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ABSTRACT

Ensuring the safety of ship crews at sea is of the utmost importance. Life rafts are one of the basic components of any 
seagoing vessel and ensuring their stability is an important component of maritime research. This study concerns the 
determination of the aerodynamic drag coefficients of pneumatic life rafts in a full range of wind speed and directions. 
The drag coefficients are based on full-scale experimental studies and numerical calculations (computational fluid 
dynamics) carried out with Flow-3D software. Two types of life rafts are analysed in the numerical simulations, 
namely, a non-deformed raft and a raft deformed under the influence of wind pressure at a given flow velocity. The 
shape of the deformed pneumatic life raft is recreated on the basis of photographic documentation from experimental 
studies. The results of the numerical calculations are verified on the basis of full-scale flow experiments carried 
out at the Low Speed Wind Tunnel T-3 Laboratory at the Institute of Aviation in Warsaw. This study shows that 
there is a dependence of aerodynamic drag on the degree of deformation of the above-water part of the life raft, as 
well as the angle of the raft setting to the wind. In real water conditions, this angle depends mainly on the anchor 
point of the drift anchor and therefore should be considered at the design stage, which will directly reduce the wind 
leeway of the raft.
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INTRODUCTION

Accidents at sea have always happened and cannot be 
completely eliminated. When they occur, the survivors are 
forced to use the rescue equipment available on the ship. 
Pneumatic life rafts are popular among collective rescue 
measures. Life rafts are life-saving measures that, due to 
the lack of their own propulsion, drift in the sea until found 
by rescue services. The drift of the raft is determined by 
environmental factors and leeway, which are considered when 
planning a rescue operation and determining the search area. 
In order to quickly organise a rescue operation, search and 
rescue (SAR) services use available computer applications 
(e.g., SARMAP) to correctly designate the search area. These 

applications are based on input data, including the leeway 
characteristics of a floating object. 

In the case of a pneumatic life raft, it is difficult to correctly 
predict and take leeway into account, because the raft tent 
is deformed by wind pressure. The variable windage area 
makes it difficult to determine the certain position of the 
object of interest and thus to determine the search area. The 
study considers the calculation of the aerodynamic drag of 
pneumatic life rafts as a component of leeway, demonstrating 
the dependence of this drag on the degree of deformation of the 
above-water part of the life rafts. The results of the calculations 
are compared with the results of experiments carried out in 
a wind tunnel, which confirm their reliability and make it 
possible to draw appropriate conclusions.
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THEORETICAL BACKGROUND

In order to correctly determine the search area for a drifting 
life raft, it is necessary to consider the leeway of the search object 
[5]. Many publications on this subject have been published. 
The Norwegian Meteorological Institute conducted studies 
on drifting objects in order to define a narrow search area for 
the Norwegian Search and Rescue Service based on available 
wind information and current data [20]. The research did 
not consider the deformability of the drifting objects and its 
influence on the search area. Modelling a deformable object 
with a computer program is very difficult and is the subject 
of ongoing research [21].

Contemporary attempts to model the thermal environment 
of confined spaces by TENSIL MEMBRANE STRUCTURES 
(TMS) have been compiled in the publication Environmental 
Behaviour of Tensile Membrane Structures [22]. This publication 
indicates the lack of appropriate tools to study their internal 
environment and the need for further research in this area. The 
problem of the leeway of pneumatic life rafts has not yet been 
thoroughly investigated due to the difficulties in modelling 
deformable bodies in numerical simulations. A comprehensive 
approach to the problem of leeway and the factors that cause 
it may translate into a narrowing of the search area and an 
increase in the effectiveness of rescue operations.

DATUM POSITION OF OBJECT 
AND LEEWAY

Before commencing a search and rescue operation at sea, the 
most probable reference position of the object being searched 
for should be determined. Without the proper calculation of 
the basic drift and the associated uncertainty, it is difficult 
to predict the total drift and reduce the dimensions of the 
search area [8]. Difficulties are the result of large discrepancies 
between the direction of the life raft leeway and the direction 
of the wind pressure.

These discrepancies are confirmed by studies carried out 
in the southern Baltic by the Gdynia Maritime University in 
1996–1997. The deviations between the direction of the leeway 
and the wind, during the 3-h research study, oscillated from 
-9° to +21° [4].

The described tests carried out on life rafts showed large 
deviations between the leeway and the wind direction, i.e., 
between the components determining the drift of the object. 
The reference position can be determined by moving from the 
event site or computed reference position, the drift distance in 
the drift direction and plotting the resulting position on the 
appropriate graph [11]. 

