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A B S T R A C T

Coastal areas and seaport areas are exposed to high wind speeds which may involve risks for the ships and people
working in the area. Therefore, knowledge of the microscale wind conditions is essential for safe maneuvering
and mooring of ships and optimizing harbor design. In the present study, 3D steady RANS CFD simulations with
the realizable k-ε turbulence model are performed for the new configuration of the “IJmuiden sea lock” in
Amsterdam, the largest sea lock in the world at the time of writing this article. The computed wind speed and
turbulence intensity amplification factors and the local wind directions are validated with on-site measurements
for the old configuration of the sea lock. For the wind speed amplification factor and local wind direction, a
satisfactory agreement is obtained with 90% of CFD data within �30% from the measured data. Conversely, for
the turbulence intensity amplification factor, less satisfactory agreement is found with 74% of CFD data within
�30% from the measured data. Overall, the 3D steady RANS approach shows a sufficiently high reliability for
predicting the wind conditions in the seaport area under neutral atmospheric conditions.
1. Introduction

Ports areas are important nodes and facilitate a large portion of the
worldwide trade volume via sea. These areas can be considered in many
cases the entry and the exit points of a country’s trade (Kron, 2013). The
total gross weight of goods handled in the European Union (EU) ports
was estimated at 3.6 billion tons in 2018 and the Netherlands remained
the largest maritime freight transport country in Europe in 2018. In 2018
the maritime transport counted about 415 million passengers embarking
and disembarking in European ports alone and, with almost 85 million
passengers passing through its ports, Italy was the major seaborne pas-
senger country in Europe (Eurostat Statistics Explained, 2020). Ports are
key players in the global trade and strategic nodes in the global supply
chains (Yip, 2008; Rodrigue and Notteboom, 2009; Becker et al., 2015;
UNCTAD, 2018; Vairetti et al., 2019). However, a large number of ac-
tivities usually carried out in these areas (e.g. transport of passengers,
transport of cargo, storage of oil and chemicals, storage and transport of
vehicles, circulation of vessels and ships, lorries and trains) also imply
high risks for human beings (Ronza et al., 2009; Fabiano et al., 2010; Cho
et al., 2018). The consequences of accidents in port areas may be not only
economic losses (e.g. for emergency actions and cleaning up the areas)
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but also human losses (Ronza et al., 2009).
For historical and practical reasons approximately 3 billion people

have settled within 200 km of coastal areas (Population Reference Bu-
reau, 2003). There is a large number of European cities either placed
inland and closely linked to their own port by waterways (mainly North
European ports such as Rotterdam and Antwerp) or directly located on
the coastline and equipped with a port (mainly Mediterranean ports such
as Genoa and Marseille) (Darbra and Casal, 2004). In both cases these
“hybrid areas”, most commonly called “seaports”, can be considered as an
example of large-scale infrastructure indispensable to the global trade
(McIntosh and Becker, 2019). However, due to the presence of a large
number of people, possible accidents in these environments can have
serious consequences. Darbra and Casal (2004) carried out an interesting
statistical analysis on 471 historical accidents that occurred in seaports
from 1941 to 2002, and they found that 56.5% of these occurred during
transport operations (i.e. moving ships) and 43.5% of these occurred
during various types of on-shore/off-shore operations, such as loading
and unloading goods and the storing process. Then, the main causes of
these accidents were grouped into four categories (i.e., impact, me-
chanical failure, external events and human factor) and high wind speed
was found to be a significant contributor with 4%, 7% and 25% of
Environment, Eindhoven University of Technology, Eindhoven, the Netherlands.
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Fig. 1. Geographical location of the study area. Photos credit to Google Maps.
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occurrence in the first three groups, respectively. Nevertheless, this is not
surprising for the wind engineering community. It is well-known that
coastal areas experience more intense and more frequent natural events
such as strong winds (Kron et al., 2019) since they can be considered the
“first point of contact” between the open sea (where wind speeds can be
very high) and the inland (where the wind speed decreases due to the
higher roughness of the surface of the Earth). Therefore, seaport areas
and more generally coastlines may be considered among the most risky
areas in the world, since at these locations catastrophes frequently
happen, people die and their properties are destroyed (Kron, 2013).

Among geophysical events (e.g. earthquakes), meteorological events
(e.g. wind storms), hydrological events (e.g. floods) and climatological
events (e.g. droughts), the wind is considered to be the prime cause in
terms of economic and human losses in seaport areas (Solari et al., 2012;
Tamura and Cao, 2012; Kron, 2013; Ulbrich et al., 2013; Zhang and Lam
Siu Lee, 2015; Taramelli et al., 2015; Repetto et al., 2017, 2018; Kant-
amaneni et al., 2019). Three of the main global trade partners, the
Netherlands (where the present project takes place), Belgium and the
United Kingdom, still preserve memories about the biggest sea-related
catastrophe that ever happened in Northern Europe. On the night of
January 31 – February 1, 1953, a combination of a spring tide and a
strong wind blowing from the North Sea caused a storm surge on the
coastline of these three countries, killing 2551 people and causing bil-
lions of euros of losses (Nederlands Instituut voor Beeld en Geluid, 1953;
Kron et al., 2019). Since then, the Netherlands as well as other Northern
European countries with the biggest seaport areas (e.g. the United
Kingdom, Belgium, Germany and Denmark) spent billions of euros to
strengthen and build “sea defense systems”. However, a new challenge has
2

