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The interest of Computational Wind Engineering to estimate wind loads for structural design of high-rise buildings has signiﬁcantly increased with easier access to
High-Performance Computing. In this project, the approach of replicating an experimental wind tunnel with Computational Fluid Dynamics (CFD) performing Large
Eddy Simulation was adopted.
The Precursor Database method was applied, using 13 different precursor domains.
The CAARC building was investigated for ﬁve wind angles of attack in both experimental and digital wind tunnel tests. Good agreements were found in average with
10-13 % deviation of the peak structural response base moments.
Guidelines to standard CFD setups of the inﬂow and test section domain were suggested. The guidelines were applied on the CAARC building with chamfered and
rounded corners for seven wind angles of attack. The simulations were performed
as blind tests to demonstrate a transparent study. Encouraging agreements were
found, however with slightly decreased accuracy indicating further research for
wind directions perpendicular to the windward face. Lastly, the suggested guidelines were tested on two additional projects.
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ABSTRACT
Determination of wind load on high-rise buildings by applying
Computational Fluid Dynamics
by Marie Skytte Thordal

The interest of Computational Wind Engineering to estimate wind loads for the structural design of
high-rise buildings has significantly increased with easier access to ever-growing high-performance
computing. To ensure accurate comparisons between experimental and digital wind tunnels, the
approach of replicating an experimental wind tunnel with Computational Fluid Dynamics (CFD) and
performing Large Eddy Simulation (LES) was adopted.
In this study, the Precursor Database method was applied in the CFD simulations, where the
approaching wind flow is created in an auxiliary domain, and the target building is composed in a test
section domain. 13 precursor domains were tested to find an optimal model that was workable in size
while ensuring high accuracy for reflecting the atmospheric boundary layer.
The standard tall CAARC building was investigated for five wind angles of attack with both
experimental and digital wind tunnel tests. The façade pressure coefficients, peak predicted structural
response base moments and appertaining Floor-by-Floor loadings were evaluated. The results of the two
approaches were in good agreements, and the mean average differences were found to 10.5 %, 13.0 %
and 12.8 % for the base peak Mx, My and Mz moments.
Based on the gained knowledge, guidelines to standard CFD setups of the inflow and test section domain
were suggested. To test the viability on other shapes, the suggested guidelines were employed on the
CAARC building with chamfered and rounded corner modifications for seven wind angles of attack.
The simulations were executed as blind tests to demonstrate a transparent study, where no optimisation
of the mesh or numerical schemes were performed. Encouraging agreements were found, however with
slightly decreased accuracy, with average deviations of 14.92 %, 14.08 % and 22.07 % for the base peak
Mx, My and Mz moments of the chamfered corner high-rise building, and 12.56 %, 11.58 % and 15.51 %
for Mx, My and Mz for the rounded corner high-rise building. The results showed that further research
is necessary for wind directions perpendicular to the windward face. Lastly, the suggested guidelines
were employed on a single high-rise building, and on a large real project in Ramboll that was compared
to experimental wind tunnel tests from an external wind engineering consultant.
Despite the required extra research, the suggested guidelines are believed to be useable by computational
wind engineers in the future, in order to secure that wind loading CFD simulations have a certain
standard and accuracy. Moreover, CFD is a useful tool that allows us to observe the invisible wind flow
from accurate numerical simulations so that we, in the end, can learn and develop as engineers.
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RESUMÉ
Bestemmelse af vindlast på højhuse under anvendelse af
Computational Fluid Dynamics
af Marie Skytte Thordal

Interessen for Computational Wind Engineering til at bestemme den karakteriske vindlast på højhuse,
er steget betydeligt med lettere adgang til kraftige computer clusters. For at sikre nøjagtige
sammenligninger mellem eksperimentelle og digitale vindtunneler, blev en metode benyttet, hvor en kopi
af den eksperimentel vindtunnel er udarbejdet i Computational Fluid Dynamics (CFD) med Large Eddy
Simulation (LES).
I dette studie blev Precursor Database metoden anvendt i CFD-simuleringerne, hvor vindflowet
opbygges i et hjælpedomæne over ruhedselementer, og højhuset testes efterfølgende i et
testsektionsdomæne. 13 precursor-domæner blev testet for at finde en optimal model, der var brugbar i
cellestørrelse, samtidig med at sikre høj nøjagtighed i reflekteringen af det atmosfæriske grænselag.
Den velkendte CAARC bygning blev undersøgt for fem vindretninger med både eksperimentelle og
digitale vindtunneltests. Facade trykkoefficienter, peak respons base momenter og tilhørende etagebelastninger blev evalueret. Resultaterne af de to metoder var i gode overensstemmelse, og de
gennemsnitlige forskelle blev konstateret til 10,5 %, 13,0 % og 12,8 % for Mx, My og Mz base momenterne.
Baseret på den opnåede viden blev der foreslået retningslinjer til standard CFD-opsætninger af inflowet
og testsektionsdomænet. For at teste anvendelsen af de foreslåede retningslinjer på andre former, blev
CAARC-bygningen med affasede og afrundede hjørnemodifikationer undersøgt for syv vindretninger.
Simuleringerne blev udført som blindtests for at fremvise en gennemsigtigtbar undersøgelse, hvor der
ikke efterfølgende blev lavet optimering af mesh eller numeriske metoder. Også her blev der fundet gode
overensstemmelser med gennemsnitlige afvigelser på 14,92 %, 14,08 % og 22,07 % for Mx, My og Mz base
momenterne af højhusbygningen med affasede hjørner og 12,56 %, 11,58 % og 15,51 % for Mx, My og Mz
base momenterne af højhusbygningen med de afrundede hjørner. Resultaterne viste, at yderligere
forskning er nødvendig for vindretninger vinkelret på bygningens frontfacade. Endelig blev de foreslåede
retningslinjer anvendt på et enkeltstående højhus og på et stort reelt projekt i Rambøll, der blev
sammenlignet med eksperimentelle vindtunneltest fra en ekstern vindingeniørkonsulent.
På trods af den nødvendige ekstra forskning, menes de foreslåede retningslinjer at være højest
anvendelige for CFD-vindingeniører i fremtiden, for at sikre, at CFD vindbelastning simuleringer har en
vis standard og nøjagtighed. Desuden er CFD et nyttigt værktøj, der giver os mulighed for at observere
det usynlige vindflow fra præcise numeriske simuleringer, så vi i sidste ende kan lære og udvikle os som
ingeniører.
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Chapter 1

1 INTRODUCTION
1.1

Motivation

The human’s desire to build something spectacular that makes us look up and get impressed by what
we are facing, strives us to accomplish something unimaginable. High-rise buildings are getting taller,
slender and architectural pieces of art, which makes them, from a structural engineering perspective,
more challenging to withstand the wind loads they are exposed to. Wind loads on buildings have been
predicted over more than a century with wind tunnel tests, where buildings and near field areas are
investigated at reduced scales. Wind tunnel studies have advanced and become more comprehensive
with better computer systems that simultaneously can record wind loads. But what if we also could look
into the wind and see the invisible? The human’s desire to accomplish unimaginable ideas drives us to
do research and evolve. With modern computer clusters and Computational Fluid Dynamics (CFD),
wind flows can be simulated and visualised, so we can observe, learn and develop as engineers. And in
the end, make high-rise buildings more optimised, efficient and sustainable.
CFD has established itself as a standard tool to predict pedestrian comfort in urban areas, where
standard setups to streamline and secure the outcome have been published (Tamura, Nozawa, & Kondo,
2008) (Franke, Hellsten, Schlünzen, & Carissimo, 2007) (CoL & RWDI, 2019). This type of tests is
executed with stationary Reynolds-Average Navier Stokes (RANS) models, that with modern computer
power does not require more than a half-day to run. CFD simulations to predict wind loads on buildings
require transient simulations with higher accuracy, entailing using Large Eddy Simulation (LES) models
as a prerequisite. 10 years ago, it would take a month to run a LES model for one wind direction with
the adequate schemes; whereas today, this can be performed in a day or less depending on hardware
resources, simply because of the rapid computational power development. As a consequence, the
execution time is down to something workable, which means the digital age is now ready and beneficial
to Computational Wind Engineering (CWE).
How accurate are CFD simulations then? And can they support or eventually replace the Experimental
Wind Tunnels (EWT)? It is the questions everyone asks to reach new heights. Naturally, experimental
wind engineers are sceptical and computational wind engineers are optimistic. Before answering the
questions, it is essential to test the differences between the two methods using High-Performance
Computing. The latest promising CFD studies showed deviations of 20-30% between the EWT and
CFD peak predicted structural responses (Elshaer, Aboshosha, Bitsuamlak, Damatty, & Dagnew, 2016)
(Ricci, Patruno, Kalkman, & Blocken, 2018). This PhD aims to demonstrate that CFD is an equally
sufficient and reliable tool as EWT and thereby lower the deviation between the methods. It is
demonstrated through one-to-one comparisons of an EWT and a Digital Wind Tunnel (DWT), where
the creation of the atmospheric boundary layer is identical. Hence, the wind load acting on the building
in an EWT and a DWT has the same prerequisite and thereby are directly comparable. A sharp-edged
high-rise building is benchmarked for this purpose, where the main focus has been to validate the global
loads with accuracy within an acceptable margin that is viable of commercial and engineering practice.
So how do we secure everyone follows the same guidelines? This will be the most challenging task CWE
is facing in the nearest future. It is impossible for structural engineers to navigate through which CWE
companies that are competent to perform the task, without standards and guidelines. To enhance the
quality of CWE, certification and transparent benchmarking database could make it more strict. Short
of this, an objective has also been to suggest a set of standard guidelines for wind load assessment on
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high-rise buildings, which include a set of basic requirements to ensure that a correct level of accuracy
is met.
The critical experimental wind engineer would claim that it is easy to benchmark an EWT test with
CFD simulations when the EWT results are known in advance. To evaluate this claim, the suggested
guidelines are employed on a chamfered and a rounded corner high-rise building and executed as blind
tests. In this way, the results are transparent and become the latest state of the art within CWE.
Finally, the guidelines are also employed on two other test cases, in order to evaluate its applicability.

