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a b s t r a c t

Wind load is one of the major design loads for the hull and mooring of offshore floating structures,
especially due to much larger windage area above water than under water. By virtue of extreme design
philosophy, fully turbulent flow assumption can be justified and the hydrodynamic characteristics of the
flow remain almost constant which implies the wind load is less sensitive to the Reynolds number
around the design wind speed than wind profile. In the perspective of meteorology, wind profile used for
wind load estimation is a part of Atmospheric Boundary Layer (ABL), especially maritime ABL (MBL) and
have been studied how to implement the profile without losing turbulence properties numerically by
several researchers. In this study, the MBL is implemented using an open source CFD toolkit, OpenFOAM
and extended to unstable ABL as well as neutral ABL referred to as NPD profile. The homogeneity of the
wind profile along wind direction is examined, especially with NPD profile. The NPD profile was applied
to a semi-submersible rig and estimated wind load was compared with the results fromwind tunnel test.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Wind load is one of the major design loads for the hull and
mooring of offshore floating structures and thus more emphasis is
put on it since offshore floating structure has much larger windage
area above water than under water. By virtue of extreme design
philosophy, fully turbulent flow assumption can be justified and the
hydrodynamic characteristics of the flow remain almost constant
around a design wind speed. In this regard, it is customary that
wind tunnel test is carried out after deciding target wind speed
instead of the design wind speed through the Reynolds number
dependency test and adjusting wind profile to the target shape.
This practice implies that the wind load of offshore floating struc-
tures is more sensitive to the wind profile itself rather than Rey-
nolds number. Thus, the accuracy of the wind load depends on the
fidelity to the target profile.

In the perspective of meteorology, the wind profile is a part of
Planetary Boundary Layer (PBL) or Atmospheric Boundary Layer
(ABL). Since thewind speed of interest is large enough such that the
turbulence development is mostly dependent on shear flow rather

than heat exchange, the profile forms a certain ABL referred to as
neutral stratified ABL. Maritime ABL (MBL) observed in the ocean is
a neutral stratified ABL and can be regarded as having a uniform
roughness on the water surface such that horizontally homogenous
profile assumption can hold. Such sustainablewind profile, referred
to as Horizontally Homogenous Turbulent Boundary Layer (HHTBL)
is known to be an analytic solution of the Navier-Stokes equations
(Richards and Hoxey,1993). One of themost commonly usedMBL is
the NPD (Norwegian Petroleum Directorate) profile, also known as
Frøya wind model, which is a log wind profile that represents a
fully-developed turbulent boundary layer profile on a rough surface
(Andersen and Løvseth, 2006; API, 2000).

In numerical perspective, generating a wind profile with a
specific shape is hard to control, especially when involvedwithwall
roughness without losing turbulence properties. Even if it is
possible to generate the profile, it needs a very long fetch length in
order to make it a fully-developed profile. This practice is disad-
vantageous in terms of computational cost since test section is
relatively small compared to the fetch length. In this regard, the
sustainable wind profile can provide a practical way of generating
ABL numerically since it is a fully-developed flowwithout the need
of fetch length and an analytic solution of the Navier-Stokes
equations.

Due to the advance of computing power and hardware effi-
ciency as well as the improvement of numerical schemes used in
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Computational Fluid Dynamics (CFD), there were many studies to
implement and use HHTBL with commercial CFD solvers. Richards
and Hoxey (1993) was the first to implement successfully HHTBL
among others and the boundary conditions they usedwere referred
to as RH conditions. Blocken et al. (2007) summarized the RH
conditions and discussed the associated issues encountered by
using the wall functions in commercial software. Main issue were
resulted from the ignorance of the difference between roughness
length and sand grain height since wall functions in commercial
software was derived from sand grain height. Sumner and Masson
(2010) identified the overshoot of turbulent kinetic energy near the
ground was related to the imbalance between production and
dissipation rate term and suggested a correction method by using
the analytic solution. Richards and Norris (2011) showed analyti-
cally that the inconsistency of discretization caused the imbalance
between turbulence production and dissipation. Recently, there
were several joint efforts to introduce HHTBL, particularly MBL and
rationalize the practice in offshore field. Firstly, SNAME OC-8 CFD
Task Force was initiated to develop a CFD modeling practice on
wind load estimation for offshore floating structures (Kim et al.,
2018, 2019). They developed a modeling practice for generating a
sustainable wind profile with the NPD profile. Blind validations
between participants were performed for a semi-submersible. The
sustainable wind profiles between participants were generated
within 1% tolerance from the prescribed profile and the predicted
wind loads showed good match with wind tunnel data with low
uncertainty levels. Themodeling practicewas adopted in a separate
joint development project, TESK JDP executed by four participants
including TechnipFMC, ExxonMobil, Samsung Heavy Industries
(SHI) and Korea Research Institute of Ship & Ocean Engineering
(KRISO) (Yeon et al., 2019). In the JDP, the modeling practice was
further verified for another semi-submersible hull with more
complicated topsides and a good agreement was made with model
test data. Further to NPD profile, there was an attempt to extend
sustainable profile due to the increasing interest in wind profiles
other than NPD profile by oil majors, especially at Gulf of Mexico
(GoM). In the study, ESDU (Engineering Science Data Unit) profile
which is an unstable ABL suited for hurricane wind profile (Vickery,
2014) was tested with modified sustainable condition and the
ability to make the profile sustainable was demonstrated (Kim
et al., 2020).