emerged for ports that have to face the competition of emerging ports
worldwide (Cho et al., 2018). The size of seaport infrastructures (Cho
et al., 2018) as well as of container ships (Gomez Paz et al., 2015; Merk,
2015; Martin et al., 2015; van Hassel et al., 2016; Malchow, 2017; Lu and
Yeh, 2019) and cruise ships (Sun et al., 2014; Bucci et al., 2016; Cas-
tillo-Manzano and Lopez-Valpuesta, 2018) has increased significantly
over the last decades. The increasing ship size does not only cause larger
wind forces but also larger ship inertia, which renders the navigation
through the port areas even more difficult, especially on windy days
(Blocken et al., 2015; Janssen et al., 2017; UNCTAD/RTM/2018; Rong
et al., 2019; Torre et al., 2019; Ricci et al., 2020a; Wang and Wan, 2020;
Wang et al., 2020). In this regard, the knowledge of macroscale and
microscale wind conditions is essential for safety management, for
maneuvering and mooring of ships (Blocken et al., 2015; Janssen et al.,
2017; Donatini et al., 2019; Ricci et al., 2020a), for optimizing the harbor
design and also for reducing economic losses associated with port
disruption due to extreme wind events (Solari et al., 2012; 2020; Bur-
lando et al., 2014, 2017a,b; Zhang and Lam Siu Lee, 2015; Becker et al.,
2015; Mori and Takemi, 2016; Cao and Siu Lee Lam, 2018; Jian et al.,
2019). Many studies on the prediction of macroscale and microscale
wind conditions over coastal and seaport areas have been carried out in
the last decades. The majority of these were performed by on-site mea-
surements, forecasting models and Numerical Weather Prediction (NWP)
(e.g. Burlando et al., 2007; Katinas et al., 2009; Al-Yahyai et al., 2010;
Walsh et al., 2012; Solari et al., 2012; Cassola and Burlando, 2012;
Burlando et al., 2013; Burlando et al., 2014; Oner et al., 2013; Donateo
et al., 2014; Repetto et al., 2017; 2018; Mathias et al., 2019; Arslan et al.,
2020). In contrast, to the best knowledge of the authors, only a very
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Fig. 2. Photographs taken at different positions of the old configuration (2015) of the IJmuiden sea lock: (a) indication of positions and viewing direction: (b) Steigerweg,
(c) Harlingenstraat, (d) Noordersluisweg 1, (e) Noordersluisweg, (f) Binnenspuikanaal and (g) Noordersluisweg. Photograph (h) shows the area of the old configuration of the
sea lock (2015) indicated with the dashed rectangle in figure (a) with indication of the six locks of the port. Photos (a) and (b) credit to Google Maps.
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limited number of these studies were performed by Computational Fluid
Dynamics (CFD) and/or by a combination of CFD with on-site mea-
surements (e.g. Blocken et al., 2015; Ricci et al., 2020a). CFD is the only
numerical method capable of resolving also the local-scale effects
induced by individual obstacles such as buildings and ships by
high-resolution computational grids. Within CFD, the steady
Reynolds-averaged Navier-Stokes (RANS) approach is the most
commonly used approach in wind engineering research and practice
(Stathopoulos, 2002; Hanjalic, 2005; Baker, 2007; Franke et al., 2007;
Blocken 2014, 2018). Nevertheless, it is still insufficiently known to what
extent the 3D steady RANS approach can be accurate and reliable for
predicting the wind conditions in “seaport areas” in which an “urban
area” and a “port” are combined. Such areas are generally characterized
by a wide range of different aerodynamic roughness lengths (e.g. sea
versus densely built-up harbor docks) and by numerous strong changes in
surface roughness (e.g. from harbor basins to adjacent docks with
container stacks and back to harbor basins, and so on).

Therefore, the objective of the present paper is to analyze the reli-
ability of the 3D steady RANS approach for predicting the microscale
wind conditions in a seaport area. The area under study is the IJmuiden
3

sea lock, in Netherlands, and the surrounding built environment.
Although the present study focuses on a specific seaport area located in
Europe, the methodology and conclusions also pertain to similarly
complex urban environments worldwide. At the time of writing this
article, this sea lock was the largest in the world. The CFD simulations
were carried out for 24 reference wind directions (θ) assuming neutral
atmospheric conditions. Four 2D ultrasonic anemometers were installed
recording from July 2017 to July 2018 and the CFD simulation results
were compared to the measurements in terms mean wind speed (U),
turbulence intensity (I) and local wind direction (φ). The paper is orga-
nized as follows. Section 2 contains a description of the case study and
the problem statement. In Section 3, the on-site measurements are
described. In Section 4 the computational geometry, domain, grid, the
boundary conditions and other numerical settings are outlined. Section 5
presents the CFD results and the comparison between simulated and
measured data. Finally, Section 6 concludes the paper.

2. Case study and problem statement

The IJmuiden sea lock resides under the Port Authority of Amsterdam
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Fig. 3. Maps of the area under investigation indicating (a) six different ranges of altitude above mean sea level (MSL), (b) the old configuration (2015) and (c) the new
configuration (2022) of the IJmuiden sea lock.
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Fig. 4. Comparison among the (a) old configuration of sea lock (2015), (b) new configuration of the sea lock at the beginning of the construction (2017), (c) a recent
status of the sea lock construction (2019). Photos credit to Google Earth.

Fig. 5. Positions of the 2D ultrasonic anemometers installed in the IJmuiden sea lock. Also the anemometer station of the Royal Dutch Meteorological Institute (KNMI) is
shown. Top view photo credit to Google Maps.
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in the province North Holland in the Netherlands (Fig. 1). IJmuiden is a
seaport area located at the mouth of the North Sea Canal to Amsterdam
and it is a main town in the municipality of Velsen. The selected study
area extends from UTM 52�3201600 N - 4�4203400 E to 52�2403800 N -
4�2802300 E (Fig. 1d) and covers 225 km2 (15 � 15 km2). It encompasses
nine municipalities (i.e. Velsen, Beverwijk, Heemskerk, Castricum, Uitgeest,
Zaanstad, Haarlemmerliede en Spaarnwoude, Haarlem, Bloemendal). The
old configuration of the IJmuiden sea lock was composed of a main canal
that connected the North Sea with the city of Amsterdam through six sea
locks, as indicated with yellow arrows in Fig. 2. Several strategic activ-
ities for the Dutch community take place nearby the IJmuiden sea lock: the
5

storage and trans-shipment of fresh and deep-frozen fish, ferry and cruise
shipping and assembly and construction of offshore wind farms. Small
artificial hills hiding large shelters dating back to World War II and
currently used to store frozen fish as well as sand dunes rise up along the
North Sea coast. Cranes, offshore platforms, residential and industrial
buildings surround the sea lock (Fig. 2).

In the Netherlands, about 26% of the land is placed in depressions and
about 23.5% of the population lives below the mean sea level (Hut,
2015). The selected study area belongs to the so-called “low-elevation
coastal zones” for which strong storms can give rise to dangerous con-
ditions, infrastructural breakdown and other risks (McGranahan et al.,
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Fig. 6. Number of samples representing neutral or near-neutral atmospheric
conditions collected in recording period July 5, 2017–July 5, 2018 for 24
reference wind directions.
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2007). As illustrated in the map of Fig. 3a, about 91% has an altitude
lower than 10 m above the mean sea level (MSL) and only about 9% has
an altitude between 10 and 20 m MSL. These percentages do not include
the area covered by buildings, bridges, cranes and other small obstacles
(as artificial hills) concentrated around the IJmuiden sea lock. The sea lock
area is comparable to an open area with a very low aerodynamic rough-
ness and therefore exposed to strong wind conditions. Conversely, the
area surrounding the sea lock exhibits a high presence of buildings of
different heights (Fig. 3a), typically comparable to an urban area,
therefore a high aerodynamic roughness. The combination of these two
features makes this seaport area quite unique and highly exposed to
Fig. 7. Computational domain and grid o

6

complex wind conditions (such as separation and recirculation flows
around buildings and ships) especially in case of strong sea storms.

