hull shape to reduce its aero-
dynamic drag and improve its performance. An 
example of such an approach are the studies in 
[5] that aimed at optimizing the ship hull shape 
by means of a parameterization and deforma-
tion analysis of various types of the hull shape 
based on a frame construction. On the other hand, 
the paper in [16] presents the results of the CFD 
calculations of cooling the aircraft engine which 
show that the hull geometry has a significant 
impact on the cooling conditions of the engine. 

In turn, work [21] presents the concept of using 
active flow control by suction and variations on 
front geometry of the vehicle to minimize the 
aerodynamic drag. Theoretically, this approach 
can be used to minimize the aerodynamic drag 
for a powerboat hull.

Ground effect vehicles (GEVs) constitute a 
different type of ships. They use the ground effect, 
or the phenomenon of aerodynamic interference 
between the control surfaces and the surface of 
water. The ground effect studies for wing in sur-
face effect-craft are presented in the paper [20]. 
These ships have certain advantages, i.e. achieve 
higher speeds than typical motor boats and show a 
stable movement even if the water surface ripples 
a lot. An analysis of the performance of this type 
of vessels should include the aerodynamic and hy-
drodynamic phenomena that simultaneously oc-
cur while the vessel moves. There are many publi-
cations that investigate this kind of structures, e.g. 
the aerodynamics of a WIG craft moving over the 
curved ground is investigated in [23], a dynamic 
model of movement in the vertical plane reflect-
ing aerodynamics, hydrodynamics and the driving 
forces for ground effect vehicles was studied in 
[13], a complex mathematical model of move-
ment of this type of vehicles was discussed in [4]. 
In [12], the authors conducted a hydrodynamical 
study of a wing-in-ground vehicle by towing tank 
experiments on a given model and CFD numerical 
calculations. The examined literature enables us to 
formulate the methods to create a model for simu-
lation research, and creating such a model should 
follow in stages: creating a geometric model (by 
the CAD software), creating a model for simula-
tion (creating a mesh) and preparing a model for 
research (specifying boundary and initial condi-
tions, etc.). If ANSYS is used, all of these stages 
can be carried out in its modules.

The second part of the work presents the ge-
ometry of the test object and approximates the 
assumptions made for the needs of preparing the 
boat model for numerical tests. Attention was 
paid to the generated computational grid, the di-
vision of the boat body into components, and the 
turbulence model used was briefly characterized. 
The third paragraph contains a presentation of 
the results of numerical calculations. The pres-
sure and velocity distributions around the test ob-
ject in the plane of its symmetry were obtained. 
In addition, the drag force characteristics as a 
function of speed and angle of attack were pre-
pared. On this basis, equations were developed 
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to approximate the drag force as a function of 
the listed parameters. The last section presents a 
discussion of the results obtained and a summary 
of the whole work.

RESEARCH OBJECT AND 
BOUNDARY CONDITIONS

The first stage of the simulation tests is pre-
processing. First of all, a geometric model of a 
research object needs to be created by means of 
the Computer Aided Design software, e.g. Catia. 
The developed geometry should be discretized. In 
a simplified form, a discretization of a continuous 
model involves its transformation into a set (grid) 
of finite elements. In the case of quite complicat-
ed shapes such as an aircraft body, the grid is un-
structured with tetrahedral elements. A literature 
analysis shows that grid generation is usually per-
formed using the ICEM CFD or ANSYS Meshing 
software. However, the calculations are made us-
ing the ANSYS Fluent software. The last step is 
a presentation and analysis of results by means of 
the CFD-Post module, i.e. post-processing. 

The purpose of this work was to investigate 
the aerodynamic drag force generated on the in-
dividual components of the powerboat. Accord-
ingly, a solid model of the test object was devel-
oped using the CAD software, and then numerical 
calculations for different speeds and different an-
gle of attack between the longitudinal axis of the 
boat and the water surface were performed. The 
drag values generated on the individual compo-
nents of the hull were obtained. The frontal areas 
of each hull element necessary to calculate drag 
coefficients were measured on the basis of a solid 
model created in the CAD software.