In this study, open source CFD toolkit, OpenFOAM (Weller et al.,
1998) was used to implement sustainable wind profile. By means of
well-designed software architecture equipped with features such
as Run-Time Selection (RTS) table which made it possible to sepa-
rate context from interface and objectRegistry data structure which
serves as a centralized store for all the resources created on run-
time, OpenFOAM provided a flexible and reliable development
environment with not marring numerical performance as well as
fully accessible to the source code. OpenFOAM has provided an ABL
library implementing Hargreaves and Wright (2007) since Open-
FOAM 2.0 was released. However, the library was limited to k� ε

turbulence model. With the lessons learned from Yeon et al. (2019)
and Kim et al. (2020), extensible library fullyworkingwith k� ε, k�
u and Spalart-Allmaras (S-A) models and their variants has been
implemented by means of strategy design pattern (Johnson et al.,
1995) as a part of offshore CFD tools developed in Samsung
Heavy Industries. Apart from ESDA profile, this study showed that
sustainability condition could be extended and available to unsta-
ble wind profile described in DNV RPC 205 (DNV, 2010).

Overall outline reads:

� Introduction to general log wind profile which should be used in
velocity boundary conditions

� Sustainability condition which should be used in turbulence
boundary conditions such that the velocity profile behaves as
HHTBL

� Caveat and distinction between sand grain height and rough-
ness length for standard wall functions in order to treat bottom
boundary

� Numerical implementation as sustainable wind profile genera-
tion toolkit

� Verification of sustainable wind profiles in terms of
� effects with andwithout satisfying sustainability condition for
NPD and unstable profiles and required computational setups
for various turbulence models

� effects of adjusting ratio of sand grain height to roughness
length for obtaining better sustainable wind profile

� Application of the NPD profile with sustainable conditions to a
full-scale semi-submersible rig and comparison of the results
with the results from wind tunnel test

2. Log wind profile

The log wind profile is a semi-empirical relation ship used to
describe the vertical distribution of horizontal mean wind speed
and has the following form (DNV, 2010):

UðzÞ ¼ u*
k

�
log

z
z0

�JðzÞ
�

(1)

in which k is the von Karman constant (k ¼ 0:4� 0:42), u* the
friction velocity, z0 the roughness length which is in general given
in experimental means and J the stability function of elevation z.

According to DNV (2010), the state of atmosphere is subject to
the stability function such that the atmosphere is (a) unstable ifJ is
positive (b) stable if J is negative and (c) neutral if J is zero. Un-
stable conditions typically prevail during daytime as the surface is
heated and the vertical mixing is increasing. Stable conditions
prevail during night when the surface is cooled and vertical mixing
is suppressed.

2.1. NPD profile

The NPD profile has the following form:

UðzÞ¼u*
k
log

z
z0

(2)

It is clear that the NPD profile is a neutral ABL since J is zero.
The NPD profile has an alternative form which is more intuitive in
engineering perspective as follows (API, 2000):

UðzÞ ¼ Uref

"
1þ Clog

 
z

zref

!#
(3)

where zref is the reference height, typically 10m above still water,
Uref the reference wind speed measured at zref and C is defined as

C¼0:0573
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:15Uref

p
(4)

corresponding turbulence intensity IðzÞ is expressed as follows:

IðzÞ ¼ 0:06
�
1þ 0:043Uref

� z
zref

!�0:22

(5)

Equating Eqs. (2) and (3) gives analytic forms of two variables,
roughness length and friction velocity which are otherwise given
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by experimental means as follows:

z0 ¼ zref exp
�
� 1
C

�
(6)

u*¼ kUrefC (7)

2.2. Unstable wind profile

According to DNV (2010), general form of stability function for
unstable atmosphere is given as follows:

JðzÞ ¼ 2lnð1þ xÞ þ ln
�
1þ x2

�
� 2tan�1ðxÞ (8)

in which x ¼ ð1� 19:3zÞ0:25, z ¼ z=LMO and LMO is the Monin-
Obukhov length.