1.2

Structure of the thesis

In the following presentation constitutes a comprehensive executive summary of the work which have
been conducted during the PhD period. The thesis is journal-ready based, entailing the main findings
are enclosed in the four journal publications. The encasing methodology and results which have not
been published or submitted to journals are elaborated in the executive summary.
The first paper [J1] is a review paper which assesses the latest state of the art within CWE. It discusses
the four approaches for creating the upstream wind flow within a DWT and outlines the latest advances
within each approach. The paper reviews the numerical schemes that are required to perform a CFD
wind loading model. Moreover, [J1] specifies the essential parameters to address in the atmospheric
boundary layer and reviews the latest studies attempt to reflect it. The paper compares benchmark
studies from EWTs and DWTs on the standard tall sharp-edged CAARC high-rise building. It shows a
vital point that the EWT results individually deviates just as much as the comparison to the DWT
results and clarifies that it is crucial to perform CFD simulations as a replica of an EWT, in order to
have directly comparable results.
The Precursor Database method is chosen as the approach to create the upstream wind flow in the
DWT. In the review of earlier studies, the creation of the Precursor Database method was usually just
a subtask and not comprehensively elaborated. Therefore, the need for a guideline on how to create and
employ the method was in demand. A large study of several precursor models was performed; firstly,
to reflect the wind flow within the EWT, and secondly, to optimise the model as a compromise of size
and accuracy. Three of the precursor models are included in the second paper [S1], whereas every tested
model is shown in Chapter 5 and briefly elaborated. Furthermore, [S1] discusses the standard setup of
inflow in a CFD model using the Precursor Database method and finalises with suggested guidelines for
the purpose.
Hereafter, the optimised Precursor Database model is employed as inlet boundary conditions in a
benchmark study of the same sharp-edged high-rise building, as discussed in [J1]. The high-rise building
is tested for a hypothetical situation, where it is placed in Copenhagen city center and thereby has a
realistic surrounding city. The benchmark study is enclosed in [S2] and investigates the high-rise building
for five wind angles of attack. The third paper [S2] finalises with suggested guidelines for a standard
setup of a test section domain. The results in the paper are seen as the latest state of the art, as the
deviations on the peak predicted structural loads are on average below 13 %. Chapter 6 includes relevant
research results in the process of benchmarking the sharp-edged high-rise building, which is not included
in [S2]. It includes evaluation of the results in the frequency domain and a section that discusses the
blind ends in the attempt of resolving the deficit of one of the wind angles of attack.
The last paper [S3] and Chapter 7 employ the suggested guidelines in paper [S1] and [S2] and show
blind tests on a chamfered and a rounded corner high-rise building for seven wind angles of attack. The
study aims at demonstrating a transparent comparison between the digital and experimental approaches
in terms of predicting peak structural wind loads and façade pressure distribution, rather than mitigating
the wind load.
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The executive summary encloses the methodology behind the present work in Chapter 2, including the
building test case, scaling conditions, specifications on the EWT tests and applied numerical methods.
Chapter 3 reviews the response analysis approaches in the frequency and time domain, where Chapter
4 in detail evaluates the EWT results. Chapter 5, 6 and 7 are dedicated to the last three papers [S1],
[S2] and [S3], respectively. Chapter 8 demonstrates validation of the suggested standard setups on a
large project within Ramboll, where an external wind engineering consultant performed the EWT tests.
Chapter 9 encases a test case of a single squared high-rise building. Initial test cases were conducted on
the high-rise building before any of the aforementioned tests were carried out. The results showed
encouraging results in proportion to the knowledge at the time. Later, the suggested guidelines were
employed on the squared high-rise building, in order to investigate the guidelines’ applicability and if it
could improve the results. Finally, concluding remarks and necessary future research are discussed in
Chapter 10.
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2 METHODOLOGY
The sharp-edged building chosen for the investigations is the standard tall Commonwealth Advisory
Aeronautical Research Council (CAARC) building, which has a footprint of 30 m x 45 m and a height
of 180 m. The building has been benchmarked several times in wind tunnel studies in the 1980s
(Melbourne, 1980) (Tanaka & Lawen, 1986) (Obasaju, 1992) and later in CFD studies (Daniels, Castro,
& Xie, 2013), (Dagnew & Bitsuamlak, 2014) (Yan & Li, 2015) (Elshaer, Aboshosha, Bitsuamlak,
Damatty, & Dagnew, 2016) (Ricci, Patruno, Kalkman, & Blocken, 2018), hence a of comparison
literature is available.
Furthermore, two buildings, with similar footprint but with chamfered and rounded corner modifications
have been examined. The structural properties and modal analyses are identical for the three test cases;
hence, they are referred to as a single building in the following.

2.1

Building test case
Structural properties

The structure of the building is kept simple, with evenly distributed mass and stiffness along with the
building height. The structural properties have been tuned to match the frequencies from results in the
literature (Elshaer, Aboshosha, Bitsuamlak, Damatty, & Dagnew, 2016). The structural properties are
seen in Table 2.1.

Table 2.1: Structural properties of the high-rise building
Height of building

[m]

Width of building

[m]

Depth of building

[m]

Mass of building

[kg/m3]

Modulus of elasticity concrete

[Pa]

Shear modulus of concrete

[Pa]

Moment of inertia of core

[m4]

Moment of inertia of core

[m4]

Torsional moment of inertia of core

[m4]

Polar mass moment of inertia
Evenly distributed damping for all modes

[kg·m]
[-]

𝐻𝐻𝑓𝑓𝑓𝑓
𝐵𝐵𝑓𝑓𝑓𝑓

𝐷𝐷𝑓𝑓𝑓𝑓
𝑚𝑚

𝐸𝐸𝐶𝐶

180
45
30
192
38000 · 106

𝐺𝐺

1.7273 · 1010

𝐼𝐼𝑧𝑧

275

𝐼𝐼𝑥𝑥

𝐼𝐼𝑦𝑦
𝐼𝐼0
𝜁𝜁

H

500
500
1·

108

B

D

0.01

Wind angles of attack
The sharp-edged (CAARC) high-rise building is tested for five wind Angles of Attack (AoA), B0, B30,
B45, B60 and B90. The rounded and chamfered corners high-rise buildings are tested for seven AoA.
Figure 2.1 shows the AoA on the high-rise building, together with the local coordinate system. Since
the structure is double symmetric, the AoAs cover all possible aerodynamic wind phenomena.
The test setup is always simulation the approaching wind coming from the north, where only the
building is rotated for the different AoA. The experimental and digital wind tunnel setup of the CAARC
building and surrounding city are shown in Figure 2.2.
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B0

B15

wall 2

wall 1

Mz

θ = 30°

θ = 45°

B60
θ = 60°

B75

B90

θ = 75°

θ = 90°
Mz
Fx

Fy

wall 1
Mz
Fx

Fy

wall 2

wind

Fx

θ = 15°

B45

wall 4

θ = 0°

wall 3

Fy

B30

wall 3

wall 4

Figure 2.1: Orientations of the high-rise building and local coordinate system. The sharp-edged building is tested
for B0, B30, B45, B60 and B90. The rounded and chamfered corners buildings are tested for all AoA.

Figure 2.2: Experimental and digital wind tunnel setup of the CAARC building and surrounding city.

