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Wind loads acting on cruise ships play a significant role in navigation and manoeuvrability during the harbour approaching. From the environmental point of view, their fuel
efficiency and emissions are in the center of attention nowadays. In this study, numerical
analysis of the wind forces acting on six different cruise ship models is performed with
computational fluid dynamic (CFD) methods. The wind flow is modelled with ReynoldsAveraged Navier-Stokes (RANS) equations, Realizable k −  turbulent model and atmospheric boundary layer (ABL) wind profiles. Each cruise ship is simulated from 0º to
180º, in steps of 15º angles of wind attack. In order to increase the reliability of the results, a mesh independence study is performed by applying two different meshes in each
case simulated. The results are presented in form of dimensionless coefficients.
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LIST OF NOMENCLATURE AND ACRONYMS
Nomenclature
AL
AF
Cx
Cy
CZ

Fx
Fy
k
κ
L4
L5
Mz
µ
µT
ν
νT
ρ
sij
tij
τij
u∗
z0

Lateral projected wind area
Frontal projected wind area
Longitudinal force coefficient
Transverse force coefficient
Yaw moment coefficient
Dissipation of turbulent kinetic energy (J/kgs)
Longitudinal force (N )
Transverse force (N )
Turbulent kinetic energy (J/kg)
von Kármán constant
Mesh with four levels of refinement
Mesh with five levels of refinement
Yaw moment (N m)
Dynamic viscosity (N s/m2 )
Turbulent viscosity (N s/m2 )
Kinematic viscosity (m2 /s)
Eddy viscosity (m2 /s)
Fluid density (kg/m3 )
Strain-rate tensor
Stress tensor
Reynolds stress tensor
Friction velocity
Roughness length (m)

Acronyms
3-D
ABL
CFD
LNG
FVM
NS
RANS
SIMPLE
TKE

Three-dimensional
Atmospheric Boundary Layer
Computational Fluid Dynamics
Liquefied Natural Gas
Finite Volume Method
Navier-Stokes
Reynolds-Average Navier-Stokes
Semi-Implicit Method for Pressure-Linked Equations
Turbulent Kinetic Energy
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1

INTRODUCTION

This master’s thesis presents a modelling and simulation study of air fluid dynamics for a
different cruise ship designs.
In this chapter, the background and state of the art is firstly introduced in Section 1.1. The
main propose and limitations will be discussed in Section 1.2, and lastly, an outline of the
document is given in Section 1.3.

1.1

Background

Wind loads acting on cruise ships play a significant role in navigation and manoeuvrability
during the harbour approaching. Besides that fact, from environmental point of view their
fuel efficiency and emissions are in the center of attention nowadays. An study [1] reveals
that in Denmark during the year 2017 the cruise ships emitted 18 times more of sulphur
oxides than all the country’s passenger vehicles. The same study source also reports that
in 2017, 203 cruise ships in Europe consumed a total of 3.267 kilotons of fuel which
caused the emission of 155 kilotons of nitrogen oxides.
The resistance due to the drag forces caused while the cruise ship is sailing is one of the
main factors that contribute to the fuel consumption and therefore, the amount of pollutant
emitted. The aerodynamic design is evaluated by studying the wind loads acting on the
cruise ship which are in turn, a key parameters to improve the optimization of the fuel
consumption.
Many different techniques have been applied to analyse the wind forces acting on the
ships. Performing wind tunnel test with mock-up models have been used originally
[2], [3] but this procedure is very time consuming and expensive. Expressions for the
forces have been also derived from experimental results and regression analysis [4].
The Navier-Stokes (NS) equations are a set of couple partial differential equations that describe the motion of incompressible fluids. These equations are derived from three basics
physical principles; the continuity, momentum and energy equations [5]. Computational
fluid dynamics (CFD) applies different numerical techniques to solve the problems that
involve fluid motions, which are in essence, formed by the NS equations.
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The rapid increase of computational power and its easy access have allowed the growth of
CFD in all branches of science and engineering. Calculation of wind loads on containers
and liquefied natural gas (LNG) carrier ships by numerical simulation and applying CFD
techniques have been used and validated with wind tunnel experiments in previous studies
[6], [7].
The mechanisms and physical processes that generate the wind profiles over the seas in
the atmospheric boundary layer (ABL), are complex and challenging to study. The information obtained with buoys are limited and the measurements from ships or oil platforms
contain too much error due to the flow deformation originated by themselves. However,
the knowledge about the ABL observed over the land and using satellite scatterometer a
simplified model for marine can be developed [8].
CFD provides the opportunity and the proper tools to model and simulate the atmospheric
flow fields over the oceans and study the forces that interact between the cruise ships and
the air flow.

1.2

Objectives

The overall aim of this dissertation is to model and simulate the air flow dynamics in
the marine ABL and calculate the wind loads acting on the cruise ships. The following
specific objectives are accomplished:

• A total of six different cruise ships designs are pre-processed to be able to perform
CFD simulation in OpenFOAM® software [9].
• Two different meshes are generated for each cruise ship in order to obtain mesh
independence results.
• CFD simulations are performed for a thirteen different angles of wind attack, from
0º to 180º. Boundary conditions corresponding to oceanic ABL are applied.
• The results from the simulations are processed and the wind load coefficients are
calculated and analysed.
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1.3

Structure of the thesis

The thesis contains three main chapters. In Chapter 2 is introduced the definition of the
forces and moment acting on the cruise ships as well as the reference of coordinate system
used throughout the study.
Chapter 3 describes firstly the numerical models applied in the simulations. In the following sections are illustrated the designs of the cruise ships used in the study and the
mesh generation process. In the last sections of this chapter the mathematical procedure
to compute the simulations is introduced.
In Chapter 4 is presented the results obtained from the CFD simulations, which are discussed in Chapter 5 along with recommendations for future work. The conclusions from
the research are given in Chapter 6.
Three appendices are also included in this document. In Appendix 1 is illustrated the
geometries and dimensions of each cruise ship design. In Appendix 2 is showed the
computational meshes generated for each of the cruises. Finally, in Appendix 3 is plotted
the wind coefficients obtained for each cruise ship and mesh type simulated.
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2

WIND LOADS ON A SHIP

The wind loads acting on a ship increase the aerodynamic resistance experienced by the
cruise. In this present work, three different loads are studied:
• Longitudinal force (N), Fx
• Transverse force (N), Fy
• Yaw moment (Nm), Mz

Coordinate system and definition of the loads are showed in Figure 1.Yaw moment (Mz )
is originated by the action of the transverse force (Fy ), and this, in turn, is produced by
the decomposition along the Y axis of the inlet wind.