3. Sustainability condition

Assuming steady-state, two-dimensional flow, zero pressure
gradient and velocity distribution as a function of elevation simplifies
the Navier-Stokes equations as follows (Richards and Hoxey, 1993):

v

vz

�
ðnþ ntÞ vU

vz

�
¼ 0 (9)

inwhich n is themolecular viscosity, nt the turbulent eddy viscosity.
Thus, Eq. (9) leads to the following relation:

ðnþ ntÞ vU
vz

¼ constant (10)

Ignoring eddy viscosity leads to the Couette flow thus it is clear
that sustainable wind profile is a Couette flow. For high Re number
such that fully turbulent flow assumption can hold and nt[n, Eq.
(10) is further simplified as:

nt
vU
vz

¼ constant (11)

In meteorology, it is known that shear stress is constant in

Fig. 1. Sustainable wind profile classes.

Fig. 2. Empty fetch model.

Fig. 3. Locations of line probe.

Fig. 4. Comparison of typical wind profiles.
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lowest part of PBL referred to as Prandtl layer or surface layer
(M€olders and Kramm, 2014). Therefore, shear stress should be
identical to the wall shear stress tw on the bottom surface in order
to express log wind profile in the Prandtl layer.

rnt
vU
vz

����
z¼0

¼ tw ¼ ru2* (12)

Thus, eddy viscosity should satisfy the following relation

nt ¼ u2*�
vU
vz

	 (13)

Plugging Eq. (1) into Eq. (13) makes turbulent eddy viscosity a
function of friction velocity, elevation and the stability function.

nt ¼ ku*z

1� z vJ
vz

(14)

Table 1
Boundary conditions.

Case Field Inlet Outlet Bottom Top

1 U, k, ε, u, ~n fixedProfile zeroGradient symmetry fixedProfile
2 U, k, ε, u, ~n fixedProfile zeroGradient symmetry zeroGradient

Table 2
Computational setups.

Numerical scheme Specific scheme

Temporal steadyState
Gradient linear
Convection upwind
Diffusion linear
Turbulence model Specific model
k� ε realizable k� ε

k� u k� u SST
Spalart-Allmaras
(S-A) Spalart-Allmaras
(S-A)

Fig. 5. Velocity profile.
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3.1. Application to RANS turbulence model

In RANS model, turbulent eddy viscosity has the following
relation:

nt ¼ Cm
k2

ε

¼ k
u

(15)

in which Cm is the model parameter, k the turbulent kinetic energy,

ε the turbulent dissipation rate and u the specific dissipation rate.
For NPD profile, turbulent kinetic energy is known to have the
following form (Blocken et al., 2007; Richards and Hoxey, 1993;
Richards and Norris, 2011; Sumner and Masson, 2010):

kz¼ u2*ffiffiffiffiffiffi
Cm

p (16)

The relation for ε and u follows by equating Eqs. (15) and (16).

Table 3
Boundary conditions for MBL.

Turbulence model Field Inlet Outlet Bottom Top

k� ε U fixedProfile zeroGradient noSlip fixedProfile
K fixedProfile zeroGradient kqRWallFunction fixedProfile
Е fixedProfile zeroGradient epsilonWallFunction fixedProfile
nut e e nutkRoughWallFunction e

k� u U fixedProfile zeroGradient noSlip fixedProfile
K fixedProfile zeroGradient kqRWallFunction fixedProfile
U fixedProfile zeroGradient omegaWallFunction fixedProfile
nut e e nutkRoughWallFunction e

S� A U fixedProfile zeroGradient noSlip fixedProfile
nuTilda fixedProfile zeroGradient 0 fixedProfile
nut e e nutURoughWallFunction e

Fig. 6. Turbulent eddy viscosity.
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ε ¼ u3*
kz

�
1� z

vJ

vz

	
(17)

u ¼ u*
k
ffiffiffiffiffiffi
Cm

p
z

�
1� z

vJ

vz

	
(18)