Reference velocities
The Experimental Wind Tunnel (EWT) tests of the sharp-edged and chamfered high-rise buildings are
conducted for three reference wind velocities, 5, 10 and 15 m/s. The rounded high-rise building is
executed for five reference wind velocities, 5, 7.5, 10 12.5 and 15 m/s, because the rounded corners entail
the shape is more Reynolds number dependent. The CFD simulations are only tested for one reference
wind velocity, lying in between 10 and 15 m/s. Table 2.2 gives an overview of the annotations which
are applied in the tests.
Table 2.2: Overview of applied annotations for the wind tunnel tests
Annotation

Description

C0

City orientation, north

B0

Building orientation, 0°, angle of attack normal to the broadside

B15

Building orientation, 15°

B30

Building orientation, 30°

B45

Building orientation, 45°, angle of attack on corner

B60

Building orientation, 60°

B75

Building orientation, 75°

B90

Building orientation, 90°, angle of attack normal to the narrow side

H4

Building height, 450 mm in model-scale

S5

Reference wind velocity at building height in EWT, 5 m/s

S7

Reference wind velocity at building height in EWT, 7.5 m/s

S10

Reference wind velocity at building height in EWT, 10 m/s

S12

Reference wind velocity at building height in EWT, 12.5 m/s

S15

Reference wind velocity at building height in EWT, 15 m/s

S

Sharp-edged high-rise building

C

Chamfered corner high-rise building

R

Rounded corner high-rise building
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Modal analysis
Finite Element (FE) models are composed to perform modal analyses of the building. Two FE-models
are conducted for the building, one for the swaying moments and one for the torsional moments. The
FE-models are base-fixed beam models with nine elements and nodes located at the pressure tap levels
on the wind tunnel model. The FE-model for the overturning moment has 18 degrees of freedom, as
shown in Figure 2.3. The torsional moment FE-model contains only rotational degrees of freedom and
hence it only holds nine. By analysing the FE-models for free vibration, the mode shapes and frequencies
of both the two swaying moments and the torsional moment can be estimated. The procedure for the
free vibration analysis is described by Thordal & Jørgensen (2015). The first three swaying and torsional
mode shapes are seen in Figure 2.4 and Figure 2.5, together with the respective frequencies.

13 m
15 m
13 m
17 m
15 m
13 m

Horizontal loads and
overturning moments
18
17

Torsional
moment
9

16

15

8

14
12

13
11

7
6

10

9

5

8

7

4

6

5

3

4

3

2

2

1

1

45 m

45 m
2m

Figure 2.3: Finite Element models of the high-rise building.

Figure 2.4: First three swaying mode shapes.

2.2

Figure 2.5: First three torsional mode shapes.

From model-scale to full-scale data
Scaling conditions

When investigating wind effects on large objects (e.g. buildings), wind tunnel tests are usually conducted
with models at reduced geometric scale. Naturally, the reduction in size also applies to the creation of
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the turbulent structure of the simulated wind in the lower part of the atmosphere. To ensure similarity
between model and full-scale, non-dimensional quantities or numbers are used to control and adjust the
acting forces in the simulated wind loading process. For example, the Reynolds number (Re) describes
the ratio of inertia to viscous forces, and the Froude number (Fr), the ratio of inertia to gravity forces.
In an ideal case, all ratios of flow quantities are identical when comparing model scale and full-scale.
For standard wind tunnel testing at a reduced scale, the properties of air and gravity remain the same,
leading to a violation of universal or strict similarity in most cases. To fulfil to the strict similarity
Froude’s scaling law, the testing would require running at a very low velocity. Conversely, Reynolds
similarity is practically not achievable for building studies (ASCE, 1996), as it would require running
at extremely high velocities. As a consequence, wind tunnel tests are designed to fulfil similarity of the
most relevant flow parameters (partial similarity). A further relaxation of scaling laws depends on the
aerodynamic behaviour of the investigated body. The distribution of forces within a fluid in motion, and
on a body exposed to this flow, is closely related to the flow field geometry around the body. Hence,
details like the position of separation points on the body are indicators for flow similarity and can, to a
certain degree, also be used to influence or even force similarity. In the case of sharp-edged bodies, what
buildings usually are, flow separation is predetermined by the edges. This leads to a forced flow similarity
relieving to a certain degree, the requirement for partial similarity. This aerodynamic behaviour of body
geometry is also referred to as ‘Reynolds independency’, where similarity is achieved outside the actual
scaling law.
For a bluff body where the separation point is known, the body becomes Reynolds number independent
at a certain velocity. Snyder (1981) reviewed studies in order to estimate a Reynolds number onset,
from which the relaxed similarity scaling laws can be applied. He concluded that a Reynolds number of
11000 is useful and probably conservative for model design purpose. Castro & Robins (1977) investigated
a cube in a turbulent flow and found Reynolds number independent for Reynolds numbers down to
4000. In order to be conservative, this concludes the relaxed similarity scaling laws can be adopted when
the Reynolds number is above 11000.
The geometry, velocity and time scales are utilised in the EWT and DWT tests, which are defined as
the ratio between the model scale and full-scale parameters:
𝜆𝜆𝑔𝑔𝑔𝑔𝑔𝑔 =
𝜆𝜆𝑢𝑢 =
𝜆𝜆𝑡𝑡 =

𝐻𝐻𝑚𝑚
𝐻𝐻𝑓𝑓𝑓𝑓

�𝐻𝐻.𝑚𝑚
𝑈𝑈
�𝐻𝐻.𝑓𝑓𝑓𝑓
𝑈𝑈

𝜆𝜆𝑔𝑔𝑔𝑔𝑔𝑔 𝛥𝛥𝛥𝛥𝑚𝑚
=
𝜆𝜆𝑢𝑢
𝛥𝛥𝑡𝑡𝑓𝑓𝑓𝑓

( 2.1 )

( 2.2 )

( 2.3 )

�𝐻𝐻.𝑚𝑚 and 𝑈𝑈
�𝐻𝐻.𝑓𝑓𝑓𝑓 are the mean
where 𝐻𝐻𝑚𝑚 and 𝐻𝐻𝑓𝑓𝑓𝑓 are the building height in model scale and full-scale, 𝑈𝑈
wind speed in the building height in model scale and full-scale and Δ𝑡𝑡𝑚𝑚 and Δ𝑡𝑡𝑓𝑓𝑓𝑓 are the time, likewise
in model scale and full-scale.

A geometric scaling of 1:400 is chosen for all tests. This scaling ratio is typical for wind tunnel tests of
high-rise buildings because it allows the test model to be comparatively small.
Different scales are adopted for the EWT tests since they are conducted for three or five reference wind
velocities. Hence the scaling ratios for velocity, and thereby also time, vary depending on the reference
wind velocity for each independent run. The scaling ratios for three of the reference wind velocities are
given in Table 2.3.
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Table 2.3: Fundamental scaling ratios for the EWT tests and CFD simulations
Geometric scale

EWT/CFD

Velocity scale

EWT
CFD

EWT
Time scale
CFD

Model scale

Full-scale

Scale

𝐻𝐻𝑚𝑚 = 0.45𝑚𝑚

𝐻𝐻𝑓𝑓𝑓𝑓 = 180𝑚𝑚

𝜆𝜆𝑔𝑔𝑔𝑔𝑔𝑔 = 1/400

�𝐻𝐻.𝑚𝑚.𝑆𝑆5 = 4.81𝑚𝑚/𝑠𝑠
𝑈𝑈

�𝐻𝐻.𝑚𝑚.𝑆𝑆10 = 9.47𝑚𝑚/𝑠𝑠
𝑈𝑈

�𝐻𝐻.𝑚𝑚.𝑆𝑆15 = 14.24𝑚𝑚/𝑠𝑠
𝑈𝑈
�𝐻𝐻.𝑚𝑚 = 11.80𝑚𝑚/𝑠𝑠
𝑈𝑈
𝛥𝛥𝛥𝛥𝑚𝑚 = 1500𝐻𝐻𝐻𝐻
= 0.00067𝑠𝑠
𝛥𝛥𝛥𝛥𝑚𝑚 = 2000𝐻𝐻𝐻𝐻
= 0.0005𝑠𝑠