Figure 1. Coordinate system and definition of wind forces and yawing moment.

Therefore, according to the reference coordinate system, the yaw moment is positive when
the cruise bows to port side (to the left).
The results are presented in the form of dimensionless coefficients in order to make them
independent of cruise size and wind velocity [6], [7]:

Cx =

Fx
1
· ρ· AF · U 2
2

(1)

Cy =

Fy
1
· ρ· AL · U 2
2

(2)

Mz
1
· ρ· AL · Loa · U 2
2

(3)

Cz =

10
where AL and AF are the lateral and frontal projected wind areas, respectively (Figure 2).

(a) Frontal projected wind area,
AF .

(b) Lateral projected wind area, AL .

Figure 2. Projected wind areas

The yaw moment, Mz , is made it dimensionless by adding the term length over all, Loa .
This parameter represents the maximum length of the vessel’s hull measured parallel to
the waterline (Fig. 1).
U represents inlet average wind velocity and ρ is the air density. The values of these
variables are discussed in the section 3.4 of this document.
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3

NUMERICAL MODELLING AND SIMULATION

In this chapter the theoretical background and procedure to perform the numerical simulations are presented.
Mathematical models that describes the motion of the airflow are introduced in the first
subsection. In the following subsections the different techniques and steps to run computational fluid dynamics (CFD) simulations are presented.

3.1

Numerical Models

The following sections describe the mathematical models used to compute the airflow
field around the cruise ships. The governing equations of fluid dynamics are derived from
three fundamental physical principles [5]:
• Mass conservation.
• Momentum conservation.
• Energy conservation.

Mass conservation is expressed as:
∂ui
=0
∂xi

(4)

where ui and xi are the velocity and position vectors.
The momentum equation, or Newton’s second law:
ρ

∂ui
∂ui
p
∂tji
+ ρuj
=−
+
∂t
∂xj
∂xi ∂xj

(5)

where t is time, p pressure and ρ density. tij is the viscous stress tensor which is defined
by:
tij = 2µsij
(6)
where µ is the molecular viscosity coefficient and sij represents the strain-rate tensor:
1
sij =
2



∂ui ∂uj
+
∂xj
∂xi


(7)
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Combining Eqs. 4, 5, 6 and 7 the complete Navier-Stokes equations are obtained as
follows [10]:

ρ

∂ui
∂
∂p
∂
+ρ
(uj ui ) = −
+
(2µsji )
∂t
∂xj
∂xi ∂xj

(8)

The domain in this present study involves atmospheric air in stable conditions assuming
constant temperature. Therefore, the thermal interaction is neglected and energy equation
is not included in the model.
The Navier-Stokes equations as given by Eqs. 8 form a couple system of non-linear partial
differential equations. Solve this system without any turbulent model is rather impossible
due to the extremely large amount of computational resources that is needed.
In the next sections the principles of turbulence modelling are introduced and Realizable
k − epsilon turbulence model is described as a part of the solution used to model this case
of study.

3.1.1

Reynolds-Averaged Navier-Stokes Equations (RANS)

Turbulence can be modelled using an statistical approach due to the physical nature consisting of random fluctuations. Applying Reynolds decomposition and time-averaging to
the original NS equations, Reynolds-Averaged Navier-Stokes equations are obtained [10].
Figure 3 illustrates the nature of turbulence, where the measured velocity profiles show
that the shape of the profiles changes in each instant taken.

Figure 3. Instantaneous boundary-layer velocity profile at different instants [10].
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First approach to model this flow behaviour is through use of Reynold decomposition,
where the instantaneous flow variables are separated by its mean and fluctuating elements. Instantaneous velocity, ui (x, t) is expressed as the sum of the mean Ui (x) and its
fluctuating part, u0i (x, t):
(9)
ui (x, t) = Ui (x) + u0i (x, t)
where Ui (x) is obtained by:
1
Ui (x) = lim
T →∞ T

Zt+T
ui (x, t)dt

(10)

t

It can be easily noticed that time average of the mean velocity is the same as the time
average:
Zt+T
1
Ui (x)dt = Ui (x)
(11)
Ui (x) = lim
T →∞ T
t

where the overline express time average. Calculating the time average of the fluctuating
part of the velocity is zero, i.e.:

1
u0i = lim
T →∞ T

Zt+T
[ui (x, t) − Ui (x)]dt = Ui (x) − Ui (x) = 0

(12)

t

Assuming constant-properties flow, Newtonian and incompressible fluid, the Navier-Sotkes
equations defined in Eqs. 8 are transformed into Reynolds-Averaged Navier-Stokes equations (RANS) after applying decomposition and time averaging as [10]:

ρ


∂Ui
∂Ui
∂P
∂
+ ρUj
=−
+
2µSji − ρu0j u0i
∂xt
∂xj
∂xi ∂xj

(13)

where Sji is the mean strain-rate tensor:
1
Sij =
2



∂Ui ∂Uj
+
∂xj
∂xi


(14)

The term ρ − u0j u0i is known as specific Reynolds stress tensor, denoted as:
τij = −u0j u0i

(15)
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which is a symmetric tensor: u0j u0i = u0i u0j . The tensor in a full form is denoted as:



u0 u0 u0 v 0 u0 w0


τij =  v 0 u0 v 0 v 0 v 0 w0 
w 0 u0 w 0 v 0 w 0 w 0

(16)

It can be noticed that as a result of Reynolds averaging, new six unknown quantities have
been produced that have to be added to the three corresponding to velocity components,
and one last more for the pressure. Thus, a total of ten unknown have to be solved with
four equations; mass conservation equation (Eq. 4) and RANS for the three components
(Eq. 13). These new unknowns have to be modelled to achieve a closed system.

