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Laboratory Modelling of Wind

1. PURPOSE OF GUIDELINE

The purpose of this recommended guideline
is to help laboratories in conducting tests on
wind above water surface. Basic considerations
for model tests with wind are presented in this
guideline. The guideline addresses, among other
things, interaction with waves, vertical and hor-
izontal variations and different measurement
techniques.

2. WIND MODELLING

Wind loading is one of the important envi-
ronmental loads to be considered for the design
of offshore structures, especially in the design of
station keeping systems.

Wind velocity consists of mean and fluctuat-
ing parts in space and time, and the induced
wind load has mean and fluctuating parts ac-
cordingly. In the following sections aspects of
mean (steady) wind and fluctuating (irregular)
wind are discussed.

2.1 Steady wind

As the wind fluctuation frequency is often
higher than the ship or offshore structure mo-
tions, the steady wind force becomes the domi-
nant factor to assess floater responses. In that
case steady wind resulting in steady wind forces
may be used in model tests. Ideally, a low level
of wind fluctuation in the tests is desirable.
However, if low frequency excitation is an im-
portant design factor, e.g. for station-keeping
tests of an offshore platform, a wind spectrum
shall be applied.

In the design of offshore structures, steady
wind speeds are generally taken as the average
speed occurring over a period of one hour. The
steady speeds are considered to be the mean
speed measured at a reference height, typically
10 m (full scale) above the mean still water
level. A mean wind speed corresponding to a
100-year return period should be used in the de-
sign, based on the marginal distribution of wind
speeds at the specific location, Chakrabarti
(2005).

2.2 Wind Spectra

Wind gusting is commonly assumed to be a
Gaussian stochastic process, which can be fully
described by a wind spectrum.

Many spectral models have been proposed
such as API (The American Petroleum Institute),
NPD (The Norwegian Petroleum Directorate)
wind spectrum, etc. In API (2005), DNV (Det
Norske Veritas (2014) also an overview of wind
spectra is presented. A selection of wind spec-
trum formulations are given in the following:
(API)
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where z is the elevation above sea level [m], z;= or(z) =1(2)/U(2)...for z>zs (2.7)

20 m is the thickness of the “surface layer”,
U(z) is the 1-hour mean wind speed at elevation
z,and

a

fo=-U() (2.4)

Z
with 0.01<a=<0.1.

For measured wind spectra the average value
of f, is given by a = 0.025.

(NPD)
_ 05 ()"
Snep(f) = (e fosen) ST (2.5)

where Sypp (f) [(M/s)?/HZ] is the spectral en-
ergy density at frequency f [Hz], and

(2.6)

where U, is 1-hour mean wind speed at an ele-
vation of 10 m above sea level [m/s].

Also in Davenport (1961), and Ochi and
Shin (1988) typical wind spectrum formulations
are presented.

The specified duration of random simula-
tions of wind is important to achieve stationary
irregular conditions: typically, a duration of
1 hour for seakeeping and 3 hours in offshore
engineering is applied, same as for wave condi-
tions.

2.3 Turbulence

It is known that the turbulence intensity of
wind in the boundary layer on sea surface is
about 0.1~0.2. The definition of the turbulence
intensity is presented as follows:

Here I(z) is the wind velocity variance and
U(z) is the mean wind speed at elevation z. The
level of turbulence intensity should be measured
in the model tests.

Simulation of turbulence characteristics of
wind was presented in Ozono et al. (2006), using
a multi-fan type wind tunnel. A uniformly active
mode (usually employed in tank tests) can re-
produce longitudinal fluctuations. Details of
wind generation techniques are presented in
Section 3 of this guideline.

2.4 Gusting and squalls

2.4.1 Gusting

Wind gusting is commonly assumed to be a
Gaussian stochastic process, which can be fully
described by a wind spectrum.

Kristensen et al. (1991) revealed that gusting
is a statistical measure and the probability den-
sity function can be derived from the spectrum
of wind-speed variations. Myrhaug (2007) con-
sidered the wind gust spectrum affected by wave
age and the results demonstrated a clear effect
of wave age on the wind gust spectrum over
wind waves. Prediction of wind gusts today still
relies on parameterizations. Sheridan (2011)
conducted a review of techniques and research
for gust forecasting and parameterization. Beran
et al. (2005) used the MM5 to model and fore-
cast offshore winds and conducted series of val-
idations.