�𝐻𝐻.𝑓𝑓𝑓𝑓 = 31.53𝑚𝑚/𝑠𝑠
𝑈𝑈

𝜆𝜆𝑢𝑢.𝑆𝑆5 = 0.1535
𝜆𝜆𝑢𝑢.𝑆𝑆10 = 0.3019
𝜆𝜆𝑢𝑢.𝑆𝑆15 = 0.4543

�𝐻𝐻.𝑓𝑓𝑓𝑓 = 31.53𝑚𝑚/𝑠𝑠
𝑈𝑈

𝜆𝜆𝑢𝑢.𝐶𝐶𝐶𝐶𝐶𝐶 = 0.3764

𝛥𝛥𝛥𝛥𝑓𝑓𝑓𝑓 = 0.080𝑠𝑠

𝜆𝜆𝑡𝑡.𝑆𝑆10 = 0.0083

𝛥𝛥𝛥𝛥𝑓𝑓𝑓𝑓 = 0.041𝑠𝑠
𝛥𝛥𝛥𝛥𝑓𝑓𝑓𝑓 = 0.121𝑠𝑠

𝛥𝛥𝛥𝛥𝑓𝑓𝑓𝑓 = 0.0746𝑠𝑠

𝜆𝜆𝑡𝑡.𝑆𝑆5 = 0.0163
𝜆𝜆𝑡𝑡.𝑆𝑆15 = 0.0055

𝜆𝜆𝑡𝑡.𝐶𝐶𝐶𝐶𝐶𝐶 = 0.0067

Simulation data post-processing

There are three main types of experimental wind tunnel testing techniques for building studies, which
is the High-Frequency Base/Force Balance (HFBB/HFFB) method, the High-Frequency Pressure
Integration (HFPI) method and aeroelastic model testing. The two first-mentioned methods measure
wind loads on a rigid model, whereas the latter approach is a so-called fluid-structure interaction model,
where the stiffness and mass of the building are scaled to model size so that it can interact with the
flow and move as a full-scale structure. The HFBB method is typically used to estimate the overall wind
loads, whereas the HFPI method is used to determine cladding loads. The aeroelastic model testing is
not a part of the scope of this PhD since it requires a FE-model is connected to the CFD analysis and
hence takes CFD simulations to an entirely different level.
The data post-processing to transfer the model-scale façade pressures into full-scale wind loads must be
identical for EWT test and CFD simulations, in order to have consistent results in the final comparison.
The post-processing procedures for the HFPI and HFBB methods are explained further in the following.

2.2.2.1 HFPI method
The HFPI method measures the façade pressure in pressure taps distributed along the surfaces of the
test model, where test models typically are equipped with 200 to 500 pressure taps. Each pressure tap
has a tributary area, over which the pressure is assumed constant. The method returns a clear picture
of where the wind loads are acting, but do not intercept every local aerodynamic effect along the surfaces,
as it is limited to the number of pressure taps.
The measured pressure in each pressure tap is normalised to the non-dimensional form of pressure
coefficients:
𝐶𝐶𝑝𝑝 (𝑡𝑡) =

𝑝𝑝(𝑡𝑡𝑚𝑚 ) − 𝑝𝑝0.𝑚𝑚
𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚

( 2.4 )

where 𝑝𝑝(𝑡𝑡𝑚𝑚 ) is the measured pressure time series in model scale, 𝑝𝑝0.𝑚𝑚 is the atmospheric background
reference pressure and 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚 is the reference pressure in the simulation, which given as:
1
�𝐻𝐻.𝑚𝑚 2
𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚 = 𝜌𝜌𝑚𝑚 𝑈𝑈
2

( 2.5 )

�𝐻𝐻.𝑚𝑚 is the mean wind velocity in the building
where 𝜌𝜌𝑚𝑚 is the density of air in the simulation and 𝑈𝑈
height in the wind tunnel.
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The pressure coefficient time series are then corrected to determine the wind load in full-scale:
𝐹𝐹𝑓𝑓𝑓𝑓 �𝑡𝑡𝑓𝑓𝑓𝑓 � = 𝐶𝐶𝑝𝑝 (𝑡𝑡) 𝐴𝐴𝑓𝑓𝑓𝑓 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑓𝑓𝑓𝑓

( 2.6 )

where 𝐴𝐴𝑓𝑓𝑓𝑓 is the tributary area in full-scale and 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑓𝑓𝑓𝑓 is the reference pressure in full-scale, given as:
1
�𝐻𝐻.𝑓𝑓𝑓𝑓 2
𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑓𝑓𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑓𝑓 𝑈𝑈
2

( 2.7 )

�𝐻𝐻.𝑓𝑓𝑓𝑓 is the chosen mean wind speed in
where 𝜌𝜌𝑓𝑓𝑓𝑓 is the density of air for the full-scale assumptions and 𝑈𝑈
the building height in full-scale. The full-scale wind load time series from each pressure tap can then be
combined to find the wind loads in each of the nine heights/segments, as described in [S2], or to
determine the base forces and moments.

2.2.2.2 HFBB method
The HFBB method only measures the three base forces and three base moments of the high-rise building.
The approach intercepts every aerodynamic load on the surfaces and is therefore very precise in the
prediction of the overall loads. In order to transform the loading base forces and moments into full-scale
loads, the base force and moment coefficients in the non-dimensional form are determined:
𝐶𝐶𝐹𝐹𝑥𝑥,𝑦𝑦 (𝑡𝑡) =
𝐶𝐶𝑀𝑀𝑥𝑥,𝑦𝑦 (𝑡𝑡) =
𝐶𝐶𝑀𝑀𝑧𝑧 (𝑡𝑡) =

𝐹𝐹𝑥𝑥,𝑦𝑦.𝑚𝑚 (𝑡𝑡𝑚𝑚 )
𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚 𝐵𝐵𝑚𝑚 𝐻𝐻𝑚𝑚
𝑀𝑀𝑥𝑥,𝑦𝑦.𝑚𝑚 (𝑡𝑡𝑚𝑚 )

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚 𝐵𝐵𝑚𝑚 𝐻𝐻𝑚𝑚 2

𝑀𝑀𝑧𝑧.𝑚𝑚 (𝑡𝑡𝑚𝑚 )
𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚 𝐵𝐵𝑚𝑚 𝐷𝐷𝑚𝑚 𝐻𝐻𝑚𝑚

( 2.8 )

( 2.9 )

( 2.10 )

where 𝐵𝐵𝑚𝑚 , 𝐷𝐷𝑚𝑚 and 𝐻𝐻𝑚𝑚 are the width, depth and height of the building in model scale, respectively.
𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑚𝑚 is the reference pressure in model-scale in eq. ( 2.5 ).

By combining the base coefficients with the full-scale reference pressure and geometry, the full-scale
base forces and moments are then found as:
𝐹𝐹𝑥𝑥,𝑦𝑦.𝑓𝑓𝑓𝑓 �𝑡𝑡𝑓𝑓𝑓𝑓 � = 𝐶𝐶𝐹𝐹𝑥𝑥,𝑦𝑦 (𝑡𝑡)𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑓𝑓𝑓𝑓 𝐵𝐵𝑓𝑓𝑓𝑓 𝐻𝐻𝑓𝑓𝑓𝑓

( 2.11 )

𝑀𝑀𝑧𝑧.𝑓𝑓𝑓𝑓 �𝑡𝑡𝑓𝑓𝑓𝑓 � = 𝐶𝐶𝑀𝑀𝑧𝑧 (𝑡𝑡)𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑓𝑓𝑓𝑓 𝐵𝐵𝑓𝑓𝑓𝑓 𝐷𝐷𝑓𝑓𝑓𝑓 𝐻𝐻𝑓𝑓𝑓𝑓

( 2.13 )

𝑀𝑀𝑥𝑥,𝑦𝑦.𝑓𝑓𝑓𝑓 �𝑡𝑡𝑓𝑓𝑓𝑓 � = 𝐶𝐶𝑀𝑀𝑥𝑥,𝑦𝑦 (𝑡𝑡)𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑓𝑓𝑓𝑓 𝐵𝐵𝑓𝑓𝑓𝑓 𝐻𝐻𝑓𝑓𝑓𝑓 2

( 2.12 )

where 𝐵𝐵𝑓𝑓𝑓𝑓 , 𝐷𝐷𝑓𝑓𝑓𝑓 and 𝐻𝐻𝑓𝑓𝑓𝑓 are the width, depth and height of the building in full-scale, respectively. 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟.𝑓𝑓𝑓𝑓
is the reference pressure in full-scale in eq. ( 2.7 ).

2.3

Experimental wind tunnel tests
Experimental Wind Tunnel description

The EWT tests were performed in Wind Tunnel no. 2 (WT2) at FORCE Technology. The EWT is an
open-circuit (Eiffel type) wind tunnel equipped with spires and roughness elements to create a turbulent
boundary layer. The geometry of the EWT is described in [C1], [S1], [S2] and [S3]. The description of
the wind flow measurements in EWT WT2 is found in [C1] and [S1]. The wind flow was measured in
three vertical and two horizontal wind profiles 1.3 m upstream to the center of the turning table.
The EWT tests of the sharp-edged (CAARC) high-rise building are described in [S2] and by Risian
(2017). The EWT tests for the modified corner buildings are described in [S3] and by Kragh (2019).
The models are tested with the HFPI method. The sharp-edged model has 224 pressure taps, and the
modified corner models have 256 pressure taps. The three models with the pressure tap locations are
seen in Figure 2.6.
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Figure 2.6: The sharp-edged (CAARC), chamfered and rounded
corner models with pressure tap locations. Based on (Kragh, 2019).