3.1.2

Boussinesq approximation

An approach to develop a mathematical prescription for the turbulent stresses was introduced by Boussinesq [10]. In the same manner that molecular viscosity is proportional to
the stresses, it is assumed that turbulent stresses are proportional to the velocity gradient.
A new term is introduced, that is, kinematic turbulent viscosity or simply, eddy viscosity
νT [10]:


2
∂Ui ∂Uj
0 0
+
(17)
− δij k
τij = −ρui uj = νT
∂xj
∂xi
3
where δij is the Kronecker delta function and k is the turbulence kinetic energy.
From the physical point of view, turbulence kinetic energy represents the kinetic energy
per unit mass associated with the eddies in the turbulent flow in units of J/kg. By definition is expressed as [10]:
k≡

 1
1  02
u + v 02 + w02 = u0i u0i
2
2

(18)

The eddy viscosity can be modelled algebraically or by including additional equations to
close the entire system. In this study, Realizable k − epsilon model have been applied
and its formulation is introduced in the next section of this document.
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3.1.3

Realizable k-epsilon turbulence model

Realizable k-epsilon model is a two equation model that includes two extra transport
equations. The first one models the turbulent kinetic energy, k as [11]:

∂
∂
∂
(ρk) +
(ρkuj ) =
∂t
∂xj
∂xj




µt ∂k
µ+
+ Pk − ρ − YM + Sk
σk ∂xj

(19)

where Pk represents the production of k due to the mean velocity gradients:
Pk = −ρu0i u0j

∂uj
∂xi

(20)

The second turbulence variable associated with this model is the turbulent dissipation rate.
Denoted with letter , it defines the rate at which turbulent kinetic energy is transformed
into thermal internal energy. In units of J/(kg · s) it is expressed as [10]:

=ν

∂u0i ∂u0i
∂xk ∂xk

(21)

Relalizable k-epsilon model defines transport equation for  as follows [11]:

∂
∂
∂
(ρ)+
(ρuj ) =
∂t
∂xj
∂xj

where




2

µt ∂
√ +C1 C3 Pb +S
µ+
+ρC1 S−ρC2
σ ∂xj
k
k + ν
(22)


C1 = max 0.43,


η
k
;η = S
η+5


(23)

where S is the modulus of the mean rate-strain tensor:
S≡

p
2Sij Sij

(24)

The turbulent viscosity µt , is modelled as [11]:
µt = ρCµ

k2


(25)
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where Cµ is a model coefficient expressed as:
1
Cµ =
;
A0 + AS U ∗ k

∗

U ≡

q

Sij Sij + (Ωij − 2ijk ωk )2

(26)

Where Ωij is the mean rate of rotation tensor viewed in a rotating reference frame with
the angular velocity ωk and:

AS =

√
6 cos (φ) ;

φ=

√

1
cos− 1
6W ;
3

W =

Sij Sjk Ski
(Sij Sij )3/2

(27)

The values of the model constants are showed in next table:
Table 1. Model constants for Realizable k- model [11].

3.1.4

Constant

Value

C1

1.44

C2

1.92

A0

4.04

σk

1.0

σ

1.2

Atmospheric boundary layer (ABL)

In the event that there are not density stratifications by heat and moisture, i.e. neutrally atmospheric stable conditions, the mean wind flow profile over the surface can be modelled
as [12]:


z + z0
u∗
ln
(28)
U (z) =
κ
z0
where u∗ is the friction velocity, z0 is the roughness length and κ = 0.41 is the von
Kármán constant.
The friction velocity u∗ in the atmosphere domain is calculated as follows [13]:
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u∗ =
ln

u κ
 ref 

(29)

zref +z0
z0

The major uncertain in the estimation of the wind profile is the roughness length, z0 .
Previous study [14] proposed an expression that parametrizes this variable over the ocean
waves in terms of the gravity g, and friction velocity u∗ :.

z0 =

αc u2∗
g

(30)

where αc = 0.0112 is the Charnock constant and g = 9.8m/s2 the gravity.
Substituting friction velocity from Eq. 30 into Eq 28:

q
U (zref ) =

z0 g
αc

κ


ln

zref + z0
z0


(31)

From real measurements data in a neutral atmospheric conditions [8], the mean velocity
at 15 m reference hight is estimated to U (15) = 11.10 m/s. Using these reference values
into Eq 31 and applying an iterative method, the roughness length value is calculated to
z0 = 1.8533 × 10−4 m.
Figure 4 shows the ABL velocity profile generated by Eq. 28. It can be observed the
reference values U (15) = 11.10 m/s.
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Figure 4. Mean velocity profile at ABL

The turbulent variables need to be modelled in the ABL in the same manner as velocity.
For turbulent kinetic energy, k [15] and dissipation rate,  [16]:

u2
k(z) = p ∗
Cµ

(z) =

s

u3∗
κ (z − z0 )


C1 ln

z + z0
z0

s



C1 ln



z + z0
z0

+ C2

(32)


+ C2

(33)

where C1 and C2 are model coefficients already presented in Eq. 23 and Table 1 respectively.

3.1.5

Wall functions

The accuracy and performance of turbulence models such as Realizable k −  is compromised close to the wall area. One way to deal with the near wall region is to resolve the
turbulence model with denser mesh in this area, which means an increment of computational resources required. Another approach is to use wall functions, which are empirical
equations that models the flow in the near wall region and connects with the turbulent
fully developed region.
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Due to the large dimensions of the simulation domain of this present study and the limited
amount of computational power, wall functions are applied.
The region near the wall is divided based on the value of dimensionless distance y + :

yuτ
ν

y+ =

(34)

where uτ is the frictional velocity defined as:
r
uτ =

τw
ρ

(35)

The dimensionless velocity is expressed as:

u+ =

u
τw

(36)

It is important to point out that frictional velocity was introduced previously in the ABL
domain with term u∗ and it was expressed with a different expression (Eq. 29).
Following the law of the wall theory, the region near the all is divided into [17]:

1. The viscous sub-layer: nearest region to the wall where y + < 5. Velocity is simply
expressed as:
u+ = y +
(37)
2. The logarithmic area: region where 30 < y + < 200 and velocity is modelled as:
u+ =


1
ln Ey +
κ

(38)

3. The buffer layer: region between viscous sub-layer and logarithmic area. It is divided in turn in two parties in which the previous definitions are applied [17].