In Spalart-Allmaras (S-A) model, turbulent eddy viscosity is
modeled by the modified turbulent eddy viscosity ~nt scaled by
damping function fv1:

nt ¼~nt fv1 (19)

in which fv1 is additional damping function defined as:

fv1 ¼

8><
>:

1 for the high� Re model

c3

c3 þ C3
v1

for the standard model
(20)

where c is the viscosity ratio nt=n and coefficient Cv1 is set to 7.1 for
standard and 0 for high-Re model. Since one of the assumption for

sustainability condition is high Re number, Eq. (19) reduces to the
following relation:

nt ¼~nt (21)

4. Compatability conditions for standard wall function

Roughness length is the virtual height where velocity profile
becomes zero while sand grain height is a physical height of
roughness measured from pipe flow experiment. Since standard
wall functions are formulated with the sand grain height, the sand
grain height equivalent to the roughness length is needed in order
to utilize standard wall function.

Durbin and Reif (2011) have shown that sand grain height
should satisfy the following relation by equating log flowwith wall
function on fully rough wall:

Ks ¼ z0expð8:5kÞ (22)

For commonly used value for the von Karman coefficient k ¼
0:42, Eq. (22) gives the following relation:

Fig. 7. Velocity profile for NPD profile.
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Ksz35:5z0 (23)

Kim et al. (2018) have obtained a slightly different form as
follows:

Ks¼ E
Cs
z0 �

Bn
Csu*

(24)

in which E, B and C are coefficients used in the wall function with
roughness. With commonly used values for the coefficients B ¼ 0,
Cs ¼ 0:253 and E ¼ 9:0, Eq. (24) gives the following relation:

Ksz35:6z0 (25)

In either cases, the sand grain height could be related to the
roughness length by a scaling factor of about 35.5 or so. Even
though it is possible to make wind profile sustainable by using Eqs.
(23) and (25), there are some issues reported by several researchers
(Blocken et al., 2007; Richards and Norris, 2011; Sumner and
Masson, 2010). The main issue was the abrupt overshoot of the
turbulent kinetic energy near the bottom surface. Sumner and
Masson (2010) and Richards and Norris (2011) have identified

that the overshoot was resulted from the inconsistency of dis-
cretization used in wall function and internal field and proposed
numerical treatments to remedy the issue. Since the treatment is
not possible in commercial CFD solvers due to limited access to the
source code, Kim et al. (2018) suggested an alternative way by
adjusting the scaling factor directly such that turbulent kinetic
energy near bottom can have more sustainable form. In this study,
the method suggested by Kim et al. (2018) is chosen to diminish the
overshoot issue.

5. Numerical implementation

The sustainable wind profiles are implemented in MBL class and
its subclasses in OpenFOAM as shown in Fig. 1. OpenFOAM controls
boundary values with subclasses of fvPatchField class. Among those
subclasses, fixedProfile controls boundary field with one-variable
function, Function 1 class as in Fig. 1 (a). Since sustainable wind
profile and subjective turbulence quantity profiles described in Eqs.
(1) and (14) and (16)e(18) are a function of elevation, fixedProfile
class fits well for implementing sustainable wind profile. As shown
in Eq. (1), wind profile can be decomposed into neutral wind profile
term and stability function term. Since neutral wind profile and

Fig. 8. Turbulent eddy viscosity for NPD profile.
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subjective turbulence quantity profiles have fixed forms of algo-
rithm and stability functions have various forms depending on the
atmospheric state, it is reasonable to make stability functions
pluggable objects in order to treat them on run-time. Thus, neutral
wind profile and subjective turbulence quantity profiles are
composed as shown in Fig. 1 (b). Since stability function should be
easy to change its algorithm on run-time at will, subclasses of the
stability function are implemented in the strategy design pattern
which method makes algorithms pluggable on run-time as shown
in Fig. 1 (c).

6. Wind profile test

To verify the sustainability of wind profiles, an empty fetch
domain is used as shown in Fig. 2. The coordinate origin is located
at ð0m;0m;0mÞ; the inlet is at x ¼ � 700m, outlet at x ¼ 700m,
side at y ¼ ±700m, bottom at z ¼ 0m and top at z ¼ 560m. The
mesh size of the domain is 40 cells in x and y directions, 20 cells in z
direction, respectively. Uniform distributions are considered in x
and y directions. In z direction, first cell size is set to 1m. The target
wind speed is 40m=s in full scale and corresponding roughness
length z0 and friction velocity u* are about 0:01365m and about