Evaluation of the wind flow
The wind flow within the EWT is evaluated in full-scale as the normalised mean wind velocity and the
turbulence intensity in the three components, longitudinal u, lateral v and vertical w:
�𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑧𝑧) =
𝑈𝑈

�(𝑧𝑧)
𝑈𝑈
;
�𝑟𝑟𝑟𝑟𝑟𝑟
𝑈𝑈

𝐼𝐼𝑢𝑢 (𝑧𝑧) =

𝜎𝜎𝑢𝑢 (𝑧𝑧)
�(𝑧𝑧)
𝑈𝑈

;

𝐼𝐼𝑣𝑣 (𝑧𝑧) =

𝜎𝜎𝑣𝑣 (𝑧𝑧)
𝜎𝜎𝑤𝑤 (𝑧𝑧)
; 𝐼𝐼𝑤𝑤 (𝑧𝑧) =
�(𝑧𝑧)
�(𝑧𝑧)
𝑈𝑈
𝑈𝑈

( 2.14 )

�𝑟𝑟𝑟𝑟𝑟𝑟 is the reference mean wind velocity in the reference location in the EWT, which is 1.3 m
where 𝑈𝑈
�(𝑧𝑧) and 𝜎𝜎(𝑧𝑧) are the mean velocity and standard deviation at
upstream to the building in 𝑧𝑧 = 0.5𝑚𝑚. 𝑈𝑈
a given height 𝑧𝑧. The profiles from the EWT are compared to the mean wind velocity and turbulence
profiles described by Eurocode (2005), as seen in Figure 2.7, and by the Power law, described in [J1]
and seen in Figure 2.8. Clearly, the EWT struggles to fit into a single terrain category. The wind profile
is too steep, and the turbulence intensity in the streamwise direction collapses above 200 m in full-scale.
Furthermore, the profiles near the sidewalls of the wind tunnel indicate that a wind speed up occurs
above 50 m, since the three profiles do not coincide. Nonetheless, the EWT mostly reflects the
Atmospheric Boundary Layer (ABL) over a dense city, corresponding to terrain category 4 in Eurocode
or the Power Law with an exponential parameter of 0.24. The reference mean wind velocity in the
�𝐻𝐻.𝑓𝑓𝑓𝑓 = 31.53𝑚𝑚/𝑠𝑠.
building height is then found with Eurocode (2005) to 𝑈𝑈

Figure 2.7: EWT mean wind velocity and streamwise turbulence
profiles compared with five terrain categories from Eurocode.
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Figure 2.8: EWT mean wind velocity and turbulence profiles compared with the Power law and five α-factors
that approximately corresponds to Eurocode terrain categories.

The flow in the EWT is compared to four approximations of a Power Spectral Density (PSD), the von
Kármán, the Kaimal, Eurocode and the Fitch-McVehil approximations (Cao S. , 2013). The streamwise
component spectra are expressed as:
𝑓𝑓𝑆𝑆𝑢𝑢 (𝑓𝑓)
=
𝜎𝜎𝑢𝑢

𝑓𝑓𝐿𝐿
𝑎𝑎 �𝑢𝑢𝑢𝑢
𝑈𝑈

( 2.15 )

5

𝑓𝑓𝐿𝐿 𝑏𝑏 3𝑐𝑐
�1 + 𝑏𝑏 � �𝑢𝑢𝑥𝑥 � �
𝑈𝑈

where the curve parameters 𝑎𝑎, 𝑏𝑏 and 𝑐𝑐 for the approximations are given in Table 2.4.

Table 2.4: Curve parameters for Power Spectral Density approximations in eq. ( 2.15 ).
𝑎𝑎
𝑏𝑏
𝑐𝑐
von Kármán

4

70.7801

1

Kaimal

4

6

2

Eurocode

6.8

10.2

1

Fitch-McVehil

4

4.02722

0.845

The streamwise wind component in the upstream wind flow is evaluated in a PDS in Figure 2.9. The
von Kármán spectrum has the best fit to the EWT, whereas the Kaimal, Eurocode and Fitch-McVehil
assume lower energy around 1 Hz. Furthermore, the integral length scale works as a fitting constant in
the approximations, which are very different for the four spectra. Based on Figure 2.9, the von Kármán
approximation is used for the comparison of spectra in the papers.

Figure 2.9: EWT power spectral density of the streamwise component,
compared to 4 approximations with corresponding integral length scales Lux.
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2.4

Numerical simulations

Computational Fluid Dynamics (CFD) numerically models fluid flows by solving the governing
conservation equations of mass and momentum. Three main types/levels of turbulence models are
available to model the fluid flow, which are the Direct Numerical Simulation (DNS) method, Large
Eddy Simulations (LES) and Reynolds-Average Navier Stokes (RANS) simulations. A comprehensive
section regarding the turbulence models and numerical schemes is presented in Section 3.1 in [J1].
Summarising, it is required to use LES as turbulence model, since DNS is too computational heavy and
RANS cannot correctly resolve the flow.
In this section is given a short introduction to fluid flows and the governing equations, followed by a
practical application of the methods in the commercial software Star-CCM+. The section is written
with references to (Nicoud & Ducros, 1999), (Sagaut, 2006), (Wilcox, 2010), (Sumer, 2013) and
(Bingham, Larsen, & Barker, 2015).

Fluid flows and governing equations
Forces acting on a fluid to create a fluid flow can be divided into three types of forces: inertia forces,
viscous forces and gravitational forces. A Newtonian incompressible fluid (viscosity and density are
constants) continuum in a Cartesian (rectangular) coordinate system is seen in Figure 2.10. The
gravitational forces can be neglected for fluids like air. The inertia forces are the mass conservation
described as Newton’s second law; the product of mass and acceleration and hence the pressure working
on the surfaces. The viscous forces are the shear forces working on the surfaces. The viscosity of
compression is cancelled, when the viscosity is a constant, thus the pressure in the stress tensor is equally
distributed to the three surfaces. The stress tensor for an incompressible, Newtonian fluid is then
expressed by:
2
𝜕𝜕𝜕𝜕
⎡− 𝜇𝜇(𝛻𝛻𝒖𝒖) + 2𝜇𝜇
3
𝜕𝜕𝜕𝜕
⎢
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
⎢
𝜏𝜏 = ⎢ 𝜇𝜇 � + �
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
⎢
𝜕𝜕𝜕𝜕
⎢ 𝜇𝜇 � + 𝜕𝜕𝑤𝑤 �
⎣
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

𝜇𝜇 �

𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
+ �
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

2
𝜕𝜕𝜕𝜕
− 𝜇𝜇(𝛻𝛻𝒖𝒖) + 2𝜇𝜇
3
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜇𝜇 � +
�
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
+
� ⎤
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
⎥
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
⎥
𝜇𝜇 � +
� ⎥
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
⎥
2
𝜕𝜕𝜕𝜕 ⎥
− 𝜇𝜇(𝛻𝛻𝒖𝒖) + 2𝜇𝜇
3
𝜕𝜕𝜕𝜕 ⎦
𝜇𝜇 �

( 2.16 )

Where 𝜇𝜇 = 𝜈𝜈𝜈𝜈 and is the dynamic viscosity. For an incompressible fluid, the continuity equation satisfies
𝛻𝛻𝒖𝒖 = 0, hence the terms vanish in the diagonal.

Figure 2.10: A fluid as a continuum with working
inertia and viscous forces. (Rosen, 2007)

- 13 -

Chapter 2 - Methodology
The Continuity and Navier-Stokes equations describe the conservation of mass and momentum. For a
Newtonian incompressible fluid with neglected gravity force, the governing equations in the differential
form are derived as the continuity equation in ( 2.17 ), describing the conservation of mass; and the
Navier-Stokes equation in ( 2.18 ), describing the conservation of momentum:
𝜕𝜕𝑢𝑢𝑖𝑖
=0
𝜕𝜕𝑥𝑥𝑖𝑖

( 2.17 )

𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑢𝑢𝑖𝑖
1 𝜕𝜕𝜕𝜕
+
𝑢𝑢𝑗𝑗 = −
+ 𝜈𝜈
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥
𝜕𝜕𝑥𝑥𝑗𝑗
��𝜌𝜌�𝜕𝜕𝑥𝑥
��𝑖𝑖 ���
𝑗𝑗
���

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

( 2.18 )

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

where 𝑖𝑖, 𝑗𝑗 = 1, 2, 3. 𝑢𝑢𝑖𝑖,𝑗𝑗 is the velocity, 𝑥𝑥𝑖𝑖,𝑗𝑗 is the position, 𝑡𝑡 is the time, 𝑝𝑝 is the pressure, 𝜌𝜌 is the density,
𝜏𝜏𝑖𝑖𝑖𝑖 is the stress tensor given in ( 2.16 ) and 𝜈𝜈 is the kinematic viscosity.