The turbulence variables are expressed in non-dimensional form as [17]:
k+ =

k
ν
; + = 4
2
uτ
uτ

(39)
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Dimensionless turbulent kinetic energy k + in the viscous sub-layer and logarithmic area
is modelled as [17]:


Ck
ln y + + Bk
κ
where Ck = −0.416 and Bk = 8.366 are model constants.
+
kvis
= Ck y +

2

+
; klog
=

(40)

In a similar way, dimensionless dissipation of turbulent kinetic energy + is modelled
as [17]:
k+
1
+
=
2
; +
= +
(41)
vis
log
2
κy
(y + )
Independently of the region, turbulent viscosity νT in the ABL is given by the next expression [17]:

νTABL = ν 



+

y κ


ln max



y+z0
,1
z0

+

10−4

 − 1 ; y + =

√
ky
ν

1/4

Cµ

(42)

The interaction between the surface of the cruises and the air flow inside of the ABL in
the logarithmic area region, is modelled by the following wall function [17]:

νTlog = ν

√

1/4
Cµ
ky
y+κ
+
−1 ; y =
+
ln (Ey )
ν

(43)

In the viscous sub-layer, νTvis = 0.

3.2

Cruise ship models

A total of six different cruise ship models are used in this study. In Appendix 1 it can be
found illustrations of their geometries and size. Projected areas (Fig. 2) and length over
all (Fig. 1) values for each one are shown in Table 3:
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Table 2. Projected areas and length over all of the cruise ships.

Cruise Name

AF [m2 ]

AL [m2 ]

Loa [m]

Carnival Conquest

466.3

1673.7

102.7

Costa Magica

2037.4

6293.4

209.7

Carnival Freedom

6229.9

11018.2

279.2

Carnival Miracle

3069.1

11278.3

307.3

Carnival Dream

4382.7

15982.1

336.6

Freedom of the seas

5549

11587.2

341.4

The length of the cruise ships are not strictly proportional to the projected areas; so that
for example, the largest cruise ship is Freedom of the seas but Carnival Freedom has the
biggest frontal area. These different configurations should be reflected in the results of
the wind acting forces.
In all cruise ships models, the small objects were removed from the original designs
to reduce the number of mesh cells necessary to get a good performance in the CFD
simulations. Figure 5 shows an example of pre-processing step in Carnival Dream cruise
in which umbrellas, lifeboats, small antennas and water toboggan are deleted:

(a) Pre-processed

(b) Post-processed

Figure 5. Preprocessing Carnival Dream geometry.
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3.3

Meshing

The entire domain is divided into cells in which the discretized models equations are
solved. This transformation into a discrete representation is called mesh generation and
it has a significant impact on the solution accuracy and numerical convergence. In order
to obtain mesh independence simulation results, two different mesh configurations are
generated for each cruise ship .
Each computational domain is firstly generated with the blockmesh utility, which is included in OpenFOAM® CFD software [9].

(a) Mesh domain for Freedom of the seas cruise ship

(b) Mesh domain for the rest of cruise ships

Figure 6. Computational domains

The dimension is L×W ×H=800×800×250 m3 and 1600×800×250 m3 for Freedom of
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the seas (Fig. A1.6) due to the larger length over all of the cruise ship. The center of the
cruises are placed in the middle of the domain at coordinates (x, y, z) = (0, 0, 0). For all
cases, the mesh resolution at the boundaries remain the same, L×W ≈ 5.5×5.5 m2 .
Figure 7 show the mesh grid at the boundaries in x-z and y-z planes:

(a) y-z plane

(b) y-x plane

Figure 7. Mesh grid resolution

The next step in the mesh creation is the refinement. This process is generated using the
snappyHexMesh utility which is also included in OpenFOAM® CFD package [9]. For each
cruise two different meshes are created with four and five levels of refinement respectively.
This method reduces the grid size by half in each level, where the finest level is located
close to the cruise ship zone.
Table 3 shows the size of the cells for each refinement level:
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Table 3. Size cells in each refinement level.

Level

Cell size [m]

L1

5.5

L2

2.75

L3

1.3750

L4

0.6875

L5

0.3438

Level 1 do not include any refinement and the size of the cells in this zone are the same as
previous stage. In Figure 8 is showed the different mesh resolution areas generated with
four levels of refinement.

(a) Refinement L4

(b) Refinement L4 - Freedom of the seas

Figure 8. Refinement level 4 viewed from top
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Figure 8b represents the mesh for Freedom of the seas, where the size of the domain is
larger. However, similar mesh resolution is generated in each level of refinement.
As it was mentioned before, two different meshes have been created for each cruise ship
with a maximum of four and five levels of refinement respectively. In this way, it can be
proved the independence of the CFD results on the mesh density.
The number of cells for the same domain and cruise geometry increment significantly by
increasing the number of refinements levels. In Table 4 is showed the total number of
cells for each cruise and mesh generated, where L4 and L5 represent four and five levels
of refinements respectively.
Table 4. Number of cells for each mesh generated

Cruise Name

Numer of cells - L4 Mesh

Numer of cells - L5 Mesh

Carnival Conquest

2469024

4777738

Costa Magica

4409596

11463066

Carnival Freedom

5913462

15016776

Carnival Miracle

6046290

16466617

Carnival Dream

6990164

19332526

Freedom of the seas

7381906

18471573

For the same cruise ship model, the number of cells in all mesh domains with five levels
of refinements is approximately three times higher comparing with the domains with four.
The maximum number of cells generated is for Carnival Dream cruise with five levels of
refinement (≈ 19.3×106 cells) following by Freedom of the seas (≈ 18.5×106 cells).
Figure 9 shows the two different meshes generated for Freedom of the seas. The size
of the cells on the surface of the cruise is evidently the smallest in each computational
domain since the levels are increasing the resolution towards the cruise ship.
In some cases in which the size of the cruise ship is bigger, level five of refinement is not
applied on the smoother surfaces and level four is computed instead. In Appendix 2 is
illustrated the meshes generated for each cruise ship model.
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(a) Freedom of the seas - L4 Mesh

(b) Freedom of the seas - L5 Mesh

(c) Freedom of the seas - L4 Mesh

(d) Freedom of the seas - L5 Mesh

Figure 9. Meshing Freedom of the seas.