There is no widely accepted expression for
elevation and gust factors suitable for engineer-
ing purpose. At present, measurements available
for West Africa from Nigeria to Angola, (San-
tala et al. (2014)) and in the Gulf of Mexico,
(Jeans et al. (2014, 2016)) may be useful.
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Although limited information on gust on the
sea is currently available as reference for mod-
eling of wind gusts in model tests, fluctuating
wind velocities can be reproduced with a wind
generator. In the region of minimum and maxi-
mum wind velocity, it should be confirmed that
the Reynolds effect of the wind can be ignored.
Whether this is the case depends on the objec-
tive of the model tests. This is further discussed
in Section 3 of this guideline.

2.4.2 Squalls

A squall is a strong transient wind event gen-
erated by a convective storm. There are no
widely accepted elevation and gust factors for
squalls suitable for engineering purpose at pre-
sent. Santala et al. (2014) compared the expres-
sions of the wind gust elevation profile and gust
factors for squall winds with that for non-squall
winds presently in APl and ISO standards. The
presented results may lead to an improved treat-
ment of squall events for offshore engineering
applications. In case of calibration of squall con-
ditions in model tests, this information may be
used as reference.

As a squall measurement system in the ac-
tual sea, the West Africa Gust (WAG) Joint In-
dustry Project (JIP) may present useful infor-
mation (Jeans et al. 2008). The reference dis-
cussed in the previous paragraph refers to the
same JIP.

2.5 Vertical profiles

Very limited full-scale data along the height
is available to identify and reliably establish a
description of the vertical wind profile. It is well
known, however, that the vertical profile of the
wind is developed by the sea surface roughness.
When a more detailed model test condition is
expected to reproduce a real sea situation, it is
desirable to also reproduce the vertical wind

profile in the basin. This can however be chal-
lenging in practice, as it requires a large number
of wind fans in vertical direction (see Section 3).

As conventional treatment, there is the
power law model, the average 1-hour wind
speed at a height z above sea level (the 1-hour
mean wind profile) is given by (API, 2005),

z 0.125
U@ = Uy (£) (2:8)
where U(z) is 1-hour mean wind speed at ele-
vation z [m] above sea level [m/s], U, is 1-hour
mean wind speed at elevation of 10 m above sea
level [m/s], zz=10 m is the reference elevation

above sea level.

Vertical wind profiles in tornadic and non-
tornadic supercell environments, Markowski et
al. (2003), show that considerable differences
exist in vertical profiles within 1 km from
ground.

Analytical/empirical models of downburst
winds that characterize their spatiotemporal fea-
tures are employed in terms of a time function
and a vertical profile of gust-front winds Kwon
and Kareem (2013).

The shape of the vertical wind profiles and
the related parameter of the Weibull distribution
are impacted by the atmospheric internal bound-
ary layers developing from the coast along the
wind direction Calidonna et al. (2015).

2.6 Horizontal variation

Generated wind by blowers or fans should
cover the entire model, considering the range of
wave motions and drift in the facility. In case of
wind energy convertor’s the area of complete
wind farms can extend to several square kilome-
ters. In the model test, the modeled wind field is
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expected to simulate the real situation with re-
spect to velocity and variance in the entire area.
In practice however, it can be difficult, to con-
trol a state of the wind in transverse direction.
Variance in horizontal wind direction can only
be realized in the basin using multiple wind gen-
erators.

2.7 Geographical consistency of wind condi-
tions

It is recommended that the characteristic
wind spectrum of the installation area is also
employed in the model test. Examples of spe-
cific phenomena occurring in some conditions
or specific locations can be provided.

For example, in a strong typhoon, turbulence
intensity decreases with increasing mean wind
speed and remain almost constant when the
wind speed becomes high (Cao et al. (2009)). In
the German Bight, wind speed turbulence inten-
sity increases with increasing wind speed be-
cause of increasing wave height and surface
roughness Turk and Emeis (2010)

2.8 Interaction with waves

In heavy sea conditions, wind and wave in-
teraction may not be ignored. The basic interac-
tion between wind and waves is presented in
Tian et al (2010) and Buckley and Veron (2016).
Moreover, wave interaction effects caused by
wind under limited condition are described in
Miles (1993), Kharif et al. (2009), Waseda and
Turin (1999), and Galchenko et al. (2012).

These publications focus on the wind gener-
ation due to the change of wave surface eleva-
tion. In this situation, wind condition caused by
the rough waves should be represented by the
wind profile form developed by the wave condi-
tion. Qualitatively and quantitatively analyses of
wind interaction effect with waves are expected
in model testing.