The CFD numerical studies of the powerboat 
were performed using the Ansys Fluent software. 
The boat model (Fig. 1) was downloaded from 
the open database of the GrabCAD models. This 

was a surface model only and contained frag-
mented surfaces with existing discontinuities, so 
a complete solid model should be prepared for 
testing the air flow around the boat. In the next 
stage, it was necessary to supplement the miss-
ing surfaces, so the thickness of the surface of 
the tested boat was given, i.e. filling with some 
material. The object prepared in this way was 
imported into the Design Modeler module where 
a computational domain was prepared using the 
enclosure function.

The dimensions of the boat model are 
6019×2380×1397 mm (length × width × height). 
The test object was placed in the computational do-
main with the dimensions of 26019×22380×21397 
mm (length × width × height). Figure 1 shows the 
position of the test object relative to the global 
coordinate system. The length of the computa-
tional domain was 4.3 times the length of the test 
object. On the walls of the computational domain 
(Fig. 2), the velocity inlet and the pressure outlet 
boundary condition were defined. The surface of 
the object was set as the wall type. The direction 
of the speed vector v of inflow air coincided with 
the direction of the longitudinal axis x.

            

Fig. 1. The solid model of the test object (left) and the generated computational grid of the test object (right)

 
Fig. 2. The research object in the 

computational domain
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A computational grid (Fig. 1) consisting 
of 3 973 460 elements 4-Node Linear Tetrahe-
dron type (Tet4) and 6-Node Linear Wedge type 
(Wed6) was generated for the prepared model. 
The model was divided into four sections: wall_1, 
wall_2, wall_3, wall_4 which correspond to the 
hull, hull connectors, floats and air intakes. In ad-
dition, for the entire boat using the Inflation func-
tion, a boundary layer consisting of 6 sub-layers 
with a growth rate equal to 1.2 and a transition 
ratio of 0.272 was defined. Mesh concentration 
using the face sizing function was applied on the 
selected surfaces of the model.

The turbulence model k-ω SST with an activat-
ed compressibility effect and an energy equation 
was adopted for the calculations. This model ef-
ficiently approximates the turbulent flow near the 
boundary layer and also remains sensitive to the 
turbulence occurring in the free flow. It is a com-
bination of two models: k-ε and k-ω. Turbulence 
was determined by a turbulent intensity equal to 
1% and a turbulent viscosity ratio equal to 5.

The pressure-based calculations for fixed condi-
tions were defined. It was assumed that the air flow-
ing around the tested model is an ideal gas with a 
temperature of 15°C, density 1.225702 kg/m3 and 
viscosity of 1.7894 ∙ 10-5 kg/(ms).

For the selected solver settings, a series of 
calculations were made for the velocity values v 
equal to 15, 30, 45, 60 m/s as well as angle of at-
tack between the longitudinal axis of the boat and 
the water surface α equal to 0, 3, 6, 9, 12°.

RESULTS

The calculations gave the values of the drag 
force generated on particular boat elements for 
the adopted combinations of speed v and angle of 
attack α. The results are shown in Table 1.

Figure 3 shows the map of the drag force generat-
ed on the body of the tested boat as a function of two 
parameters: air velocity and the angle of attack from 
the water surface. The drag force increases along 
with the speed and the angle of attack; its highest 
value is reached at 60 m/s and the angle equal to 12°.