3.4

Boundary conditions

To compute the air flow dynamics and solve the system of RANS equations and turbulence
model, the conditions at the boundaries have to be defined. In Figure 10 is showed the
location of each boundary, which have been named as: N orth, South, East, W est,
T errain, T op and Cruise ship.

Figure 10. Boundaries

27
The T op boundary is located on the x-y plane parallel to the T errain but on the highest
altitude, closing the domain. The wind flow is computed for inlet angles of attack from 0º
to 180º in steps of 15º following the next criteria:
• From 0º to 90º: W est and South are fixed as Inlet and East and N orth as Outlet.
• From 105º to 180º: W est and N orth are fixed as Outlet and East and South as
Inlet.

It is important to point out that the two different meshes (L4 and L5) generated for each
cruise ship model remain the same independently of the angle of attack simulated. Only
the direction of the inlet flow at the boundaries is modified.
In Figure 11 is illustrated the method applied to compute the different angles. The figure
shows the direction of the inlet air flow, represented with green vectors for some angles.

(a) 00º

(b) 45º

(c) 75º

(d) 90º

(e) 135º

(f) 180º

Figure 11. Inlet air flow direction.

In the following tables are presented the conditions applied for each variable and case.
The second column represents the simulations performed form 0º to 90º of wind direction
and in the third column the cases from 115º to 180º:
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Table 5. Boundary conditions for velocity

Boundary

U − (0◦ to 90◦ )

U − (115◦ to 180◦ )

West

atmBoundaryLayerInletVelocity

zeroGradient

South

atmBoundaryLayerInletVelocity

zeroGradient

North

zeroGradient

atmBoundaryLayerInletVelocity

East

zeroGradient

atmBoundaryLayerInletVelocity

Terrain

uniformFixedValue

uniformFixedValue

Top

slip

slip

Cruise

uniformFixedValue

uniformFixedValue

Table 6. Boundary conditions for turbulent kinetic energy

Boundary

k − (0◦ to 90◦ )

k − (115◦ to 180◦ )

West

atmBoundaryLayerInletK

zeroGradient

South

atmBoundaryLayerInletK

zeroGradient

North

zeroGradient

atmBoundaryLayerInletK

East

zeroGradient

atmBoundaryLayerInletK

Terrain

kqRWallFunction

kqRWallFunction

Top

slip

slip

Cruise

kqRWallFunction

kqRWallFunction

Table 7. Boundary conditions for turbulent kinetic energy

Boundary

 − (0◦ to 90◦ )

 − (115◦ to 180◦ )

West

zeroGradient

atmBoundaryLayerInletEpsilon

South

zeroGradient

atmBoundaryLayerInletEpsilon

North

atmBoundaryLayerInletEpsilon

zeroGradient

East

atmBoundaryLayerInletEpsilon

zeroGradient

Terrain

epsilonWallFunction

epsilonWallFunction

Top

slip

slip

Cruise

epsilonWallFunction

epsilonWallFunction
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Table 8. Boundary conditions for turbulent viscosity and pressure

Boundary

νT − (0◦ to 180◦ )

p − (0◦ to 180◦ )

West

zeroGradient

zeroGradient

South

zeroGradient

zeroGradient

North

zeroGradient

zeroGradient

East

zeroGradient

zeroGradient

Terrain

nutkAtmRoughWallFunction

zeroGradient

Top

slip

slip

Cruise

nutkWallFunction

zeroGradient

Most of the names of the boundary conditions presented in previous tables are specific of
OpenFOAM® software. The information of what they are actually modelling is detailed
below [17], [18]:
• zeroGradient: The gradient of any variable φ is equal to zero in direction per∂
pendicular to the boundary, i.e, ∂n
φ=0
• slip: condition that remove the normal component of the variable but keeps the
tangential components untouched. It is applied to T op boundary which represents
the end of the computational domain.
• uniformFixedValue: It is used as no Slip boundary condition type for velocity
on the Cruise and Terrain surfaces. It is expressed as: (u, v, w) = (0, 0, 0).
• kqRWallFunction: It computes the wall function introduced in Eq. 40 for turbulent kinetic energy, k near the Terrain and Cruise surfaces.
• epsilonWallFunction: It provides the wall function introduced in Eq. 41 to compute turbulent dissipation rate , near the Terrain and Cruise surfaces.
• nutkWallFunction: It computes the wall function introduced in Eq. 43 for turbulent viscosity, νT near Cruise surface.
• nutkAtmRoughWallFunction: It provides a wall constrain following Eq. 42
on the turbulent viscosity νT for ABL modelling near the Terrain surface.
• atmBoundaryLayerInletVelocity: It generates the input velocity profile inside of the ABL following the Equation 28 introduced previously.
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• atmBoundaryLayerInletK: It generates the input values for turbulent kinetic
energy inside of the ABL following Eq. 32 introduced previously.
• atmBoundaryLayerInletEpsilon: It generates the input profile inside of the
ABL for dissipation of turbulent kinetic energy which was introduced previously in
Eq. 33.