Major changes to the old configuration of the sea lock were initiated
starting January 2016 when a new sea lock started to be constructed
(Fig. 3b–c). Because of the ongoing period of drought and the increasing
ship sizes, and based on the advice of the National Water Coordination
Committee, several actions were taken by the Directorate-General for
Public Works andWater Management (Port of Amsterdam, 2018). One of
these decisions was to adjust the lock passage regime in IJmuiden to
reduce saltwater intrusion from the North Sea Canal into the Amsterdam
Rhine Canal and accommodate larger cruise ships as well as container
ships (Port of Amsterdam, 2018). The new sea lock should be operative by
January 2022. In the new configuration, it is 500 m long, 70 m wide and
18 m deep and it will accommodate vessels of maximum 365m in length,
57 m in width and 13.75 m in depth. It will be 100 m longer, 20 m wider
and 3 m deeper than the old Noordersluis lock, which was one of the
largest in the world in the year of its completion in 1929 (Fig. 3b–c). The
new sea lock not only differs from the Noordersluis in terms of size, it will
also have a wider range of use, because it is deeper than the old one and it
can be operated regardless of the tides. Moreover, the lock walls will soar
5 m above the current water level providing defense against the rising sea
levels caused by climate change and strengthening the country’s flood
control. A comparison among the old configuration (2015), the new
configuration at the beginning of the construction (2017), and a recent
status of construction of the new sea lock (2019) is shown in Fig. 4.

3. On-site measurements

On-site measurements of wind speed and wind direction were carried
out with 2D ultrasonic anemometers at four positions, termed IJm1, IJm2,
IJm3 and IJm4 (Fig. 5). Data were gathered with a sampling frequency of
1 Hz for a period of 12 months (from July 5, 2017 to July 5, 2018) with
some minor interruptions in between due to storms and equipment
malfunctioning. The anemometer stations were installed in the area of
the sea lock at a height of about 15 m MSL (Fig. 5). The anemometer
positions were chosen (i) to properly represent the wind conditions
around the sea lock and (ii) to avoid as much as possible local disturbance
effects caused by local small-scale terrain and building features that are
not included in detail in the computational model. The station IJm1 was
n the bottom surfaces of the domain.

mailto:Image of Fig. 6|tif
mailto:Image of Fig. 7|tif


Fig. 8. Screenshot of the “Actueel Hoogtebestand Nederland” webpage showing the surface height (m) of the selected area for analysis. Legend enlarged for readability.
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intentionally installed nearby the station KNMI, already in place for a
long time and property of the KNMI (Royal Dutch Meteorological Insti-
tute). This KNMI station included more traditional measurement equip-
ment, such as a cup anemometer and a wind vane. At this position, the
measurements appeared to be not significantly influenced by the im-
mediate surroundings (Fig. 5). This station will be essential for future
operation where themeasured conditions at this station will be translated
to local wind speed and local wind direction at every location in the sea
lock by means of the results of the CFD simulations presented in this
paper. The position of IJm1 was chosen as reference position and the
measured mean wind speed at this location is denoted as Uref.

For CFD validation, the on-site measurements of IJm1, IJm2, IJm3 and
IJm4 were averaged into 10-min data. From the resulting database
composed of 10-min mean wind speed (U) values, only those data likely
associated with neutral atmospheric stratification conditions were
retained (Stull, 1988). In accordance with the Pasquill (1961) and Ven-
katram (1996) stability classes and in absence of temperature data, only
samples (i.e. the 10-min mean wind speed values) larger than 6 m/s were
considered in the validation study. This was important to exclude ther-
mal effects from the comparison. Around each wind direction (θ ¼ 0�,
15�, …, 345�) for which CFD simulations were performed, a relatively
narrow 15� (i.e. �7.5�) wind direction sector was defined. For every
sector, all 10-min data values with mean 10-min wind directions at the
7

reference station IJm1within this sector were grouped. The amplification
factors (Kexp), defined as the ratio between U at the measurement posi-
tion (e.g. at IJm2, IJm3 and IJm4) and Uref, were averaged and the
standard deviation (σ) was calculated. Fig. 6 indicates the number of
samples (i.e. 10-min mean wind speed values larger than 6 m/s) repre-
sentative of neutral atmospheric conditions collected in the recording
period (July 5, 2017–July 5, 2018) for each of the 24 wind direction
sectors (θ). Fig. 6 clearly shows that the prevailing winds blow mainly
from South-West and West in a range of about 60� (i.e. from 210� to
270�). Only a very limited number of samples satisfying the
above-mentioned selection criteria were found for the South-East, East
and North-East sectors, especially for θ ¼ 105� and θ ¼ 120� for which
only 11 and 12 samples were collected, respectively.

4. CFD simulations

4.1. Computational geometry, domain and grid

A high-resolution computational geometry and grid with a surface
area of 225 km2 (i.e. L x L x H ¼ 15 � 15 � 0.5 km3) were built using the
software Gambit 2.4.6 (Fluent Inc., 2005) (Fig. 7). The whole computa-
tional geometry was constructed based on the ground plan (i.e. CAD
drawings) of the area provided by the “Publieke Dienstverlening op de
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Fig. 9. Overview of the study area (a) inside the computational domain with an indication of three subdomains belonging to the three zones with different levels of
geometrical detailing and grid resolution: (b) “sea lock”, (c) “immediate proximity”, (d) “surrounding”. Background photo credit to Google Maps.
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Kaart” (Public Service of Maps of the Netherlands) combined with an
accuracy check of each building using Google Earth Pro and Google Maps.
However, since the new configuration of the IJmuiden sea lock was not
included yet in these maps, 2D and 3D drawings provided by the harbor
authority were used to construct the computational geometry. The height
of each building, dock, crane and other permanent obstacles in the study
area was obtained from the digital maps of Netherlands provided by
“Actueel Hoogtebestand Nederland” (Fig. 8).