Figure 4 shows the pressure contour on the 
surface of the model and in the plane of symmetry 

Table 1. Drag force given in [N] on the individual 
elements of the boat for different angle of attack and 
speeds

v 15 m/s 30 m/s 45 m/s 60 m/s

α = 0°

wall_1 32.22 126.40 287.40 504.60

wall_2 8.94 35.33 79.17 140.80

wall_3 27.73 108.60 245.60 429.50

wall_4 24.86 99.42 222.50 406.00

Total 93.75 369.75 834.67 1480.90

α = 3°

wall_1 31.45 124.20 277.50 484.10

wall_2 10.38 40.81 91.88 165.10

wall_3 32.33 127.70 286.40 491.20

wall_4 25.28 100.40 228.50 416.40

Total 99.44 393.11 884.28 1556.80

α = 6°

wall_1 34.33 135.90 304.30 540.20

wall_2 14.43 57.10 127.80 226.20

wall_3 41.14 161.90 361.20 638.30

wall_4 24.99 99.08 226.80 422.20

Total 114.89 453.98 1020.10 1826.90

α = 9°

wall_1 40.09 159.20 358.10 639.40

wall_2 20.89 82.98 186.30 330.70

wall_3 54.36 213.90 477.30 843.70

wall_4 27.09 107.50 247.10 460.60

Total 142.43 563.58 1268.80 2274.40

α = 12°

wall_1 49.69 197.70 444.20 790.80

wall_2 30.73 122.00 274.20 488.40

wall_3 73.87 291.00 650.10 1152.00

wall_4 28.89 115.00 262.80 477.70

Total 183.18 725.70 1631.30 2908.90

 
Fig. 3. Drag force map for the 

defined speeds and angle of attack
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and the velocity contour in the plane of sym-
metry for the extreme combinations of angle of 
attack α and velocities v: (α = 0°, v = 15 m/s), 
(α = 0°, v = 60 m/s), (α = 12°, v = 15 m/s), 
(α = 12°, v = 60 m/s). The negative values in 
the pressure contour diagrams correspond to the 
gauge pressure.

Figure 5 shows the total drag force as a func-
tion of the velocity of the airflow for different 
angle of attack α. For the points plotted, the trend 
lines in the form of second order polynomials 

with the equations presented in Table 2 were plot-
ted. Figure 6 shows the drag force generated on the 
individual boat elements for different angle of at-
tack α for extreme airflow velocities v = 15 m/s and 
v = 60 m/s.

DISCUSSION

For a constant α angle, the drag force increas-
es along with the velocity and is proportional to 

 

Fig. 4. Pressure contours on the surface of the model and in the plane of symmetry (left) and velocity con-
tours in the plane of symmetry (right) for extreme combinations of angle of attack α and velocities v

α = 0°, v = 15 m/s

α = 0°, v = 60 m/s

α = 12°, v = 15 m/s

α = 12°, v = 60 m/s
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the square of the velocity. For a low velocity 
equal to 15 m/s, the drag forces on individual el-
ements amount to several dozen newtons, while 
the total drag force does not exceed 200 N, re-
gardless of the angle of attack α. For very high 
velocities, the forces increase significantly, and 
for v = 60 m/s, they amount to several hundred 
newtons on individual elements, and the total 
drag force depending on the angle α has a value 
in the range of 1480–2908 N.

For velocity v = 15 m/s and the angles of 
attack α equal to 0° and 12°, the highest gauge 
pressure is -426 and -438 Pa, respectively. 
The largest increase in pressure occurs on the 
nose of the boat and the air intakes, amount-
ing to approx. -125 Pa. For speed v = 60 m/s, 
the gauge pressure value increases to approx. 
-7000 Pa, and the maximum pressure accumu-
lation at the air inlets is approx. 2000 Pa. The 
highest acceleration of air occurs on the upper 

Table 2. Equations of the plotted trend lines

Angle of attack α (°) Second degree approximation 
function F = F(v) Air velocity v (m/s) Second degree approximation 

function F = F(α)
0 y = 0.8168x2 - 0.7049x + 10.43 - -

3 y = 0.6494x2 - 1.3633x + 17.583 15 y = 10.275x2 - 4.1752x + 1479.8

6 y = 0.5045x2 - 0.097x + 2.83 30 y = 5.8624x2 - 4.4226x + 837.8

9 y = 0.4209x2 + 0.8508x - 8.8425 45 y = 2.5893x2 - 1.6591x + 371.36

12 y = 0.4114x2 - 0.01x + 0.9625 60 y = 0.6525x2 - 0.4345x + 94.112

 