The starting search point is always the datum position, 
which is determined based on drift and the related uncertainty. 
Forecasting the drift and the search area is difficult and requires 
continuous research and a comprehensive approach to both it 
and its components [3].

Leeway is the movement of an object through water caused 
by winds against exposed surfaces. Therefore, leeway is crucial 

when determining the drift and the reference position. Leeway 
is caused by the force of the wind pressure acting on the above-
water part of the drift object (FX) and the force of hydrodynamic 
drag acting on the underwater part of the raft (F0) as shown 
in Fig. 1 [9].

Given the fact that the leeway is really a movement caused 
by wind, model wind pressure forces acting on the above-
water portion of the drifting object should be considered. The 
assessment of the impact of wind pressure on the leeway is 
unfortunately very difficult because of the variable shape of 
the flexible raft structure determines the variable windage 
area, on which the value of the thrust force directly depends 
[6,14–17].

TUNNEL AERODYNAMIC TEST 
OF A PNEUMATIC LIFE RAFT

The aerodynamic tests of the pneumatic life rafts were 
carried out in August 2000 at the T-3 Low Velocity Tunnel 
of the Institute of Aviation in Warsaw. The low-velocity wind 
tunnel is a closed-loop tunnel with an open measuring space 
that is 5 m in diameter and 6.5 m long.

The tunnel tests were carried out on three pneumatic life rafts 
designed for 6, 10 and 20 people, respectively, manufactured by 
the company “STOMIL”, Grudziądz. During the tests, the rafts 
had the pressure of their lower buoyancy chambers reduced in 
order to reproduce the draft of the rafts corresponding to half 
the diameter of the lower chambers. The smallest life rafts had 
an outer diameter of 2290 mm, a nominal height of 1190 mm, 
a diameter of the lower chamber of 280 mm and a diameter 
of the upper chamber of 220 mm.

For the 6-person life raft, the tests were carried out in a flow 
velocity range from 10 to 35 m/s in the tunnel measurement 
space. Due to the specifications of the tests, the tests in the 
tunnel were carried out with a non-standard procedure, 
namely, a plate with 11 needles placed on it, generating an 
appropriate velocity, turbulence and spectrum profile in the 
boundary layer, was installed in the test space. The speed profile 
above the sea surface was mapped according to Eq. (1):

(1)

Fig. 1. Forces causing leeway (source: current study, print screen of simulation)
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where:
Vw  – wind speed at life raft height (m/s);
Vref. = Vt.  – undisturbed flow speed (m/s);
Z = h  – height of life raft from water surface (m);
Zref. = 1.5 – reference height (m);
k = 0.11  – for the sea according to the ISO standard.

Knowledge regarding nonlinear processes and phenomena 
is essential for modelling environmental conditions during 
research to ensure the safety of the life raft [10]. The research 
carried out in the tunnel showed a large deformation of the 
above-water part of the life rafts. The research confirmed that 
the nature of the flow on the speed does not depend on the 
value of the wind speed in the case of a pneumatic life raft with 
a low aerodynamic shape. The course of the obtained force 
measurement results proves that the value of these forces is 
a function of the shape and inflow of wind [18].

NUMERICAL CALCULATIONS OF DRAG 
FORCE OF LIFE RAFT

The numerical computations were carried out using 
FLOW-3D [19] on a workstation with an Intel Xeon Gold 6244, 
3.60 GHz processor and RAM 96 GB volume. The geometric 
model of the life raft [2] used in the CFD simulations is 
presented in Figs. 3 and 5 and the main dimensions are given 
in Table 1.

Two cases of life rafts were considered in the simulations, 
namely, non-deformed and distorted by a pressure of wind 
speed Vw = 20 m/s, as shown in Fig. 2 and 4. On the basis of 
photographic documentation from experimental tests carried 
out in the wind tunel, the shape of a life raft deformation was 
reconstructed and used for the simulation.

The most important assumptions accepted in the CFD 
modelling of the life raft are that the full scale of the life raft 
in three-dimensional flow simulations is used and the life raft 
is treated as a rigid body [1]. The computational domain shape 
with the given boundary conditions is presented in Fig. 6.

A general view of the computational mesh applied for the 
life raft simulations is presented in Fig. 7. 

The mesh cell size and number of cells for the tested meshes 
are presented in Table 2.