To construct a high-quality computational grid, the surface-grid
extrusion technique presented by van Hooff and Blocken (2010) was
used and the best practice guidelines for CFD in general and for CFD in
wind engineering in particular were followed (Casey and Wintergerste,
2000; Britter and Shatzmann, 2007; Blocken and Gualtieri, 2012; Franke
et al., 2007; Tominaga et al., 2008; Blocken 2015). To avoid potential
convergence problems associated with the use of lower-quality grid cells
when combined with the required second-order discretization schemes,
only hexahedral and prismatic cells were used to construct the grid. As
indicated in Fig. 9, three different levels of resolution were defined for
both the geometry and grid (e.g. buildings, bridges and docks) for the
computational domain with a stretching ratio ranging between 1.1 and
1.3, in adherence to the best practice guidelines (Franke et al., 2007;
Tominaga et al., 2008). In zone 1, called “sea lock” and corresponding to
the new configuration of the IJmuiden sea lock (Figs 8 and 9), the buildings,
bridges and docks were constructed with their real ground plans and
heights, but pitched roofs of buildings were represented by flat roofs and
a minimum and a maximum cell size of 1 m and 10 m were used,
respectively. Note that the effect of replacing pitched roofs with flat roofs
on overall wind flow patterns was investigated earlier by Ricci et al.
(2017; 2018) who noted negligible deviations in terms of mean wind
speed between the detailed (including the real pitched roofs) and the
8

approximated (simplifying pitched roofs by flat roofs) model inside the
urban boundary layer (UBL). The computational grid of zone 1 counted
about 27 million control volumes. In zone 2, termed “immediate prox-
imity”, an intermediate level of resolution for the geometries and grid
was applied (Fig. 9). In this zone of about 50.8 km2, the buildings were
also constructed with their real ground plans and heights and pitched
roofs were replaced by flat ones, however a coarser grid was applied
compared to zone 1. A minimum and a maximum cell size of 1 m and 30
m were adopted, respectively, yielding about 24 million control volumes
for this zone. In the third zone, termed “surrounding” with about 167
km2, a lower resolution for both geometry and grid was adopted
compared to the foregoing two zones (Figs. 9 and 10). Due to the sig-
nificant size of the computational domain, this further simplification was
deemed necessary to reduce the overall computational costs. In this zone,
groups of buildings were modeled as one block with a height equal to the
average height of the buildings it represents. Aminimum and amaximum
cell size of 1 m and 100 m were adopted, respectively. This zone counted
about 23million control volumes. The whole computational grid counted
approximately 74 million control volumes (Fig. 10).
4.2. Boundary conditions

A distinction between two types of roughness was made (Blocken
2015): (i) the surface roughness of terrains and obstacles (e.g. buildings,
cranes, docks) that are explicitly included in the computational domain,
i.e. with their actual shape and size (albeit possibly simplified) and (ii)
the surface roughness of the surroundings (i.e. terrain and obstacles) that
are not explicitly included in the computational domain. In both cases (i
and ii) the aerodynamic roughness length (z0) was determined in
accordance with the Davenport roughness classification updated by
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Fig. 10. Computational grid from different perspective views. Total cell count is 74 million.
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Fig. 11. Indication of the 24 wind sectors (i.e. reference wind directions) and the aerodynamic roughness lengths (z0) for the terrain surrounding the study area.
Background photo credit to Google Maps.
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Wieringa (1992) and using Google Maps(Fig. 11). The surface roughness
of the terrain outside the computational domain plays an important role
since it determines to a large extent the shapes of the approach-flow
profiles which in turn can affect the wind-flow pattern nearby the area
under investigation (Ricci et al., 2019). The vertical profiles of mean
wind speed (U); turbulence kinetic energy (k) and turbulence dissipation
rate (ε) profiles were given by:

U¼ u*
κ

ln
ðzþ z0Þ

z0
(1)

k¼ u2*ffiffiffiffiffiffi
Cμ

p (2)
10
ε¼ u3*
κðzþ z0Þ (3)
With u* the friction velocity, z0 the aerodynamic roughness length, κ the
von Karman constant (equal to 0.41) and Cμ a constant (equal to 0.09).
Fig. 12 shows the profiles for z0 ¼ 0.0002 m (termed “sea profile”) and z0
¼ 0.03 m (termed “land profile”), with Uref the reference wind speed at
reference height zref ¼ 500 m. In Fig. 12, λ represents a characteristic
length scale which was taken equal to the height (H ¼ 0.5 km) of the
computational domain.

The computational domain was meticulously subdivided into patches
of different aerodynamic roughness length (z0) as indicated in Fig. 11 and
Table 1. The values of z0 were subsequently converted into the corre-
sponding equivalent sand-grain roughness height (kS) and a roughness
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Fig. 12. Inflow conditions (U, k, ϵ) imposed at the inlet face of the computational domain for the reference wind directions θ ¼ 270� (i.e. “sea profile”) and θ ¼ 0� (i.e.
“land profile”).

Table 1
Aerodynamic roughness length (z0), equivalent sand-grain roughness height (kS)
and roughness constant (CS) values for surface roughness in the computational
domain.

roughness patch z0 [m] kS [m] CS [-]

sea 0.0002 3.92 � 10�3 0.5
smooth 0.005 9.79 � 10�2 0.5
open 0.03 4.19 � 10�1 0.7
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constant (CS) in order to use the CFD code ANSYS Fluent 16 (ANSYS
Fluent, 2013) in accordance with the equation by Blocken et al. (2007a,
b) (Table 1):

ks ¼ 9:793 z0
Cs

(4)

These values were required as input for the standard wall functions by
Launder and Spalding (1974) with roughness modification by Cebeci and
Bradshaw (1997).

At the sides (only for θ ¼ 0�, θ ¼ 90�, θ ¼ 180� and θ ¼ 270�) and top
of the computational domain a slip wall boundary condition was
imposed. At the outlet, zero static gauge pressure was set.

4.3. Other computational settings

3D steady-state RANS CFD simulations were performed for 24 refer-
ence wind directions (θ) using the realizable k-ε turbulence model for
closure (Shih et al., 1995). The choice for the realizable k-ε turbulence
model was based on the accuracy and reliability proven by 3D steady
RANS simulations carried out by other researchers on wind flows in
complex areas, as van Hooff and Blocken (2010), Karava et al. (2011),
Moonen et al. (2011), Janssen et al. (2013), Yang et al. (2016), Blocken
et al. (2016), van Druenen et al. (2019), Antoniou et al. (2019). The
second-order discretization schemes for the convective and the viscous
terms of the governing equations and the SIMPLE algorithm for
pressure-velocity coupling were adopted (Ferziger and Peri�c, 2002;
Versteeg andMalalasekera, 2007). Each simulation was carried out by for
approximately 144 h, using 16 cores of the cluster of the unit Building
Physics & Services at the Department of the Built Environment of Eind-
hoven University of Technology. The simulations were terminated after
about 45,000 iterations, when the scaled residuals had reached values of
10�5 for the continuity, 10�8 for x-, y- and z -velocity, 10�7 for k and 10�6