2:5469m=s with k ¼ 0:42, respectively.
In order to measure the vertical distribution of wind profiles,

line probes are installed at 5 locations along x axis as shown in
Fig. 3: inlet, x ¼ � 350m, x ¼ 0m, x ¼ 350m and outlet. For the
unstable profile, Monin-Obukhov length is set to �100 meaning
windy days with some solar heating. Fig. 4 shows typical wind
profiles used in wind load estimation for target wind speed 40m=s.
Uniform profile is a reference profile for the target wind speed. API
profile (API, 2000) is frequently used in wind tunnel test and an
approximate profile for the NPD profile. In full scale, the API profile
can describe the NPD profile well up to 100m and reaches the target
wind speed at reference height 10m. Unstable profile does not have
the target wind speed at the reference height due to the stability
function which increases as elevation.

6.1. Boundary condition effects

Typical boundary conditions for wind load estimation without
applying the sustainability conditions are given in Table 1. Velocity
inlet, pressure outlet and symmetry boundary conditions are
imposed on the inlet and outlet and bottom boundaries, respec-
tively. Case 1 has velocity inlet condition and case 2 has pressure

Fig. 9. Velocity profile for Unstable profile.
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outlet condition on the top boundary, respectively. Steady state
simulation was carried out with upwind scheme for convection
term and linear scheme or central difference scheme (CDS) for
gradient and diffusion terms as summarized in Table 2. Turbulence
models used were denoted as k� ε, k� u and S-A in the following
figures for convenience and their specific turbulence models were
described as in Table 2.

Since the heights of offshore floating structures reach around
100m above still water in general, only profiles under 100m are
meaningful for wind load estimation as shown in Fig. 5. For all
cases, wind profiles prescribed in the inlet boundary failed to keep
their shapes and showed diverging behavior below about 60m,
particularly with zeroGradient on the top boundary. It is clearly
shown in Fig. 6 that the current computational setup does not
satisfy sustainability condition defined by Eq. (14). Since the
unsustainability of profiles at the testing section, normally in the
middle of the domain leads to incorrect load distribution on the
hull surfaces, the current computational setup is unconvincing for
the wind load estimation.

6.2. Boundary conditions with sustainability

Since sustainable wind profile is a Couette flow, the top
boundary should have Dirichlet type boundary conditions and the
bottom boundary should have no-slip condition with roughness in
order to provide the flow with proper shear stress. Computational
setup for MBL is summarized in Table 3 and generated NPD profiles
are shown in Fig. 7. Since S-A model is a one equation model and
cannot use the wall function based on turbulence kinetic energy,
different near wall treatment was applied. On the contrary to Fig. 5,
almost identical wind profiles are obtained in any section and their
ratio to the prescribed wind profile at inlet (Uinlet) are within 2% at
most as shown in Fig. 7 (b) (d) and (f). Relatively large deviations
were observed only near bottom below 20m. Since wind load is
roughly proportional to windage area and square of wind speed,
the deviations observed near bottom are negligible and have little
impact onwind load prediction for offshore platforms. As shown in
Fig. 8, the generated NPD profile satisfied sustainability condition
defined by Eq. (14).

The same computational setup was applied to unstable wind
profile defined by Eq. (8) and plotted in Figs. 9 and 10. Although

Fig. 10. Turbulent eddy viscosity for Unstable profile.
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relatively large deviations were observed below 20m compared to
NPD profile, wind profiles above 20m retained the shapes well. The
vertical distributions of turbulent eddy viscosity are strayed from
the prescribed profile and showed larger deviations at maximum
about 40% compared to NPD profile as shown in Fig. 10 (b) (d) and
(f). Juxtaposing Figs. 9 and 10, the errors from sustainability con-
dition seems having more effects on near the bottom. Considering
the region with large deviation is a lowest part of offshore floating
structures and its impact is little on the wind load, the generated
unstable wind profile could be applicable to the wind load esti-
mation despite some mismatches near bottom.

6.3. Compatibility Condition Effect

As mentioned before, numerical implementation of MBL has an
issue having an overshoot near bottom boundary. For simplicity, k�
ε turbulence model was studied by varying the ratio of sand grain
height to roughness length (Ks=z0) shown in Eq. (23) or (25) from
30 to 50 and studied its effect on the k profiles and wind profiles.
The results are plotted in Fig. 11. It is observed that by increasing Ks,
k near the bottom increases and the wind profiles near the bottom
has larger gradient making better match with the prescribed

profiles at Ks ¼ 40z0. In OpenFOAM, wall function with roughness
is implemented following Cebeci and Bradshaw (1977) which reads

u
u*

¼ 1
k
log
�
E
f
yþ
	

(26)

in which f is the roughness function defined as:

f ¼

8>>>><
>>>>:

1 Kþ
s � 2:25

�
B
�
Kþ
s � 2:25

90� 2:25

	
þ CsKþ

s

�a
2:25<Kþ

s � 90

Bþ CsKþ
s Kþ

s � 90

Fig. 11. Compatibility condition effect.