The calculations do not consider the dynamic deformation 
of the raft under the influence of wind; therefore, calculations 
were made for the non-deformed (Fig. 3) and deformed (Fig. 5) 
raft models in order to compare the results. The difference in 

Fig. 2. Life raft during wind tunnel teste (research report, 2000) Fig. 3. Geometry and dimensions of life raft used the calculations
(source: current study)

Fig. 4. Life raft during wind tunnel teste (research report, 2000) Fig. 5. Geometry and dimensions of life raft used the calculations
(source: current study)

Tab. 1. Main dimensions of life raft (research report, 2000)

Outer 
Diameter 

(m)

Height of 
Life Raft 

(m)

Bottom 
Tube 

Diameter 
(m)

Top Tube 
Diameter 

(m)

Draft  
of Life Raft 

(m)

2.29 1.19 0.28 0.22 0.13
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the drag coefficients was 4%. As a result, the calculations were 
performed for the non-deformed raft geometry in the full 
range of the raft rotation angle from 0 to 180°. This approach 
was used due to the results of the experiment, which showed 
a large variability in the drag force depending on the angle 
of the life raft to the wind direction [7]. The simulations were 
made for the geometry shown in Fig. 6 for the six wind speeds 
considering the wind profile generated in the wind tunnel 

(Eq. (1)). In the CFD simulations, the wind profile was realised 
by assigning a high coefficient of roughness to the plate in front 
of the life raft (Fig. 6).

VALIDATION OF SIMULATION RESULTS

The following assumptions were used in the CFD modelling. 
The computation was unsteady with an implicit pressure 
algorithm. The general moving object model implemented 
in FLOW-3D was used for modelling the rotational motion 
of the life raft. The rotational speed of the raft started from 
0° after a 5-s simulation and achieved 180° after 20 s. In the 
simulation, three turbulence models were analysed in terms 
of turbulence closure: the standard k-ε model, the k-ω two-

order model and the large vortex 
simulation model (LES). 

In order to identify the geometry 
of the life raft, the turbulent mixing 
length was calculated using 
a rectangular structural mesh and 
the FAVOR™ technique. The mesh 
density was adjusted to map the 
shape of the geometry at the edges. 
The mesh size and the number 
of cells for the tested meshes are 
compared in Fig. 9. The results of 
the FAVOR™ method, i.e., the mesh 
density in a block near the life raft 
for three mesh densities, for which 
a  simulation was performed to 
examine the effect of mesh resolution 
on the calculation results are shown 
in Fig. 9. The mesh technique used 
in Flow 3D unfortunately has 
a  limited spectrum of boundary 
layer mesh near the wall. In contrast, 
the FAVOR TM method does not 
allow for precise positioning of the 
walls in the cell. The disadvantage 

Fig. 8. Wind profile obtained from simulation and experimental measurements 
for a speed of 20 m/s (source: current study)

Tab. 2. Mesh cell size d and number of cells (source: current study)

Mesh No. d (m) Number of Cells

1 0.100 0.60×106

2 0.067 1.05×106

3 0.050 1.89×106

Fig. 6. Boundary conditions for computing domain of life raft 
with dimensions (source: current study)

Fig. 7. Structural mesh applied for life raft simulation  
(source: current study)
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Fig. 9. Structured mesh used in FLOW-3D and the FAVOR TM technique with the original shape of thelife raft and the shape of the object after FAVOR 
discretisation for three mesh densities (source: current study)

Fig. 10. Parameter y + for studied turbulence models and meshes with a wind speed of 10 m/s (source: current study)
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of this method is that it obtains a high y + value. Domain-wide 
structural meshing is a considerable advantage of this type of 
meshing. This approach reduces the problems with complex 
meshes when superimposing a moving object.

The y + as a grid parameter as a function of cell size should 
be less than the value depending on the Reynolds number of 
flow and the thickness of the boundary layer and is greater 
than 30 when the inner layer smoothly transitions into the 
logarithmic region. The results obtained are acceptable when 
a parameter y + is less than 500. For the tested meshes, the 
parameter y + was determined and is shown in Fig. 10.

Although high y + values were obtained, a comparison of the 
results was carried out because increasing the mesh density in 
the entire geometry area significantly extends the computation 
time without changing the force values. Turbulence models 
were also tested with the same mesh densities. After comparing 
the turbulence models for Mesh 2 and mapping the shape of 
the life raft, the LES model was selected (Table 2). The drag 
force Fx obtained from the CFD simulation using the LES 
model for the raft for wind speed Vw = 10 m/s, dependent on 
the mesh density, is presented in Fig. 11.