for ε.
11
5. CFD and on-site measurement results

5.1. Contours of wind speed amplification factor

Fig. 13 presents the CFD results as contours of the mean wind speed
amplification factor (K) in a horizontal plane at about 15 m above MSL.
As mentioned in Section 3, the station IJm1 is taken as reference since at
this location the wind flow field is supposed to be not significantly
influenced by surrounding obstacles. Fig. 13 shows that in general,
sheltering effects with separation and wake flow caused by the presence
of obstacles such as buildings, cranes, docks and bridges and the changes
in z0 from patch to patch, are observed throughout the whole domain
especially at the sea lock. These effects may be of great relevance for
ships passing through the sea lock or just maneuvering nearby quays. In
this regard, a qualitative representation of the wind flow experienced by
a ship when passing the IJmuiden sea lock through the main route is also
provided in Fig. 13 by means of a piece-wise linear trajectory from west
to east. The line can be black or white, solid or dashed. The solid white
line indicates a part of the trajectory with almost constant K� 1, the solid
black line indicates a part with an almost constant K > 1 and the dashed
black line indicates a part with strong gradients of K. Overall, the
following observations are made:
roughly open 0.10 4.89 � 10�1 2.0
rough 0.25 4.89 � 10�1 5.0
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Fig. 13. (a–d) Contours of amplification factor (K) at 15 m above mean sea level (MSL), for the reference wind directions θ ¼ 0�, θ ¼ 15�, θ ¼ 30� and θ ¼ 45�. The
main ship’s route in the sea lock is also indicated: a solid white line for an almost constant K � 1, a solid black line for an almost constant K > 1 and a dashed black line
for strong gradients of K. (e–h) Contours of amplification factor (K) at 15 m above mean sea level (MSL), for the reference wind directions θ ¼ 60�, θ ¼ 75�, θ ¼ 90�

and θ ¼ 105�. The main ship’s route in the sea lock is also indicated: a solid white line for an almost constant K � 1, a solid black line for an almost constant K > 1 and
a dashed black line for strong gradients of K. (i–n) Contours of amplification factor (K) at 15 m above mean sea level (MSL), for the reference wind directions θ ¼ 120�,
θ ¼ 135�, θ ¼ 150� and θ ¼ 165�. The main ship’s route in the sea lock is also indicated: a solid white line for an almost constant K � 1, a solid black line for an almost
constant K > 1 and a dashed black line for strong gradients of K. (o–r) Contours of amplification factor (K) at 15 m above mean sea level (MSL), for the reference wind
directions θ ¼ 180�, θ ¼ 195�, θ ¼ 210� and θ ¼ 225�. The main ship’s route in the sea lock is also indicated: a solid white line for an almost constant K � 1, a solid
black line for an almost constant K > 1 and a dashed black line for strong gradients of K. (s–v) Contours of amplification factor (K) at 15 m above mean sea level (MSL),
for the reference wind directions θ ¼ 240�, θ ¼ 255�, θ ¼ 270� and θ ¼ 285�. The main ship’s route in the sea lock is also indicated: a solid white line for an almost
constant K � 1, a solid black line for an almost constant K > 1 and a dashed black line for strong gradients of K. (w–z) Contours of amplification factor (K) at 15 m
above mean sea level (MSL), for the reference wind directions θ ¼ 300�, θ ¼ 315�, θ ¼ 330� and θ ¼ 345�. The main ship’s route in the sea lock is also indicated: a solid
white line for an almost constant K � 1, a solid black line for an almost constant K > 1 and a dashed black line for strong gradients of K.
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Fig. 13. (continued).
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� For all θ a ship passing through the sea lock experiences strong wind
speed gradients and due to the surrounding obstacles (e.g. buildings,
cranes and quays). In particular a wide range of K, from 0.3 to 1.4, is
observed in the sea lock for the wind sectors 45�

–165� (Fig. 13d-n)
and 240�–315� (Fig. 13s–v).

� There is generally an increase of K for all θ in the zones with a low z0,
as in the open sea and inside the sea lock (Figs. 3 and 13).

� A wider range of reduced K (i.e. green - blue range in the colorbar)
versus increased K (i.e. orange - red range in the colorbar) is found
especially at the urban area surrounding the sea lock for all θ (except
for 0�, 15�, 30�, 330�) (Fig. 13).
13
� Large gradients of K are found for all θ in open areas (e.g. squares,
parking and factories deposit areas) downstream of dense surround-
ings through which the flow is unable to funnel (Figs. 3 and 13).

� Small gradients of K are found for all θ in open areas (e.g. squares,
parking and factories deposit areas) downstream of less dense sur-
roundings through which the flow is able to funnel by narrow streets.
(Fig. 13).

� Large gradients of K are found for East (i.e. θ¼ 75�, θ¼ 90�, θ¼ 105�)
andWest (i.e. θ¼ 255�, θ¼ 270�, θ¼ 285�) wind sectors of about 30�,
when the main canal of the sea lock is almost aligned with the
approach-flow direction. For these θ, the highest K are also observed
along the main ship’s route (Fig. 13f,g,h,t,u,v).
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Fig. 13a–c shows that for θ ¼ 0�, θ ¼ 15� and θ ¼ 30� K varies from
0 to about 1.1, with higher factors (i.e. about 1.05 and 1.1) at open sea.
However, this trend changes quite rapidly as soon as the presence of the
buildings obstructs the winds blowing from East to West. Indeed, for θ ¼
45�, θ ¼ 60� and θ ¼ 75� the contours of Fig. 13d–f shows large K (i.e. up
to 1.4) at open areas as squares, parking and factories deposit areas.
These effects become even larger in the wind sector 90�

–165� reported in
Fig. 13g-n. This can be attributed to the sheltered position of the station
IJm1 where lower wind speed values are observed compared to other
wind sectors, as described in the next section. In the wind sector
180�–225�, the K values at the sea lock decrease slightly (about 0.8–1.0)
and lower gradients are found inside the sea lock (Fig. 13o-s), with
respect to the above-mentioned θ. Indeed, unlike the buildings belonging
14
to the North-Eastern and Eastern surrounding zone (see Fig. 9), the
buildings located to the South of the sea lock slightly obstruct the
funneling of the flow. It happens because, as described in Section 4.1 by
Fig. 9, in the immediate proximity of the sea lock each building was con-
structed with its real ground plan and height and the flow is able to
funnel through the streets, squares and open areas.