The terms in eq. ( 2.18 ) contribute to the system with different flow phenomena. The first term is the
local rate of change with time. The second is the convection term, which is the inertia forces that
describes how the flow is transported. The third term is the pressure gradient contribution. The last
term is the diffusion-like viscous term, where viscosity works as diffusion of the momentum. With the
individual terms written out, the continuity and the x-, y- and z-momentum equations in a Cartesian
coordinate system take the form as:
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
+
+
=0
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
1 𝜕𝜕𝜕𝜕
𝜕𝜕 2 𝑢𝑢 𝜕𝜕 2 𝑢𝑢 𝜕𝜕 2 𝑢𝑢
+
𝑢𝑢 +
𝑣𝑣 +
𝑤𝑤 = −
+ 𝜈𝜈 � 2 + 2 + 2 �
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
1 𝜕𝜕𝜕𝜕
𝜕𝜕 2 𝑣𝑣 𝜕𝜕 2 𝑣𝑣 𝜕𝜕 2 𝑣𝑣
+
𝑢𝑢 +
𝑣𝑣 +
𝑤𝑤 = −
+ 𝜈𝜈 � 2 + 2 + 2 �
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌 𝜕𝜕𝜕𝜕

( 2.19 )

( 2.20 )

𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
1 𝜕𝜕𝜕𝜕
𝜕𝜕 2 𝑤𝑤 𝜕𝜕 2 𝑤𝑤 𝜕𝜕 2 𝑤𝑤
+
𝑢𝑢 +
𝑣𝑣 +
𝑤𝑤 = −
+ 𝜈𝜈 � 2 + 2 + 2 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌 𝜕𝜕𝜕𝜕
In LES, the largest scale components are computed, whereas the smallest vortices are filtered out and
modelled with a so-called Sub-Grid Scale (sgs) model. By introducing the filtering for LES, the filtered
continuity and momentum equations yields:
𝜕𝜕𝑢𝑢�𝑖𝑖
=0
𝜕𝜕𝑥𝑥𝑖𝑖

𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕
1 𝜕𝜕𝑝𝑝̅
𝜕𝜕 𝜕𝜕𝑢𝑢�𝑖𝑖 𝜕𝜕𝑢𝑢�𝑗𝑗
+
�𝑢𝑢
������
+ 𝜈𝜈
�
+
�
𝚤𝚤 𝑢𝑢𝚥𝚥 = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
𝜌𝜌 𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖

( 2.21 )

( 2.22 )

The non-linear convective flux �����
𝑢𝑢𝚤𝚤 𝑢𝑢𝚥𝚥 cannot be directly resolved. By introducing Leonards decomposition,
the convective flux can be grouped into a flux that can be resolved and into the sub-grid scale stress
tensor, 𝜏𝜏𝑖𝑖𝑖𝑖.𝑠𝑠𝑠𝑠𝑠𝑠 , which consists of all the terms that cannot directly be solved:
𝑢𝑢𝚤𝚤 𝑢𝑢𝚥𝚥 = 𝜏𝜏𝑖𝑖𝑖𝑖.𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑢𝑢�𝚤𝚤 𝑢𝑢�𝚥𝚥
�����
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Then, the momentum equation in eq. ( 2.22 ) takes the filtered form with the Leonard decomposition
as:
𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖.𝑠𝑠𝑠𝑠𝑠𝑠
𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕
1 𝜕𝜕𝑃𝑃�
𝜕𝜕 𝜕𝜕𝑢𝑢�𝑖𝑖 𝜕𝜕𝑢𝑢�𝑗𝑗
+
�𝑢𝑢�𝚤𝚤 𝑢𝑢�𝚥𝚥 � = −
+ 𝜈𝜈
�
+
�−
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
𝜌𝜌 𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖

where 𝜏𝜏𝑖𝑖𝑖𝑖.𝑠𝑠𝑠𝑠𝑠𝑠 must be modelled and the filtered pressure 𝑃𝑃� now include the trace term:
1
𝑃𝑃� = 𝑝𝑝̅ + 𝜏𝜏𝑘𝑘𝑘𝑘 𝛿𝛿𝑖𝑖𝑖𝑖
3

( 2.24 )

( 2.25 )

Since the smallest eddies are more isotropic, most sgs models are based on that hypothesis and use the
eddy-viscosity assumption to model the sub-grid scale stresses:
̅
𝜏𝜏𝑖𝑖𝑖𝑖.𝑠𝑠𝑠𝑠𝑠𝑠 = 2𝜈𝜈𝑡𝑡 𝑆𝑆𝑖𝑖𝑖𝑖

𝜕𝜕𝑢𝑢�
1 𝜕𝜕𝑢𝑢�
̅ = � 𝑖𝑖 + 𝑗𝑗 �
𝑆𝑆𝑖𝑖𝑖𝑖
2 𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖

( 2.26 )
( 2.27 )

̅ is the strain-rate tensor and 𝜈𝜈𝑡𝑡 is the eddy viscosity. The
where 𝛿𝛿𝑖𝑖𝑖𝑖 is the Kronecker delta function, 𝑆𝑆𝑖𝑖𝑖𝑖
latter parameter is modelled with approximations in a sgs model, which is discussed in the following.

Sub-grid scale models
The Smagorinsky model (Smagorinsky, 1963), the Dynamic Smagorinsky model (Germano, Piomelli,
Moin, & Cabot, 1991) (Lilly, 1992) and the WALE model (Nicoud & Ducros, 1999) are the most wellknown approaches to handle the sub-grid scale modelling and are implemented in many commercial
CFD software.
The Smagorinsky model was in 1963, the first proposed sgs model. The sgs model assumes the stresses
follows a gradient-diffusion process where the flow is isotropic. The model is controlled by the
Smagorinsky constant Cs, which changes for different flow configurations and positions in a flow. This
model works fine on a very dense mesh, where the length scales are close to the Kolmogorov length scale
and the flow becomes isotropic. Conversely, it entails the model is too dissipative on a coarse mesh.
The Dynamic Smagorinsky model was proposed at the beginning of the 1990s in an attempt to create a
more generally applicable sgs model. The Smagorinsky constant is computed by introducing a filtering
and thereby changes with the progress of the simulation. This allows the sgs model to adapt to the
position and flow, which makes the model very effective and robust. However, due to complex equations
that must be solved, it slows down the simulation time compared to the standard Smagorinsky model.
The WALE (Wall-Adapting Local Eddy-viscosity) sgs model was proposed in the late 1990s. The model
reproduces the scaling at the wall and does not require any form of near-wall damping, which makes it
appropriate for complex boundary layer flows. The model does not apply filtering as the Dynamic
Smagorinsky model, but only requires the local eddy-viscosity, which makes the spatial scheme up to
30% faster than the Dynamic Smagorinsky model in the CFD code Star-CCM+ by Siemens.

The dimensionless wall distance y+
The boundary layer over a wall can be described by different regions, each with different flow effects.
The interfaces between these layers occur for the same dimensionless wall distances y+. The y+-value is
determined as:
𝑦𝑦 + =

𝑢𝑢∗ 𝑦𝑦
𝜈𝜈

where 𝑢𝑢∗ is the friction velocity, 𝑦𝑦 is the distance to the wall and ν is the kinematic viscosity.

( 2.28 )

The inner layer of a velocity profile can be described by three layers, depending on the wall distance,
see Figure 2.11. The nearest layer to the wall is the viscous sublayer, in which viscosity is the dominating
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parameter, and thereby the flow is laminar. Here, the boundary layer increases linearly with the distance
to the wall, i.e. the dimensionless wall distance y+ is equal to the dimensionless velocity u+. The layer
is very thin and has an upper bound with y+ values of approximately 5-7.
The law of the wall (or log-law) is used to estimate the velocity in the log-layer, where turbulence effects
are dominating. The log-layer has a lower bound at y+ values of 30-70, approximately 30 for high
velocities. In between the viscous sublayer and the logarithmic region is the buffer layer, which is a
transition layer where both viscosity and turbulence is occurring. The layer is difficult to mathematically
express and therefore is desired to avoid in CFD simulations. Hence, the first element on a surface
should below 5, to secure the cell resolves the viscous sublayer and to improve the capture of separation
and reattachment within the flow. The logarithmic layer has an upper bound with y+ values of
approximately 500, depending on the Reynolds number, whereupon the boundary layer is fully
turbulent. Beyond this layer is the outer region of the boundary layer, which can be described with the
velocity-defect law.