The relative errors (ΔFX) for the life raft drag force for wind 
speeds Vw = 10 and 20 m/s, the mesh density of 1.05×106 
(Mesh 2) and three selected turbulence models are presented 
in Table 3. 

The relative errors (ΔFX) of the life raft drag force were 
determined from Eq. (2):

(2)

where: 
ΔFX  – relative errors of drag forces [-];
FX_EXP  – measured drag forces and [N];
FX_CFD  – computed drag [N].

The relative errors (ΔFX) and time of computation in h per 
s of simulation (h/s) are presented in Table 4.

After analysing the results of the calculations and the 
available computing resources, the LES turbulence model 
and mesh 2 with 1.05×106 cells were chosen.

SIMULATION RESULTS OF LIFE  
RAFT DRAG FORCE

Examples of the CFD simulations carried out to determine 
the flow velocity field and hydrodynamic force generated by the 
life raft with a draft of 0.12 m for different current velocities 
are presented in Figs. 12 and 13.

Fig. 11. Results of numerical computations with simulation time t(s) 
for the life raft for wind speed Vw = 10 m/s using the LES model  

dependent on the mesh density

Fig. 12. Results of 3D flow simulation for V = 10 m/s: top view of velocity 
field and the velocity field in the horizontal plane at half-length section 

(source: current study, print screen of simulation)

Fig. 13. Results of 3D flow simulation for V = 20 m/s: top view of velocity 
field and velocity field in the horizontal plane at half-length section 

(source: current study, print screen of simulation)

Tab. 3. Influence of turbulence model on relative errors (ΔFX) 
(source: current study)

ΔFX (%) for 10 m/s ΔFX (%) for 20 m/s

Standard k-ε 10 12

k-ω 11 15

LES 6 7

Tab. 4. Influence of mesh density on the accuracy of computations for LES 
model and computing time (source: current study)

Mesh No. ΔFX [%] for 10 
m/s

ΔFX [%] for 20 
m/s

Computing Time 
(h/s)

1 7 9 0.97

2 6 7 3.02

3 10 11 6.70
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The aerodynamic drag coefficient for different wind speeds 
and angles of the raft (α) to the wind direction was calculated 
according to Eq. (3):

        (3)

where:
Fα –  drag force for the relative wind angle (α) ranging 

from 0° to 180° [N];
α  – relative wind angle (°);
A – windage projected area m2);
ρ – air density ρ = 1,233 [ ];
Vw – wind speed (m/s).

Figures 12 and 13 show significant fluctuations in the 
velocity field behind the raft. The results of the simulation and 
the experiment showed a significant variation of the raft drag 
coefficient Cα on the relative wind angle (α) ranging from 0° 
to 180º (Fig. 15). The drag coefficients obtained from the CFD 
simulations show less variability. This effect arises from the 
calculations made for the non-deformable raft. The averaged 
drag coefficient for the raft obtained during the experiment 
was Cα = 0.60 and for the CFD simulation was Cα = 0.56.

DISCUSSION AND CONCLUSION

This article has compared the results of laboratory tests 
carried out at the Institute of Aviation in Warsaw with 
simulations using CFD. The results obtained from the CFD 
simulations were on average 7% lower than those obtained 
during model tests in the wind tunnel. The discrepancies in 
the results were probably due to smaller deformations of the 
life raft in the simulation than during the experiment. The 
main conclusions are as follows:

–  Deformations of the tent of the tested raft using CFD 
simulation change the aerodynamic resistance up to 4%; 

–  The angle of the raft to the wind significantly influences 
the drag coefficients, which ranged from 0.39 to 0.75 for 
the experiment and 0.48 to 0.64 for the CFD calculations. 

The most important conclusions from the results of studies 
is a direct dependence of aerodynamic drag (and leeway) from 

Fig. 14. Comparison of mean aerodynamic forces obtained from CFD simulation 
(current study) versus wind tunnel experiment for Vw = 20 m/s [18]

Fig. 15. Raft aerodynamic drag coefficient (Cα ) for various wind velocities and relative wind angle (α): CFD results (left) and experimental results [18]

α [°]

wind direction wind direction

α [°]
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the angle to the wind raft. This angle mainly determines the 
drift application point, therefore, at the design stage, it should 
be considered, which will directly reduce the leeway of the raft.
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