In the wind sector 240�–300�, peak values of K (i.e. of about 1.28) are
found at the sea and sea lock, where a low z0 value (i.e. of 0.0002 m) was
used (Fig. 13t-w). In this sector the IJm1 station is slightly shielded by the
structure of the quays. However, note that lower K values and smaller
gradients, with respect to the analogous Eastern wind directions, are
found throughout the whole computational domain due to the scarce
presence of obstacles obstructing the wind flow funneling, between the
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approaching flow and the sea lock (Fig. 13t-w).
In the wind sector 315�–345�, K varies between 0.7 and 1.1 at the sea

lock (Fig. 13x-z). As already mentioned for the wind sector 180�
–225�,

the surrounding buildings (see Fig. 9) located to the North of the sea lock
allow the wind-flow funnel preventing large separations of the flow zones
mainly nearby the docks (Fig. 13 x,y,z).

Note that, as described in Section 4.1 (see also Fig. 9), in order to limit
the total amount of cells, the computational grid in the surrounding zone
generally has a lower resolution (than sea lock and immediate proximity
zones). This can cause a less accurate wind flow prediction over, around,
and between buildings in this zone, particularly for the wind sectors
between 0� and 180�.
15
5.2. Comparison between simulated and measured data

This subsection presents a comparison between the CFD results and
the on-site measurements in terms of wind speed amplification factor (K)
and local wind direction (ϕ) for 24 reference wind directions (θ) at four
measurement positions (i.e. IJm1, IJm2, IJm3 and IJm4). The wind speed
amplification factors of the measured, Kexp, and the simulated, Knum, data
are defined analogously to those presented in the contours of Fig. 13. As
an example, Figs. 14–17 illustrate contours of K in a horizontal plane at
15 mMSL with local inserts of the measured and simulated amplification

factor vectors (K
!
) at four measurement positions (i.e. IJm1, IJm2, IJm3

and IJm4) for four reference wind directions (i.e. θ ¼ 45�, 135�, 225� and
315�). The accompanying tables provide the mean values and standard
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deviations of the measured data of K
!

(Kexp - avg., Kexp - stdv.) and ϕ (ϕexp -
avg., ϕexp - stdv.), as well as the values for the corresponding simulated

data (K
!

num) and (ϕnum). Overall, the following observations are made:

� The wind flow inside the sea lock appears highly unsteady for all four
wind sectors analyzed here, as indicated by the large values of ϕexp -
stdv (e.g. max of 56.7) and Kexp - stdv (e.g. max of 0.23) at IJm2, IJm3
and IJm4. Conversely, the ϕexp - stdv is found to be quite small (max of
4.4) at IJm1 (Figs. 14–17) reconfirming this as a suitable reference
position. Here, differences in terms of ϕ between simulated and
measured data are small: 3.3� for θ ¼ 45�, to 1.5� for θ ¼ 135�, to 2.4�

for θ ¼ 225� and to 1.5� for θ ¼ 315� (Figs. 14–17).
16
� For θ ¼ 45� and θ ¼ 135�, despite the above-mentioned highly un-
steady nature of the flow inside the sea lock, the difference between

simulated and measured data in terms of K
!

and φ varies in a range of
0.04–0.28 (at IJm4 for θ ¼ 45� and at IJm3 for θ ¼ 135�) and 0�–35.9�

(at IJm3 and IJm4 for θ ¼ 135�), respectively. At all stations, the
predicted φnum falls within the ϕexp - stdv (Figs. 14–17).

� For θ ¼ 225� and θ ¼ 315�, the eastern part of the sea lock is less
exposed to strong gradient of K due to the presence of the high-
density surroundings through which the wind is not able to funnel.

The difference between simulated and measured data in terms of K
!

and ϕ varies in a range of 0.02–0.28 (at IJm4 both for θ ¼ 225� and θ
¼ 315�) and 2.1�–34� (at IJm2 for θ ¼ 225� and IJm4 for θ ¼ 315�),
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respectively. Also for these θ, at all stations the predicted ϕnum falls
within the ϕexp – stdv (Figs. 14–17).

Despite the high unsteadiness of the flow inside the sea lock mainly
caused by the surrounding obstacles (as described in Section 5.1), the 3D
steady RANS approach shows a sufficiently high reliability for predicting
the mean wind speed and local wind direction. However, the deviations
discussed in the present subsection and more in detail in the next one can
be also caused by the fact that the comparison, between simulated and
measured data, is carried out for two somewhat different sea lock con-
figurations, being the old versus the new configuration.
17
5.3. CFD validation

Fig. 18 compare the measured and simulated wind speed amplifica-
tion factor (Kexp and Knum), local wind direction (ϕexp and ϕnum) and
turbulence intensity amplification factor (Yexp and Ynum), for the 24
reference wind directions at four positions (IJm1, IJm2, IJm3 and IJm4).
The latter is defined as the ratio between I at the measurement position
(e.g. at IJm2, IJm3 and IJm4) and Iref at the reference position IJm1.

Fig. 18a shows a satisfactory agreement in terms of K between
measured and simulated data with about 90% of the simulated data
within �30% deviation from the measured data, on a database of 72
samples. Deviations larger than 30% are found only for θ¼ 105� (at IJm3,
IJm3 and IJm4), θ ¼ 120�, θ ¼ 330� (at IJm4) and θ ¼ 345� (at IJm3).
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Fig. 14. Contours of amplification factor (K) in a horizontal plane at 15 m above mean sea level (MSL) for the reference wind direction θ ¼ 45�. Wind speed ratio

vectors (K
!
) at measurement positions IJm1, IJm2, IJm3 and IJm4: simulated (violet) versus measured (black), with standard deviation (black). Average values and

standard deviations of K
!

and local wind direction (ϕ) are reported in the table. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 15. Contours of amplification factor (K) in a horizontal plane at 15 m above mean sea level (MSL) for the reference wind direction θ ¼ 135�. Wind speed ratio

vectors (K
!
) at measurement positions IJm1, IJm2, IJm3 and IJm4: simulated (violet) versus measured (black), with standard deviation (black). Average values and

standard deviations of K
!

and local wind direction (ϕ) are reported in the table. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

A. Ricci, B. Blocken Journal of Wind Engineering & Industrial Aerodynamics 207 (2020) 104437

18

mailto:Image of Fig. 14|tif
mailto:Image of Fig. 15|tif


Fig. 16. Contours of amplification factor (K) in a horizontal plane at 15 m above mean sea level (MSL) for the reference wind direction θ ¼ 225�. Wind speed ratio

vectors (K
!
) at measurement positions IJm1, IJm2, IJm3 and IJm4: simulated (violet) versus measured (black), with standard deviation (black). Average values and

standard deviations of K
!

and local wind direction (ϕ) are reported in the table. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 17. Contours of amplification factor (K) in a horizontal plane at 15 m above mean sea level (MSL) for the reference wind direction θ ¼ 315�. Wind speed ratio

vectors (K
!
) at measurement positions IJm1, IJm2, IJm3 and IJm4: simulated (violet) versus measured (black), with standard deviation (black). Average values and

standard deviations of K
!

and local wind direction (ϕ) are reported in the table. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 18. Comparison between simulated and measured data at 15 m above mean sea level (MSL) at three measurement positions (IJm2, IJm3 and IJm4) for 24
reference wind directions (θ): (a) wind speed amplification factor (K), (b) local wind directions (ϕ), (c) and turbulence intensity amplification factor (Y). Values of K, ϕ
and Y with deviations between CFD and experiments exceeding 30%, 30� and 60� are also indicated in the figures.