Figure 2.11: Layers and y+-values in a turbulent boundary layer (Wilcox, 2010)

Applied numerical schemes
Several differential approaches are available to model the fluid flow, such as the Finite Element Method,
the Finite Volume Method, the Lattice Boltzmann Method. The commercial software Star-CCM+ by
Siemens is utilised for all CFD simulations, which uses the Finite Volume approach. The segregated
solver is chosen for most of the simulations, as a compromise of computational costs and accuracy,
compared to the coupled solver. The solver is a SIMPLE-like solver (Semi-Implicit Method for Pressure
Linked Equations). The segregated solver solves the equations for mass and momentum one by one;
subsequently, the non-linear equations iteratively are solved, likewise sequential. The segregated solver
utilises a pressure-velocity coupling algorithm with the predictor-corrector approach, where a pressurecorrection equation is solved. This equation secures that the predicted velocity field in the momentum
equations fulfils the continuity equation, by correcting the predicted pressure.
The bounded-central differencing is used for the spatial discretisation. The scheme is a second-order
approach that switches into a first-order upwind scheme if the convection boundedness criterion is not
fulfilled. The upwind blending factor 𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 secures a compromise between the robustness of the scheme
and the accuracy, and contributes to stabilise the capturing of dynamic flow conditions. This scheme is
recommended by Star-CCM+ for LES with complex turbulent flows. The second-order implicit
(backward) Euler unsteady scheme is chosen for the temporal discretisation, which is also recommended
by Star-CCM+. (Siemens, 2019)
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3 METHODS FOR RESPONSE
ANALYSIS
This chapter summarises the methodologies to perform response analyses of a high-rise building. Is starts
by introducing the background concepts of a response analysis, followed by the calculation routines
within both the frequency and time domain. The described approaches are employed on every test case
in the PhD and are equally applied to the experimental and digital wind loading series.

3.1

Background

In a response analysis of a high-rise building, it is necessary to take both the static and dynamic response
of the building into account. The wind load on the building is dependent on time and can be divided
into two parts, a static part and a fluctuating part:
𝑋𝑋(𝑡𝑡) = 𝑋𝑋� + 𝑥𝑥 ′ (𝑡𝑡)

( 3.1 )

� is the mean or static part and 𝑥𝑥 ′ (𝑡𝑡) is the fluctuating dynamic part of the response. The
where 𝑋𝑋
dynamic part can further be divided into two, the background response which accounts for the quasistatic part, and the resonant response that accounts for the inertia forces. Here the resonant response
will be the dominating part for slender structures as high-rise buildings.

The Predicted Peak Structural Response (PPSR) of a target building is evaluated in a response analysis,
which can either be performed in the time domain or the frequency domain. Parts of the well-known
Davenport wind loading chain are illustrated for the time and frequency domain in Figure 3.1.
Load

Structural response

PDF

Frequency domain

Time domain

Flow

Figure 3.1: Time and frequency representation of parts of the Davenport wind loading chain (Strømmen, 2010)

The flow process of the ABL is stationary and homogenous in both time and space and assumed to have
Gaussian distribution (Holmes, 2001). The PDS of the wind flow describes the energy of the flow, which
mathematically can be expressed by the approximations in eq. ( 2.15 ). The aerodynamic admittance of
the building influences the wind load on the building, which can be measured as time series in pressure
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taps along the surfaces of the building or as base moments. Here, the wind load is transferred to a
structural response with the mechanical atmittance, either with a modal analysis in the time domain
with a time integration approach (e.g. Newmark (1959) or Duhamel) or in the frequency domain with
a spectral analysis. The structural response time series will for a slender building clearly show a swaying
time series with the natural frequency of the building. Evaluating this time series in an energy spectrum
will include a clear peak at the natural frequency, which is the resonant contribution. The structural
response of the building is likewise assumed Gaussian. In the time domain, the peak occurrences follow
the extreme value distribution type 1 (Gumbel distribution), from where the PPSR can be estimated.
Whereas, the PPSR in the frequency domain is estimated from the assumed Gaussian distributed
structural response and a peak factor.
Applicable for analyses in both the time and frequency domain is that the longer the time series are,
the higher the confidence level of the PPSR. An analysis in the time domain often returns more precise
results than in the frequency domain, because the maximum and minimum peaks are treated
individually. However, response analysis in the frequency domain is often the preferred method, since it
does not require the same amount of computational post-processing.

3.2

Response analysis in the time domain
Time integration procedure

When the PPSR is evaluated in the time domain, the loading time series are transformed into structural
response time series. This is carried out by a numerical time integration with the Newmark method
(Krenk, 2013) (Thordal & Jørgensen, 2015), by utilising the FE-models models from Section 2.1.4, in
which the system is expressed by mass, damping and stiffness matrices. When the loading matrix is
known (from a CFD or EWT simulation), the dynamic system can be solved with the equation of
motion:
𝑴𝑴𝒘𝒘̈(𝑡𝑡) + 𝑪𝑪𝒘𝒘̇(𝑡𝑡) + 𝑲𝑲𝑲𝑲(𝑡𝑡) = 𝑭𝑭(𝑡𝑡)

( 3.2 )

where 𝑴𝑴 is the mass matrix, 𝑪𝑪 is the damping matrix, 𝑲𝑲 is the stiffness matrix, 𝑭𝑭(𝑡𝑡) is the external
loading and 𝒘𝒘(𝑡𝑡) is the response displacement vector dependent on time.

The 𝑲𝑲𝑲𝑲(𝑡𝑡) contribution in the equation of motion produces the tension that the building must be
designed for. The inertia forces 𝑴𝑴𝒘𝒘̈(𝑡𝑡) does not contribute to the tension, but is vital in terms of
acceleration and comfort for occupants. Therefore, the response matrix of the building, which holds time
series for each degree of freedom in the FE-models, are found by the local stiffness matrices and the
response displacement vector as:
𝑭𝑭𝒓𝒓𝒓𝒓𝒓𝒓 (𝑡𝑡) = 𝑲𝑲𝒍𝒍𝒐𝒐𝒄𝒄 𝒘𝒘(𝑡𝑡)

( 3.3 )

The PPSR must be estimated from the response matrix. Several methods are available to determine the
peak, which should be used in the performance-based design of the structure. Some of the methods are
discussed in [J1]. The Cook-Mayne approach is used in the time domain to estimate the PPSR.

Extreme value analysis
There are several different methods to determine the PPSR and to collect the peaks for the sample size
in the statistical evaluation. Some of the methods are slightly elaborated in Section 2.3 in [J1]. In the
present study, the Cook-Mayne approach (Cook & Mayne, 1980) is used to perform an extreme value
analysis. It assumes the peak occurrences follow the extreme value distribution type 1 (Gumbel
distribution). A sufficient reduced variate of 1.4 is suggested for structural design, corresponding to the
78%-fractile, where 22% of the occurrences will exceed the estimated peak.
An example of an extreme value analysis of a structural response is seen in Figure 3.2. The extreme
value analysis requires the time series are split into smaller subseries, from where each peak value is
sampled for further evaluation. The length of the subseries is commonly chosen to 10 minutes in
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agreement to the format of the Eurocode. The structural response is changing in magnitude, and the
minimum and maximum peaks are marked in each of the 10-minute subseries. The 19 minimum and
maximum peaks are collected and form the sample space to perform an extreme value analysis to
estimate the 78%-fractile, which here is referred to as the PPSR.

Figure 3.2: Example of an extreme value analysis of a structural response.

The maximum extreme value analysis assumes the maximum peak occurrences follow the extreme value
distribution type 1 (Gumbel maxima distribution), where 𝑥𝑥 is the extremes:
𝑓𝑓(𝑥𝑥) = 𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒�−𝛽𝛽(𝑥𝑥 − 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 ) − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝛽𝛽(𝑥𝑥 − 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 )��

where the modal value 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 and dispersion 𝛽𝛽 are:

𝜇𝜇𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑥𝑥̅ +
𝛽𝛽 =

𝜋𝜋

𝜎𝜎𝑥𝑥 √6

( 3.4 )

𝛾𝛾
𝛽𝛽

( 3.5 )
( 3.6 )

Where 𝑥𝑥̅ is the mean value, 𝜎𝜎𝑥𝑥 is the standard deviation and 𝛾𝛾 is the Euler constant (=0.577216).