The density and kinematic viscosity of the air are fixed to ρ = 1.204 kg/m3 and ν =
1.5 × 10−5 m2 /s respectively. The average inlet velocity is U = 12.8879 m/s which is
obtained form the mean of the inlet velocity profile in ABL (Fig. 4).
Besides the boundary conditions, the initialization of the entire domain is required to
solve the discretized equations. Mean values of the inlet profiles are used for U , k and .
Pressure and νT are initialized with values close to zero to decrease the convergence time.

3.5

Numerical schemes and solver

The system of equations that models the air flow dynamics surrounding the cruise ships
are essentially formed by RANS equations (Eq. 13), mass conservation equation (Eq. 4)
and Reliazable k −  turbulence model equations (Eqs. 19, 21). Due to the intricacies of
these non-linear partial differential equations, the system have to be solved numerically.
In OpenFOAM® software as in most of the CFD tools, finite volume method (FVM) is
applied to discretize the equations. The simulations are performed in a steady state, that
fact implies that the terms which involve the partial derivative against time are zero and
only spatial discretization is needed. The scheme Gauss linar is applied to all gradients terms (∇). Standard finite volume method is applied with Gaussian integration and
central differencing from cell centres to face centres.
For divergence of velocity (∇ · U), second order upwind with Gaussian integration is applied. In a steady case and incompressible flow, divergence of velocity is zero (∇ · U = 0),
however the bounded criteria improves the numerical solution including the term before
the convergence is reached.
For divergence of turbulent kinetic energy (∇ · k) and dissipation (∇ · ) is applied second order linear but limited to first order upwind in regions where there the gradient
changes rapidly.
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Laplacian operator (∇2 ) for all variables are discretized applying Gauss linar corrected.
The keyword corrected is included to maintain the second order of accuracy when the
vector that connects the cell centres of the mesh are not orthogonal.
At this point, the whole system of equations is discretized into the mesh domain. Analysing
the RANS equations it can be observed that there is a set of coupled partial differential
equations in which pressure distribution cannot be determined explicitly from continuity equation. To solve the system and calculate the pressure field ensuring that velocity
satisfies the RANS equations, an iterative procedure is applied.
A semi-discretized form of pressure equation is derived from continuity and momentum
equations to calculate the pressure corrections in each iterative step. The SIMPLE (SemiImplicit Method for Pressure-Linked Equations) algorithm is computed as follows [19]:

1. Set the boundary and initial conditions.
2. Solve discretized momentum equation to compute velocity field.
3. Obtain pressure corrections solving the semi discretized pressure equation.
4. Obtain the velocity corrections on the basis of the new pressure field.
5. Update pressure and velocity fields.
6. Repeat from step 2 until convergence.

The iterative algorithm is stopped when the solution is converged; residuals are below
1×10−5 (1×10−3 for pressure) and the forces acting on the cruise ships are stable.
The two different meshes (L4 and L5) generated for each cruise ship are decomposed into
forty sub-domains. The cases are computed in parallel on two Xeon Gold 6230 processors
with twenty cores each, which are located in Puhti CSC’s supercomputer [20].
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4

CFD RESULTS

A total of 156 simulations have been performed; 6 different cruise ships designs, 13 wind
directions and 2 different computational meshes for each cruise ship and direction. The
main outcome of these simulations is used to obtain the wind loads acting on the cruises
and calculate the load coefficients, which have been introduced in Chapter 2.
However, plots of wind profiles and velocity contours are also presented to illustrate the
results of the simulations and provide a better understanding of the flow field iteration
with the cruises.

4.1

Velocity vectors and contours

An example of converged solutions for Carnival Freedom cruise ship (Fig. A1.3) is illustrated in this section.
In Figure 12 is represented the stream lines of the wind flow coloured by velocity for 90º
of angle of attack. It can be observed a flow separation and recirculation after the cruise.

Figure 12. Stream lines at 90º angle of attack - Carnival Freedom
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Figure 13 shows a velocity contour at 12 meters high above the sea, and vectors (coloured
in black) representing the wind direction. It can be observed how the wake after the
cruise is directed by the inlet wind angle. For the most perpendicular angles of attack
represented, that is, 75º (Fig. 13c) and 90º (Fig. 13d) there is a high flow separation
noticed by the low air velocity.

(a) 00º

(b) 45º

(c) 75º

(d) 90º

(e) 135º

(f) 180º

Figure 13. Velocity contour and vectors obtained from Carnival Freedom simulations.
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4.2

Wind profiles

In Figure 14 is represented the velocity contour obtained in each cruise for 00º of wind
angle of attack. It can be observed that Costa Magica (14b), Carnival Freedom (14c) and
Carnival Miracle (14d) designs generate a higher flow separation.

(a) Carnival Conquest

(b) Costa Magica

(c) Carnival Freedom

(d) Carnival Miracle

(e) Carnival Dream

(f) Freedom of the Seas

Figure 14. Velocity contours for 00º angle of attack for all Cruise ship designs

Figure 15 shows the contours of turbulent kinetic energy (TKE). In all cases, the highest
values are obtained after the towers and funnels of the cruises. For Freedom of the seas
(15f) is also observed higher values after the cruise geometry.
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(a) Carnival Conquest

(b) Costa Magica

(c) Carnival Freedom

(d) Carnival Miracle

(e) Carnival Dream

(f) Freedom of the Seas

Figure 15. TKE contours for 00º angle of attack for all Cruise ship designs

In Figures 16, 17, 18 and 19 are plotted the profiles of velocity, TKE, dissipation rate of
TKE and eddy viscosity for three different locations; before the cruises, after the cruises
and at the the end of the computational domain (outlet boundary condition). The vertical
white lines showed on the previous contour (Fig.15) represent the locations where the
profiles are plotted.
In Figure 16 it can be observed how the geometry of the cruises affect the inlet velocity
profiles (Fig.16a), which are initially following the expression introduced in Equation 28
as part of the marine ABL modelling. At the outlet (Fig.16c), the profiles follow approximately the same shape as before the cruises (Fig.16a). However, for Carnival Dream
cruise, some deviations form the original profile can be noticed.
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(a) Before Cruise

(c) Outlet domain

(b) After Cruise

(d) Legend

Figure 16. Velocity profiles at different locations. Results for 00º wind angle of attack.