A. Ricci, B. Blocken Journal of Wind Engineering & Industrial Aerodynamics 207 (2020) 104437
To analyze the deviations larger than 30% at the four θ, polar dia-
grams are provided for IJm2, IJm3 and IJm4 (Fig. 19). At these positions,
large deviations between Knum and Kexp are found mostly for the South-
East - North-West wind sectors. In contrast, at IJm2 and IJm4 Knum are
found to yield underestimations for 0�, 15�, 210�, 285�. However, since K
is a ratio between a numerator (the value at IJm2, IJm3 or IJm4) and a
denominator (the value at the reference position, IJm1), the cause of such
large deviations of K for 105�, 120�, 330�, 345� could be attributed to
either deviations in the numerator or deviations in the denominator, or
both. In this regard, the annual (July 2017–July 2018) average wind
speed (of the selected 10-min mean wind speed values) of on-site mea-
surements and the mean wind speed values of the 3D steady RANS
simulations are compared by polar diagrams (Fig. 20) at IJm1, IJm2, IJm3
and IJm4. The following observations are made:

� Deviations of 0.6%–8.4%, between simulated and measured data, are
found at IJm1 expect for three wind sectors (about 45�–135�,
240�–270�, 345�–45�), for which some over and underestimations are
20
present. In particular, large underestimations (i.e. deviations of about
33%) by simulated data are found for θ ¼ 105� and θ ¼ 120� (Fig. 20).

� The deviations of K observed in Fig. 18a for θ ¼ 105� and θ ¼ 120� at
IJm3 and IJm4 considerably exceed the 30% threshold. This is
attributed to the fact that at positions IJm3 and IJm4, the simulated U
largely overestimates the measured U (i.e. deviations of about 55%
for both θ) and the fact that at IJm1 the simulated U underestimates
the measured U with deviations of about 19.8% and 16.4%, respec-
tively (Fig. 20a,c,d). This trend (overestimated data/underestimated
data) between local station and reference station does not happen for
other wind sectors (at least not to such an extent) but only for this
wind sector (θ ¼ 105� and θ ¼ 120�), for which the station IJm1 is
shielded by a small hill (with a height of about 5–7 m) not reproduced
by the computational domain.

� Indeed the deviations of K, between simulated and measured data,
observed in Fig. 18a for θ ¼ 330� (at IJm4) θ ¼ 345� (at IJm3) exceed
the 30% threshold, because as shown by Fig. 20a,c,d the deviations
between simulated U and measured U at IJm4 and IJm3 (i.e.
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Fig. 19. Polar diagrams of measured (Kexp) and simulated (Knum) data in terms of wind speed amplification factors (K) calculated at three positions (IJm1, IJm2 and
IJm4) with IJm1 as reference position and for 24 reference wind directions (θ).
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deviations of about 60%) are larger than those at IJm1 (i.e. deviations
of about 8%).

� Finally, the deviations between simulated and measured data
observed for θ ¼ 105� at IJm2 (Fig. 18a) could be attributed to the
overestimation (i.e. deviation of about 21%) by simulated U found at
IJm2 and the underestimation (i.e. deviation of about 20%) by
simulated U at IJm1 (Fig. 20a–b).

Fig. 18b also shows a satisfactory agreement between measured and
simulated data in terms of ϕ. A tight distribution around the diagonal is
observed with about 90% of ϕnum within �30� of deviation with respect
to ϕexp, on a database of 96 samples (i.e. 24 for each position). Deviations
larger than 30%, between ϕexp and ϕnum, are found for θ ¼ 15� (at IJm2
and IJm3), θ ¼ 105� (at IJm2 and IJm3), θ ¼ 120� (at IJm2 and IJm3), θ ¼
330� (at IJm3 and IJm4) and θ ¼ 345� (at IJm4). These results are further
confirmed by Fig. 21, where the comparison between ϕexp and ϕnum is
displayed by polar diagrams at the four positions. At IJm1 the agreement
between ϕexp and ϕnum is found to be almost perfect with small deviations
of about 5�, not visible in the plot (Fig. 21a), in line with the contours of
Figs. 14–17. At IJm2, ϕnum underestimates ϕexp in the wind sector
15�–120�, with three peak values at θ ¼ 15�, θ ¼ 105� and θ ¼ 120�

(Fig. 21b). In contrast, ϕnum yields overestimations in the range
330�–345� (Fig. 21b). At IJm3, similar underestimations and over-
estimations by ϕnum are found for 15�–120� and 315�–345�, respectively
(Fig. 21c). At IJm4, the agreement between ϕnum and ϕexp is observed to
be very close for all wind sectors except 315�–345� (Fig. 21d).

As shown in Fig. 18c, less satisfactory agreement is noticed in terms of
Y, which however is unsurprising given the use of the 3D steady RANS
21
approach. A considerable scatter away from the diagonal is observed
with - about 74% of Ynum (i.e. 53 samples) within �30� with respect to
the Yexp, on a database of 72 samples. More insight can be obtained by
the polar diagrams of Fig. 22. At IJm2, Ynum overestimates (with respect
to Yexp) are found for more than 50% of the wind sectors analyzed with a
high peak value (equal to 3.97) at θ ¼ 210� (Fig. 22a). For θ ¼ 210�, the
IJm2 station is shielded by a surrounding building (see Figs. 5 and 13q)
and the inaccuracy of the steady RANS approach in predicting the wake
flow can cause an underestimation (i.e. deviation of about 19%) by the
simulated data in terms of mean wind speed (see also Fig. 20b) and an
overestimation by the simulated data in terms of turbulence intensity.
Conversely, at IJm2, Ynum yields underestimations for the sectors
330�–345� and 45�–120� (Fig. 22a). This position is shielded by the
surrounding buildings (see also Fig. 5) and the RANS approach is found
again to be less accurate since the Ynum underestimates Yexp for almost all
wind sectors (Fig. 22b). Finally, at IJm4 underestimations interspersed
with overestimations by Ynum are observed throughout the whole wind
rose (Fig. 22c).