Table 4
Principal dimensions.

LBP [m] 127.4

Breadth [m] 86.1
Height [m] about 127.5
Draft [m] 25.2
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in which Kþ
s ¼ Ksu*

n and a ¼ sin
�
1
2p

logðKþ
s =2:25Þ

logð90=2:25Þ

�
. Since roughness

function f reduces to Bþ CsKþ
s for fully roughness condition where

coefficient B is set to unity in OpenFOAM, a relation between
effective viscosity me ¼ mþ mt and Ks can be derived by Eqs. (2) and
(10):

me ¼
rku*y

log
�

Eyþ
1þCsKþ

s

	 ¼ m
kyþ

log
�

Eyþ
1þCsKþ

s

	 (27)

Thus, turbulent eddy viscosity can be expressed as a function of Ks

as follows:

nt ¼ n

2
664

kyþ

log Eyþ
1þCsKþ

s

� 1

3
775fKs (28)

Since yþ is the height of the first grid adjacent to the bottom
boundary, turbulent eddy viscosity is a function of Ks if mesh is
fixed. It implies that turbulent eddy viscosity can be adjustable by
sand grain height. Plugging Eq. (12) into (16) shows that turbulent
kinetic energy near bottom is proportional to turbulent eddy vis-
cosity as follows:

k¼ ntffiffiffiffiffiffi
Cm

p vU
vz

fnt (29)

Thus, turbulent kinetic energy and turbulent eddy viscosity near
bottom can increase by increasing Ks. Since turbulent eddy vis-
cosity is added to the molecular viscosity in the diffusion term of
the Navier-Stokes equations, increased turbulent eddy viscosity
makes the gradient of wind profiles near bottom steeper.

7. Wind load on a semi-submersible rig

Since frequently usedwind profile inwind tunnel test is the NPD
profile or the API profile which is an approximation of the NPD
profile, the NPD profile generated in the previous section was
applied to a semi-submersible rig with the principal dimensions of
Table 4 as shown in Fig. 12. With the computational setup shown in
Table 2 and mesh strategy shown in Fig. 13 where several volume

Fig. 14. Heading convention.

Table 5
Mesh sensitivity.

Mesh Size X’ Y ’

[mil.] 0 30 0 30
Coarse 5 �0.345 �0.419 0.002 0.243
mid 12 �0.347 �0.417 0.008 0.242
fine 23 �0.347 �0.417 0.008 0.242
EFD e �0.321 �0.364 0.010 0.219

Fig. 15. Force coefficients.Fig. 13. Domain mesh.

Fig. 12. Surface mesh of semi-submersible rig.
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refinement zones were added to capture flow structures detached
from the hull in addition to the mesh shown in Fig. 2, mesh
sensitivity study with k� u SST turbulence model was carried out
with three different meshes: coarse, mid and fine meshes. Since
main structures including living quarter, derrick and deck box are
blunt bodies with sharp edges, meshes for the boundary layer were
not considered. Two different heading angles, 0 and 30 were cho-
sen according to the heading convention shown in Fig. 14. The re-
sults of sensitivity study are summarized in Table 5. The non-
dimensional wind load coefficients are defined in Eq. (30) in
which air density r ¼ 1:21kg=m3 and reference wind speed U ¼
40m=s for full scale were used, respectively. Deviations between
coarse, mid and fine are within 1% and mesh dependency can be
considered as negligible. Thus, mid mesh was used for the wind
load calculation for the semi-submersible rig.