Figure 17 shows the profiles of TKE. The flow before reaching the cruises follows the
ABL expression introduced in Equation 32. The profiles after the cruises (Fig.17b), are
undergoing significant changes in all cruises below 120 m high approximately. At the
outlet, some deviations are noticed until 200 m high.
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(a) Before Cruise

(c) Outlet domain

(b) After Cruise

(d) Legend

Figure 17. TKE profiles at different locations. Results for 00º wind angle of attack.

Dissipation of TKE profiles are plotted in Figure 18. The flow before the cruises is following the Equation 33. In all cruise designs, the initial profiles are affected until 100 m
high approximately.
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(a) Before Cruise

(c) Outlet domain

(b) After Cruise

(d) Legend

Figure 18. Dissipation of TKE profiles at different locations. Results for 00º wind angle of attack.
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For Eddy viscosity profiles (Fig. 19) the effect of the cruises is less significant comparing
to the other variables. It can be observed small deviations until 120 m high in the outlet.

(a) Before Cruise

(c) Outlet domain

(b) After Cruise

(d) Legend

Figure 19. Dissipation of TKE profiles at different locations. Results for 00º wind angle of attack.

In general, TKE and its dissipation undergo significant changes in all cruises. In all cases,
the profiles before the flow has reached the cruises have similar shape since the boundary
conditions were similar in all simulations performed.
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4.3

Wind loads

The results presented previously were used to illustrate how the different cruise ships
designs affect to the ABL air flow. However, the main outcome of the study is to obtain
the wind loads acting on the cruises.
It is important to point out that the solution of each simulation was considered converged
when the longitudinal and transversal forces as well as the yaw moment were constant
over the iterations.
Figure 20 shows the residuals whereas in Figure 21 is plotted the values of the load forces
and yaw moment for each iteration. The data plotted in both figures is extracted from the
Carnival Conquest simulation, for L4 mesh and 180º wind direction.

Figure 20. Residuals - Carnival Conquest - 180º attack angle - L4 Mesh

In the residuals plot (Fig. 20) is observed that approximately at iteration 400 the convergence criteria is satisfied, however the yaw moment at the same number of iteration has
not reached its steady value (Fig. 21).
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Figure 21. Forces and yaw moment - Carnival Conquest

In the next figures are plotted the wind load coefficients obtained from the CFD simulations for each cruise ship and L5 mesh resolution, once the convergence was reached.
In Figure 22 are plotted the longitudinal force coefficients. It can be observed that the
shape of the curves is approximately the same for all the cruise designs. However, the
values of Cx for parallel angles (00º-15º and 165º-180º) are significantly smaller for Carnival Freedom and Freedom of the Seas, than the values obtained for other cruises. These
differences can be caused due to a better aerodynamic design.

Figure 22. Longitudinal coefficient - All cruises - L5 Mesh
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The transverse force coefficients are plotted in Figure 23. As it was expected, for 0º and
180º attack angles the coefficients are zero in all cases. Approximately at 45º and 135º
there are two peaks corresponding with the highest values reached .

Figure 23. Transverse coefficient - All cruises - L5 Mesh

Yaw moment coefficients are showed in the next Figure 24. For all cruises, the maximum
value is reached around 45º for negative momentum, and at 135º for positive momentum.

Figure 24. Yaw moment coefficient - All cruises - L5 Mesh
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In Figure 25 is plotted the transverse force coefficient calculated from the results obtained
for L4 and L5 meshes, for Carnival Miracle design (A1.4). The results are similar for
most of the angles independently of the mesh type.

Figure 25. Transverse force coefficient - Carnival Miracle

Appendix 3 contains the plots of the load coefficients obtained for each cruise ship and
type of mesh simulated in similar manner as previous plot (Fig. 25). By analysing the
graphs, it can be concluded that the influence of mesh type in the results is not significant.
Therefore, all the simulations results are considered mesh independent.
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5

DISCUSSION

There are many sources of error in the solutions obtained from numerical simulation
which need to be considered. In this study, the motion of the air flow in the marine ABL
was modelled by RANS equations, which are a time average version of the instantaneous
NS equations. The turbulent stresses are modelled by applying Boussinesq approximation, and finally, Realizable k −  model is used to close the system. All these modelling
processes are simplifying the real motion of the air fluid and therefore represent an important source of error. The complexity of the entire system, which is essentially formed
by a system of partial differential equations is solved by applying discretization methods
which approximate the equations with first or second order of accuracy. The last source
of numerical error is associated to the iterative method which is applied to obtained convergence in the results.
It is important to mention that, in order increase the reliability of the numerical results, a
mesh independence study was carried with two different mesh resolutions for all the CFD
simulations that were performed. The differences between the wind forces obtained from
each mesh were insignificant. Therefore, it can be concluded that the results are mesh
independent.
Each 3-D cruise model has been pre-processed adequately by simplifying the geometries
and removing the smallest objects. This procedure improve the convergence of the solution and reduce the computational resources needed. Due to the relatively large size of
mesh cells generated on the cruise surfaces, it has been considered that the accuracy of
the results is not compromised.
In the study, the relative velocity of the cruises with respect to the wind flow is not considered since the load coefficients were divided by the mean inlet velocity. It is assumed
that including the navigation velocity wouldn’t reflect any difference in the value of the
coefficients and therefore, it was neglected.
The results obtained from the CFD simulations shows that the differences obtained in
the values of the load coefficients between each of the cruises are attributed to their own
geometry and therefore, no further discussion is needed. However, it is important to point
out that there is an unexpected peaks in the values of coefficient Cy for all cruises between
45º and 135º of wind angle of attack.
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5.1