3. GENERATION TECHNIQUES

Propeller and sirocco type wind generators
are typically used in model tests. The wind
blowing area should be at least twice the model
characteristic length. Numerous small size fans
are recommended to simulate wind condition
with expected turbulence, profile, horizontal
variation as shown in the figure below:.

=

Figure 1: Recommended example (right side) of the
wind fan arrangement.

In the simulation of turbulence characteris-
tics using the multi-fan type wind tunnel, Ozono
et al. (2006), uniformly in active mode (usually
employed in tank tests), relatively large anisot-
ropy and spatial correlation coefficient in stream
wise direction, can reproduce longitudinal fluc-
tuations in a plane. Particularly at lower fre-
quencies lack of 3D vertical structures, and the
quasi-grid mode has similar characteristics as
the conventional grid turbulence.

Most commonly wind forces are calibrated
rather than wind velocities to avoid scale effects
of the wind velocities which are generally not
reproduced when applying Froude scaling. Fur-
thermore, wind fields may not be constant due
to limited number of wind fans and recirculation
effects in the basin, (Buchner et al. (1999)).
Wind forces can be calibrated with a wind fan
setup, by mounting the model in a fixed force
frame and deriving a calibration curve of the
measured wind loads vs wind fan rpms. Usually,
changes of projection area are required even
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with well fabricated model topsides due to dif-
ference of Reynolds number and uncertainties in
the model and wind speeds.

In a similar way the required wind loads can
also be applied by a wire-winch setup. In both
cases target wind loads (mean and fluctuating)
can be applied. The advantages and disad-
vantages of the two systems are discussed be-
low:

Wind fan setup: a setup with wind fans is gener-
ally assumed to be most realistic, as it in-
cludes dynamic wind effects of floating
structure moving in wind and waves, e.g.
changes in wind force due to change in head-
ing, lift effects, etc. Also shielding effects
needed in tandem model test setups are au-
tomatically included when simulating wind
by wind fans.

Wind winch setup: with a winch setup the ap-
plied load is not changing with heading
changes of the model and is always known
(measured) throughout the model test. It is
therefore easier to include the wind loads
measured during model tests in a numerical
model. However, dynamic effects and
shielding effects are not taken into account
when using a wind winch to apply wind
loads.

Wind fan setup

Target model

—

Wind winqﬁ?gs >tup

D ———

pulling

Figure 2: Images of the wind fan setup (right) and
wind winch setup arrangement (left) for wind force
modelling.

For model testing of offshore wind turbines
the generation of a high-quality wind field in a
model basin is of great importance for the cor-
rect coupling between the aerodynamic and hy-
drodynamic behavior of floating wind turbines
(FWT). However, the normal wind quality in a
typical model basin is not good enough for the
required modelling of the wind field for a wind
turbine. In De Ridder et al. (2014) a dedicated
wind fan setup for the testing of offshore wind
turbines is described. The objective of this setup
is to improve the uniformity of the wind field in
the area of the wind turbine and reduce turbu-
lence.

Another approach to model the aerodynamic
loads on an offshore wind turbine is Real-Time
Hybrid Model testing (ReaTHM testing) as de-
scribed in Sauder et al. (2016). The advantage of
this method compared to the physical modelling
of the wind in an ocean basin, is that it solves
the Froude-Reynolds scaling conflict, which is a
key issue in FWT testing. ReaTHM testing al-
lows for more accurate testing also in transient
conditions, or degraded conditions, which are
not feasible yet with physical wind.

Which generation technique should be ap-
plied depends strongly on the application and
the objective of the model tests. If the intention
is to include wind loading on a model than the
wind forces should be calibrated either by ap-
plying wind fans or a winch. If the wind velocity
is relevant for the application, in most cases for
offshore wind turbines, either a dedicated wind
fan setup or the ReaTHM approach should be
considered.

4. MEASUREMENTS

For practical ocean engineering applications,
pitot tubes, hot-wire thermos and ultrasonic an-
emometers etc. are usually employed to measure
the wind velocity to verify turbulence and the
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realized wind profile. For model testing the
same instruments are usually used. Note that for
model testing the required accuracy level for
Froude-law scaling is much larger. For a 1/100
model scale the required accuracy is 10 times
larger.

Depending on the application and on the cal-
ibration type, i.e. wind velocity or loads, one or
more sensors may be required in the testing area.
An indication on the required number of sensors
can be found in De Ridder et al. (2014) for the
calibration of wind velocities for a wind farm
setup.

l

; IIII I
__1

Figure 3: Examples of ultrasonic anemometer (left)
and hot wire (right).
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