X’ ¼ Fx
0:5rLBP2U2;K ’ ¼

Mx

0:5rLBP3U2

Y ’ ¼ Fy
0:5rLBP2U2;M’ ¼ My

0:5rLBP3U2

Z’ ¼ Fz
0:5rLBP2U2;N’ ¼

Mz

0:5rLBP3U2

(30)

12 heading angles for the wind load calculation were chosen from
0 and to 360� with interval of 30� and the force and moment co-
efficients are plotted in Figs. 15 and 16, respectively. For a com-
parison, the results from laminar model were overlaid on top of the
results from wind tunnel test with 30% error bar. Horizontal forces
and heel and trimmoments arewellmatchedwithwind tunnel test
within 30% error bound. The results with turbulence model tend to
overestimate, especially at 30, 150, 210 and 330 but comparable to
the results from laminar model. Even though laminar model is able
to give reasonable results with relatively simpler computational
setup, resulting wind loads are time averaged loads as in wind
tunnel results. When it comes to turbulence statistics which is of
importance for estimating wind environment for operational safety
and examining flow disturbances and influences of turbulence,
laminar model cannot account for turbulence statistics like turbu-
lence intensity, fluctuation of velocity component in a specific
location like helideck (CAA, 2018) and windsock. Turbulence model
approach with sustainable conditions seems more appropriate and
advantageous than laminar model in that wind load study for
offshore platforms involves turbulence effects as well as average
forces and moments. Lift forces, vertical components of forces, are
relatively small compared to horizontal forces but results from k�
u SST model shows better matches with wind tunnel results. The
effect from lift forces could impact on the heel and trim moments
calculation since moments consist of drag and lift contributions as
shown in Eq. (31). For instance, at heading angle 90, two estima-
tions from different models have almost identical values in X’ but

Fig. 17. Comparison between pressure and viscous component.

Fig. 18. Dimensionless Q criterion of 30.

Fig. 16. Moment coefficients.
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slightly different values in K ’. The difference could be caused by the
lift component. Yaw moment coefficient N’ has almost zero, which
makes sense because the target hull has a large structure, derrick in
the middle of the deck box and the deck box is close to a symmetric
shape. Yaw moment could have different behavior if the derrick
was located on one of the deck corners like the flare tower as in
FPSO.

In order to examine boundary layer effect, the contributions of
the pressure and viscous effect are visualized in Fig. 17. Contribu-
tions from viscous effect are less than 1% and pressure components
are dominated for all heading angles. As shown in Fig. 18 where
flow structures are visualized with dimensionless Q criterion, Q=

ðU=LBPÞ2, most of flows separate at the sharp edges. Thus, for the
semi-submersible rig, boundary layer effects are negligible.

M ¼
2
4
Mx
My
Mz

3
5 ¼ r� F ¼

2
4
ryFz � rzFy
rzFx � rxFz
rxFy � ryFx

3
5 (31)

8. Conclusions

In this study, the NPD velocity profile and corresponding tur-
bulence profiles for implementing the MBL were studied for the
purpose of wind load estimation of offshore floating structures. The
RH conditions for NPD profile were extended to unstable ABL as
well as neutral ABL, NPD and the sustainability of the wind profiles
was examined. The wind profiles generated showed relatively large
deviations near the bottom boundary up to 20m and showed a
good fidelity to the prescribed profiles above 20m. Even though
deviation near the bottom boundary could be improved by
adjusting sand grain height, the effect would be little because
offshore floating structures like semi-submersible rig have small
windage area below 20m and wind load is roughly proportional to
elevation and square of wind speed. The numerical implementation
of the MBL was carried out for the support of typical RANS turbu-
lence models including k� ε, k� u and S� A with OpenFOAM
framework.

As a comparison, typical computational setup which includes
symmetry bottom boundary was studied. In total, k� ε showed best
performance but wind profile near bottom boundary showed large
distortion depending on the boundary condition on the top. By
applying boundary conditions for MBL, all of the turbulence models
showed good matches within 2% error bound, most of which were
clustered near the bottom boundary. It was observed that the
sustainability conditions were satisfied well and the profiles could
be improved by adjusting sand grain height.

The NPD profile with MBL boundary conditions were applied to
calculate wind loads of a semi-submersible rig with k� u SST
model. The results from laminar and turbulence model were
compared. Even though laminar showed comparable results toMBL
setup, it had a shortcoming in that laminar model could not

reproduce field variables concerning turbulence other than velocity
and pressure properly. Pressure and viscous contribution were
studied and it turned out that wind load for the semi-submersible
rig was dominated by pressure component. The results were
reasonable in that the top side modules were not designed for
stream lined body but made of blunt bodies with sharp edges such
that boundary layer development due to viscosity effect on the wall
was not expected.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

Andersen, O.J., Løvseth, J., 2006. The Frøya database and maritime boundary layer
wind description. Mar. Struct. 19, 173e192.

API, 2000. Recommended Practice for Planning, Designing and Constructing Fixed
Offshore PlatformseWorking Stress Design. American Petroleum Institute.