6. Summary and conclusions

Coastal areas and seaport areas are exposed to high wind speeds.
These areas are generally characterized by a wide range of aerodynamic
roughness lengths (e.g. sea versus densely built-up harbor docks) but also
by numerous strong changes in surface roughness (e.g. from harbor ba-
sins to adjacent docks with container stacks and back to harbor basins,
and so on). This combination makes the seaport area quite unique and
exposed to highly complex wind conditions. A large number of activities
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Fig. 20. Polar diagrams of the measured annual (July 2017–July 2018) average wind speed and computed wind speed at three positions (IJm1, IJm2 and IJm4) with
IJm1 as reference position for the 24 reference wind directions (θ).
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usually carried out in these areas also imply high risks for human beings.
The consequences of accidents in seaport areas may be not only economic
losses but also loss of human lives.

The size of seaport infrastructures as well as of container ships and
cruise ships has increased significantly over the last decades. The
increasing ship size does not only cause larger wind forces but also larger
ship inertia, which renders the navigation through the port areas even
more difficult, especially on windy days. In this regard, the knowledge of
macroscale and microscale wind conditions is essential for safety man-
agement, for maneuvering and mooring of ships, for optimizing the
harbor design and also for reducing economic losses associated with port
disruption due to extreme wind events.

In this paper the reliability of the 3D steady RANS approach for
predicting the microscale wind conditions in a seaport area is analyzed.
The IJmuiden sea lock, in Netherlands, and the surrounding built envi-
ronment is chosen as case study. Note that this study focused on specific
seaport area located in Europe, but the same methodology could also be
adopted for different complex urban environments worldwide, including
– but not limited to - seaport areas and sea locks. At the time of writing
this article, the IJmuiden sea lock is the largest in the world. The CFD
simulations are carried out for 24 reference wind directions assuming
neutral atmospheric conditions representative of strong winds. For CFD
validation, four 2D ultrasonic anemometers were installed and mea-
surements were performed from July 2017 to July 2018. The CFD
simulation results are compared to the measurements in terms mean
22
wind speed amplification factor, turbulence intensity amplification factor
and local wind direction.

The present study is based on several assumptions:

� In absence of temperature data, possible neutral atmospheric stability
conditions were selected based on the Pasquill stability classes
considering only those events with a 10-min mean wind speed larger
than 6 m/s. Future research can consider non-neutral atmospheric
stability.

� The computational domain was constructed taking into account the
new configuration of the IJmuiden sea lock (see Fig. 3) but on-site
measurements were carried out on the old configuration, as
explained in Section 3. This is expected to have contributed to the
deviations between measurements and simulations.

� Due to the high complexity of the area under study, in accordance
with several previous publications (as Carpentieri and Robins, 2015,
Ricci et al., 2017 and 2020) geometrical simplifications were applied
to the buildings, bridges, cranes, streets and canals in the immediate
proximity and surrounding areas, as described in Section 4.1

Overall, the 3D steady RANS approach showed a sufficiently high
reliability for predicting the wind conditions in the seaport area under
neutral atmospheric conditions, in accordance with previous similar
studies (e.g. Blocken et al., 2015; Ricci et al., 2020a). This is confirmed by
the satisfactory agreement in terms of amplification factor and local wind
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Fig. 21. Polar diagrams of measured and simulated local wind directions (ϕ), at four measuring positions (IJm1, IJm2, IJm3 and IJm4) and for the 24 reference wind
directions (θ).
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direction between simulated and measured data. Conversely, a less
satisfactory agreement was found in terms of turbulence intensity
amplification factor, which is unsurprising given the limitations of steady
RANSmodeling. The largest deviations (i.e. greater than 30%) in terms of
turbulence intensity amplification factor are found at the measuring
positions in the middle of the sea lock where possible large sheltering
effects occur due to the high surface roughness and the local-scale forcing
effects, as also shown in previous studies (e.g. Oke 2002; Lin et al., 2014;
Carpentieri and Robins 2015; Ricci et al., 2020b; Vita et al., 2020a and
2020b). Beyond the inability of the steady RANS approach in properly
predicting the wind flow in separation zones, the deviations between
simulated and measured data are possibly caused by the fact that the
comparison was made for two different sea lock configurations (as pre-
viously mentioned), being the old versus the new configuration (Fig. 4).

This paper, in line with some other research projects carried out by
the authors on different port areas, confirms that 3D steady RANS
approach in combination with on-site measurements and wind-tunnel
tests can be of great support for seaport stakeholders in predicting the
microscale wind conditions. In particular, the validated results of 3D
RANS approach can provide a clear overview about the wind flow pattern
(Blocken et al., 2015), the wind experienced by the cruise ships and/or
container ships in port areas especially when surrounded by a large va-
riety of buildings and port infrastructures (Ricci et al., 2020), and also
insight into the atmospheric boundary layer development throughout the
whole area under study (Ricci et al. 2017, 2019). These results emphasize
how the most common reference wind speed of 10 m/s (at 10 m MSL) or
23
the logarithmic wind profile usually adopted by the majority of port
stakeholders worldwide to calculate wind forces on moored ships and
port infrastructures (by their homemade software), might not hold
anymore in a such complex environment. However, despite the large
amount of publications in atmospheric physics and wind engineering, a
unitary approach to assess wind flow in port areas and wind forces on
port infrastructures and ships is still missing.

Instead of the 3D steady RANS approach, more sophisticated nu-
merical approaches could be explored, such as large eddy simulation
(LES) or hybrid LES/unsteady RANS approaches. However, these require
even more care for high-quality grid generation, more sophisticated
boundary conditions and a much higher computational cost and time.
While the RANS simulations can be based on extensive best practice
guideline (BPG) documents that have been developed over the past de-
cades, for the LES approach such extensive best practice advice is at this
moment still largely missing, which is considered as a serious limitation
for high-quality LES in wind engineering (Blocken, 2018).

A real-time software application aimed at providing local-scale wind
conditions in seaport areas worldwide, based on CFD results and stan-
dard weather station recordings (as shown in this paper), is currently
under development by the authors. The software will help the port
stakeholders to recognize possible threats for the tugboat pilots when
navigating ships through port areas andmooring ships under strong wind
conditions.
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Fig. 22. Polar diagrams of measured and simulated turbulence intensity amplification factors (Y) values at three measurement positions for the 24 reference wind
directions (θ).
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