Future work

The main objective of this work have been accomplished and the wind loads coefficients
acting on the cruise ships have been obtained. In future studies, the relation between these
coefficients and fuel consumption and cruises manoeuvrability can be analysed.
In this work, all the simulations were performed in a neutral atmospheric stability class,
where the reference air velocity at 15 meter high was 11.10 m/s. However, different atmospheric conditions and reference values could be simulated in future studies to analyse
their influence in the load coefficients.
Regarding to the turbulence modelling, Realizable k −  model was applied for all the
cases simulated. It is recommended to investigate the influence of applying another turbulent model to ensure the reliability of the results.
The 3-D cruise ship geometries were simplified to reduce the computational resources
needed to perform the CFD simulations. In future studies, the effect of these simplifications can be studied.
Including the physics related with the cruise ship motion would offer more accurate results of the forces that are acting on the cruise. That improvement suppose to include
hydrodynamic models which have to be coupled with the already presented in this work.
In addition to this, unsteady RANS approach would have to be consider.
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6

CONCLUSION

Wind loads acting on 6 different cruise ship designs have been obtained by numerical
simulations (CFD). RANS equations, Realizable k −  turbulence model and marine
ABL wind profiles have been applied to model the air flow.
The wind flow was simulated for 13 angles of attack, from 0º to 180º, in steps of 15º
and computed in two different meshes for each cruise ship model. The effects of the
simplifications carried on the 3-D geometries are not study. However, due to the relatively
large dimensions of the cells on the cruise surfaces, it is assumed that this pre-processing
step do not produce any inaccuracy in the results obtained.
Aerodynamic forces and yaw momentum obtained from each case simulated were used to
calculate the dimensionless wind load coefficients. Further analysis of the forces shows
that similar pattern is found in the coefficient curves for all cruise ships along the different
angles of attack, independently of their dimensions or designs. Nevertheless, for Carnival
Freedom and Freedom of the Seas cruise ships were observed significantly smaller values
of longitudinal coefficient for parallel angles of attack which are attributed by a better
aerodynamic design. It was observed that there is not any significant differences between
the results obtained for each type of mesh. Therefore, the results are considered mesh
independent, which provide an increase in the reliability of the results.
The load coefficients calculated represent a quantity indicator that can be used to analyse
the effect into the fuel consumption and manoeuvrability of the cruise ships.
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Appendix 1. Cruise ship designs

(a) Front view

(b) Back view

(c) Side view

Figure A1.1. 3-D model of Carnival Conquest.

(continues)

Appendix 1. (continued)

(a) Front view

(b) Back view

(c) Side view

Figure A1.2. 3-D model of Carnival Dream.

(continues)

Appendix 1. (continued)

(a) Front view

(b) Back view

(c) Side view

Figure A1.3. 3-D model of Carnival Freedom.

(continues)

Appendix 1. (continued)

(a) Front view

(b) Back view

(c) Side view

Figure A1.4. 3-D model of Carnival Miracle.

(continues)

Appendix 1. (continued)

(a) Front view

(b) Back view

(c) Side view

Figure A1.5. 3-D model of Costa Magica.

(continues)

Appendix 1. (continued)

(a) Front view

(b) Back view

(c) Side view

Figure A1.6. 3-D model of Freedom of the seas.

(continues)

Appendix 2. Cruise ship meshes

(a) Carnival Conquest - L4 Mesh

(b) Carnival Conquest - L5 Mesh

(c) Carnival Conquest - L4 Mesh

(d) Carnival Conquest - L5 Mesh

Figure A2.1. Meshing Carnival Conquest.

(a) Costa Magica - L4 Mesh

(b) Costa Magica - L5 Mesh

(c) Costa Magica - L4 Mesh

(d) Costa Magica - L5 Mesh

Figure A2.2. Meshing Costa Magica.

(continues)

Appendix 2. (continued)

(a) Carnival Freedom - L4 Mesh

(b) Carnival Freedom - L5 Mesh

(c) Carnival Freedom - L4 Mesh

(d) Carnival Freedom - L5 Mesh

Figure A2.3. Meshing Carnival Freedom.

(a) Carnival Miracle - L4 Mesh

(b) Carnival Miracle - L5 Mesh

(c) Carnival Miracle - L4 Mesh

(d) Carnival Miracle - L5 Mesh

Figure A2.4. Meshing Carnival Miracle.

(continues)

Appendix 2. (continued)

(a) Carnival Dream - L4 Mesh

(b) Carnival Dream - L5 Mesh

(c) Carnival Dream - L4 Mesh

(d) Carnival Dream - L5 Mesh

Figure A2.5. Meshing Carnival Dream.

(a) Freedom of the seas - L4 Mesh

(b) Freedom of the seas - L5 Mesh

(c) Freedom of the seas - L4 Mesh

(d) Freedom of the seas - L5 Mesh

Figure A2.6. Meshing Freedom of the seas.

(continues)

Appendix 3. Wind load coefficients with L5 and L4 mesh configuration

Figure A3.1. Longitudinal force coefficient - Carnival Conquest

Figure A3.2. Longitudinal force coefficient - Costa Magica

Figure A3.3. Longitudinal force coefficient - Carnival Freedom

(continues)

Appendix 3. (continued)

Figure A3.4. Longitudinal force coefficient - Carnival Miracle

Figure A3.5. Longitudinal force coefficient - Carnival Dream

Figure A3.6. Longitudinal force coefficient - Freedom of the seas

(continues)

Appendix 3. (continued)

Figure A3.7. Transverse force coefficient - Carnival Conquest

Figure A3.8. Transverse force coefficient - Costa Magica

Figure A3.9. Transverse force coefficient - Carnival Freedom

(continues)

Appendix 3. (continued)

Figure A3.10. Transverse force coefficient - Carnival Miracle

Figure A3.11. Transverse force coefficient - Carnival Dream

Figure A3.12. Transverse force coefficient - Freedom of the seas

(continues)

Appendix 3. (continued)

Figure A3.13. Yaw moment coefficient - Carnival Conquest

Figure A3.14. Yaw moment coefficient - Costa Magica

Figure A3.15. Yaw moment coefficient - Carnival Freedom

(continues)

Appendix 3. (continued)

Figure A3.16. Yaw moment coefficient - Carnival Miracle

Figure A3.17. Yaw moment coefficient - Carnival Dream

Figure A3.18. Yaw moment coefficient - Freedom of the seas

(continues)