Blocken, B., Stathopoulos, T., Carmeliet, J., 2007. CFD Simulation of the Atmospheric
Boundary Layer: Wall Function Problems. Atmospheric Environment.

CAA, 2018. Cap 437 Standards for Offshore Helicopter Landing Areas.
Cebeci, T., Bradshaw, P., 1977. Momentum Transfer in Boundary Layers, pp. 176e180.
DNV, 2010. DNV-RP-C205: Environmental Conditions and Environmental Loads

October 2010 - Recommended Practice. Dnv.
Durbin, P.A., Reif, B.P., 2011. Statistical Theory and Modeling for Turbulent Flows,

second ed. Wiley Sons Ltd.
Hargreaves, D.M., Wright, N.G., 2007. On the use of the keε model in commercial

CFD software to model the neutral atmospheric boundary layer. J. Wind Eng.
Ind. 95, 355e369.

Johnson, R., Gamma, E., Vlissides, J., Helm, R., 1995. Design Patterns: Elements of
Reusable Object-Oriented Software. Addison-Wesley.

Kim, J., Jang, H., Shen, Z., Yeon, S.M., 2019. Developing industry guidelines for the
CFD-based evaluation of wind load on offshore floating facilities. In: Offshore
Technology Conference, OTC-29270-MS, Houston, USA.

Kim, J., Jang, H., Yeon, S., Kim, H., 2020. Numerical modeling of sustainable atmo-
spheric and boundary layers for offshore floaters. In: 39th International Con-
ference on Ocean. Offshore & Arctic Engineering, FL, USA, pp. 1e8.

Kim, J.W., Jang, H., Xu, W., Shen, Z., Kara, M., Yeon, S., Yan, H., 2018. Numerical
modeling of neutrally-stable and sustainable atmospheric boundary layer for
the CFD simulation of wind load on offshore floating facilities. In: 37th Inter-
national Conference on Ocean. Offshore and Arctic Engineering, Madrid, Spain.

M€olders, N., Kramm, G., 2014. Lectures in Meteorology. Springer.
Richards, P., Hoxey, R., 1993. Appropriate boundary conditions for computational

wind engineering models using the k-e turbulence model. J. Wind Eng. Ind.
Aerod. 46, 145e153.

Richards, P.J., Norris, S.E., 2011. Appropriate boundary conditions for computational
wind engineering models revisited. J. Wind Eng. Ind. Aerod. 99, 257e266.

Sumner, J., Masson, C., 2010. kE simulations of the neutral ABL: achieving horizontal
homogeneity on practical grids. In: AIAA Aerospace Sciences Meeting Including
the New Horizons Forum and Aerospace Exposition, 48th.

Vickery, P.J., 2014. Analysis of hurricane winds. In: Offshore Technology Conference.
Offshore Technology Conference.

Weller, H.G., Tabor, G., Jasak, H., Fureby, C., 1998. A tensorial approach to compu-
tational continuum mechanics using object-oriented techniques. Comput. Phys.
12 (6), 620e631.

Yeon, S.M., Jang, H., Kim, J.W., Kim, J., Nam, B.W., Huang, Z., O’Sullivan, J., Kim, H.J.,
Hong, S.Y., 2019. Numerical modeling practice and verification of the wind load
estimation for FPSO and semi-submersible. In: 38th International Conference
on Ocean. Offshore & Arctic Engineering, Glasgow, Scottland, pp. 1e9.

S.M. Yeon, J.-S. Kim and H.J. Kim International Journal of Naval Architecture and Ocean Engineering 12 (2020) 819e831

831

http://refhub.elsevier.com/S2092-6782(20)30026-1/sref1
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref1
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref1
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref1
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref1
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref2
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref2
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref2
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref3
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref3
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref4
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref5
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref5
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref6
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref6
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref7
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref7
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref8
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref8
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref8
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref8
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref8
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref9
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref9
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref10
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref10
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref10
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref11
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref11
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref11
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref11
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref11
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref12
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref12
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref12
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref12
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref13
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref13
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref14
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref14
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref14
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref14
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref15
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref15
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref15
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref16
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref16
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref16
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref17
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref17
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref18
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref18
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref18
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref18
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref19
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref19
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref19
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref19
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref19
http://refhub.elsevier.com/S2092-6782(20)30026-1/sref19