Fig. 5. Total drag force as a function of: the velocity of flowing air v for different angle of 
attack α (left) and the angle of attack α for different velocities of flowing air (right)

 

Fig. 6. The drag force generated on the individual boat elements for different 
angle of attack for speeds: v = 15 m/s (left) and v = 60 m/s (right)
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part of the hull. The air moves at the lowest 
velocity in the rear section, behind the engine. 
A change in the angle of attack hardly affects 
the extreme pressure and velocity values.

For a low speed (v = 15 m/s), the change in 
α slightly changes the drag force generated on 
wall_4, because the frontal area of the inlets re-
mains large and relatively flat despite the varia-
tion of the angle of attack. However, the drag 
force on wall_1, wall_2 and wall_3 significantly 
changes because the separation of the air streams 
appears earlier at large angle of attack angles 
and the air pushes perpendicularly against larger 
frontal areas. Analogously, for a very high speed 
(v = 60 m/s), the values of the forces generated 
are about 20 times greater.

For a small angle of attack α = 3°, wall_1, 
wall_2 and wall_3 have the largest share in drag 
generation, i.e. 34, 30 and 27%, respectively. With 
the increase of the angle of attack, the drag force 
generated on wall_3 increases but on wall_2 and 
wall_4 it decreases. For the angle of attack α = 
12°, the percentages for wall_1, wall_4, wall_4 
and wall_4 are 27, 17, 40 and 16%, respectively.

On the basis of Figure 3 (map), it was found 
that the airflow velocity is a decisive factor be-
hind the increase of the drag force under the 
considered conditions. This is evidenced by 
almost vertical isolines. For extremely high 
velocity values (above 50 m/s), drag force iso-
lines curved, indicating a greater effect of the 
angle of attack.

CONCLUSIONS

There are few papers on the aerodynamic 
analysis of motor sports boats. However, no 
numerical analysis of the impact of angle of at-
tack and velocity on drag force was presented. In 
this work, the velocity and pressure distribution 
around the test object in the plane of its symmetry 
obtained as a result of calculations was analyzed. 
In addition, the results of numerical calculations 
allowed the development of the drag force maps. 
The drag forces acting on individual components 
of a powerboat for various combinations of ve-
locity and the angle of attack of the boat to the 
water surface were also obtained. At zero angle of 
attack, the area of overpressure arises above the 
bow of the boat, while for the positive angles, this 
area occurs below its bow. High positive pressure, 
in turn, occurs on the frontal surfaces such as the 

nose of the boat and engine air intakes. The high-
est flow velocity around the hull is induced at the 
top of the hull due to the streamlined shape that 
accelerates the flow according to the Bernoulli’s 
law. In addition, an increase in speed occurs at 
the trailing edge of the bottom of the boat. The 
developed drag force map shows that the gener-
ated drag force is the highest for the angle of at-
tack of 12° and a speed of 60 m/s. As these values 
decrease, the strength decreases, where it is vis-
ible on the map in the form of vertically-diagonal 
isolines. The engine air intakes generated com-
parable drag for the given angle of attack for a 
given air velocity. For hull connectors and floats, 
the increase was of a similar nature. The increase 
in the drag force on hull as the angle of attack in-
creased was smaller. Floats had the largest share 
in the generation of the aerodynamic drag (40% 
of the total drag force for α = 12°). The hull also 
had a significant share (27% of the total drag 
force for this test point). The drag generated on 
hull connectors and air inlets was comparable and 
amounted to 16 and 17% of the total drag force, 
respectively.

In further studies, it would be possible to ex-
amine how the aerodynamic drag is impacted by 
the interaction between a boat and two fluids, i.e. 
air and water. It would also be possible to deter-
mine the drag coefficients based on the measured 
frontal areas of individual boat structure elements.
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