The minimum extreme value analysis assumes the minimum peak occurrences also follow the extreme
value distribution type 1; however, instead with the Gumbel minima distribution (Faber, 2012):
𝑓𝑓(𝑥𝑥) = 𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒�𝛽𝛽(𝑥𝑥 − 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 ) − 𝑒𝑒𝑒𝑒𝑒𝑒�𝛽𝛽(𝑥𝑥 − 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 )��

where the modal value 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 is:

𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑥𝑥̅ −

𝛾𝛾
𝛽𝛽

( 3.7 )

( 3.8 )

As mentioned, the Cook-Mayne approach uses a reduced variate constant of 1.4, and the modal value
and dispersion, to predict the peak structural response for a reference period of 10 minutes (Cook, 1982),
which corresponds to a probability of non-exceedance of 78% for the maximum peaks:
𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅78% = 𝑢𝑢 + 1.4

1
𝛼𝛼

( 3.9 )

By rearranging eq. ( 3.5 ), ( 3.6 ), ( 3.8 ) and ( 3.9 ), the minimum and maximum 78%-fractile PPSR
can be expressed by the mean and standard deviation of the extremes (Kasperski, 2003):
𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚78% = 𝑥𝑥̅ − 0.6356𝜎𝜎𝑥𝑥 ; 𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚78% = 𝑥𝑥̅ + 0.6356𝜎𝜎𝑥𝑥

( 3.10 )

Eq. ( 3.10 ) are used in the analyses for the PPSR of base moments, Floor-by-Floor loadings,
accelerations and façade peak estimations. However, it should be mentioned that eq. ( 3.10 ) only works
if the extremes are in fact Gumbel distributed.
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3.3

Response analysis in the frequency domain

The PPSR evaluated in the frequency domain are determined by combining the static and fluctuating
contributions, where the fluctuating part is a result of the sum of squares from the background and
resonant contributions:
� = 𝑀𝑀
� ± �𝑀𝑀
�𝑅𝑅 2 + 𝑀𝑀
�𝐵𝐵 2
𝑀𝑀

( 3.11 )

� is the mean base moment and 𝑀𝑀
�𝑅𝑅 and 𝑀𝑀
�𝐵𝐵 are the resonant and background base moment,
Where 𝑀𝑀
respectively. Several methods are available in the frequency domain, such as the Gust Response Factor,
the Dynamic Response Factor, the Peak Factor method, The Spectral Method etc., where most of them
are based solely upon evaluating the structural response from the base moments. The Gust Loading
Factor method is chosen for the frequency domain analysis. It is proposed by Zhou et al. (2003), and
the essence of this method is described in [J1].
In the frequency domain, the time series can either be determined from the full length of the time series
or be split into smaller subseries as in the time domain. The noise of a spectrum calculated from a time
history is reduced when using a long time series. Alternatively, creating several spectra from sub-series
of the long parent time history and combining them into an averages spectrum can be of advantage
(Koss, 2001). In order to create a statistical range of the peaks, it is likewise chosen to split the analysis
in the frequency domain into 10-minute intervals.
The minimum and maximum estimated peaks from the smaller subseries are sampled, from where the
mean of both the minimum and maximum peaks is selected as PPSR. The frequency analysis estimates
the PPSR based on the peak factor, which results in the peaks have a Normal Distribution rather than
the Gumbel distribution, as for the time domain.

3.4

Floor-by-Floor loading estimation

The Floor-by-Floor loadings determination is dependent on which approach is used for the wind loading
sampling. The HFBB method only measures the base forces and moments of the building. Entailing,
the Floor-by-Floor loadings are allocated along the height with the assumption that the mean and
background components are distributed with the mean wind profile, and the resonant component is
distributed with the fundamental mode shape. The HFPI method measures the wind load where it is
acting on the building; hence, the Floor-by-Floor loadings can be estimated directly from the wind loads
and thereby are more true to the actual loading. The two methods to determine the Floor-by-Floor
loadings are briefly explained in the following.

The Gust Loading Factor method
The Gust Loading Factor method is utilised when only the base moments are available. The following
calculation procedures are depreciated from Kareem and Zhou (2003). The approach assumes the Floorby-Floor loadings at the base is equal to 0.
The mean, background and resonant forces in each floor 𝑖𝑖, in the two principal directions are found as:
�𝑥𝑥.𝑦𝑦
𝐹𝐹�𝑥𝑥.𝑦𝑦.𝑖𝑖 = 𝑀𝑀

2 + 2𝛼𝛼 𝑧𝑧𝑖𝑖 2𝛼𝛼
� � 𝛥𝛥𝛥𝛥
𝐻𝐻
𝐻𝐻2

𝐹𝐹𝑥𝑥.𝑦𝑦.𝐵𝐵𝐵𝐵 = 𝑀𝑀𝑥𝑥.𝑦𝑦.𝐵𝐵

2 + 2𝛼𝛼 𝑧𝑧𝑖𝑖 2𝛼𝛼
� � 𝛥𝛥𝛥𝛥
𝐻𝐻
𝐻𝐻2

𝐹𝐹𝑥𝑥.𝑦𝑦.𝑅𝑅𝑅𝑅 = 𝑀𝑀𝑥𝑥.𝑦𝑦.𝑅𝑅

𝑚𝑚𝑖𝑖 𝜑𝜑1𝑥𝑥.𝑦𝑦
∑ 𝑚𝑚𝑖𝑖 𝑧𝑧𝑖𝑖 𝜑𝜑1𝑥𝑥.𝑦𝑦
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( 3.13 )

( 3.14 )
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and the mean, background and resonant components for the torsional moment are expressed as:
�𝑧𝑧𝑧𝑧 = 𝑀𝑀
�𝑧𝑧
𝑀𝑀

2 + 2𝛼𝛼 𝑧𝑧𝑖𝑖 2𝛼𝛼
� � 𝛥𝛥𝛥𝛥
𝐻𝐻
𝐻𝐻2

𝑀𝑀𝑧𝑧.𝐵𝐵𝐵𝐵 = 𝑀𝑀𝑧𝑧.𝐵𝐵

1 + 2𝛼𝛼 𝑧𝑧𝑖𝑖 2𝛼𝛼
� � 𝛥𝛥𝛥𝛥
𝐻𝐻
𝐻𝐻2

𝑀𝑀𝑧𝑧.𝑅𝑅𝑅𝑅 = 𝑀𝑀𝑧𝑧.𝑅𝑅

𝐼𝐼0𝑖𝑖 𝜑𝜑1𝑧𝑧
∑ 𝐼𝐼0𝑖𝑖 𝜑𝜑1𝑧𝑧

( 3.15 )

( 3.16 )

( 3.17 )

where 𝛼𝛼 is the exponential factor of the wind profile in the Power Law, 𝛥𝛥𝛥𝛥 is the floor height, 𝑚𝑚𝑖𝑖 is the
mass of the floor, 𝐼𝐼0𝑖𝑖 is the mass moment of inertia and 𝜑𝜑1 is the first mode shape in the specified
direction.
The mean, background and resonant forces can then be summarised for each floor with the sum of
squares method, to find the Floor-by-Floor loadings:
�𝚤𝚤 = 𝐹𝐹
�𝚤𝚤 ± �𝐹𝐹�𝑅𝑅𝑅𝑅 2 + 𝐹𝐹�𝐵𝐵𝐵𝐵 2
𝐹𝐹

( 3.18 )

�𝚤𝚤 is the Floor-by-Floor loading in each floor, which integrated over and combined with the height
Where 𝐹𝐹
is equal to the PPSR base moment found by eq. ( 3.11 ).

Extreme value analysis in the time domain
When the model is tested with the HFPI method, the wind loading is available in each node in the FEmodel, see Figure 2.3. In the time domain, the PPSR horizontal forces are determined as the 78%fractile in each node (height) with an extreme value analysis. However, the PPSR horizontal forces are
not correlated and summarising them with the arm to the heights typically results in a higher base
moment, than the estimated PPSR base moments determined from a base moment analysis. Hence, the
PPSR horizontal forces in each height must be reduced before the Floor-by-Floor loadings can be found.
The reduction factor is found by:
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 =

∑ 𝐹𝐹�78%.ℎ 𝑧𝑧ℎ
�78%.𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑀𝑀

( 3.19 )

�78%𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the PPSR base moment estimated with eq. ( 3.9 ) or ( 3.10 ) for a base moment
where 𝑀𝑀
analysis. 𝐹𝐹�78%.ℎ is the PPSR horizontal forces in each node (height) ℎ of the FE-model, likewise estimated
with eq. ( 3.9 ) or ( 3.10 ).

The PPSR horizontal forces in each height are then smoothly distributed to each floor with a spline
function to obtain the resulting Floor-by-Floor loadings:
𝐹𝐹�
⎡
� 78%.ℎ � ⎤
𝛥𝛥ℎ ⎞ ⎥
⎛
�𝚤𝚤 = ⎢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐹𝐹
⎢
⎜ 𝜂𝜂
⎟ ⎥ 𝛥𝛥𝛥𝛥
𝑟𝑟𝑟𝑟𝑟𝑟
⎢
⎥
⎣
⎠⎦
⎝

where Δℎ is the length of the FE-model elements and Δ𝑖𝑖 is the floor height.

( 3.20 )

Because the first height in the FE-model is 2 m above ground, the Floor-by-Floor loadings from the
time domain do not necessarily result in being 0 at the base, as the Gust Loading Factor method. Hence,
the two methods will have a different distribution over the floor levels.
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4 EVALUATION OF EXPERIMENTAL
WIND TUNNEL TESTS
This chapter addresses the underlying research of the Experimental Wind Tunnel (EWT) tests. Firstly,
the sharp-edged, chamfered and rounded corner high-rise buildings are investigated in terms of the base
coefficients. Secondly, the sharp-edged high-rise building has been the baseline for the first comparisons
to the CFD simulations; therefore, the response analysis of the EWT tests have been performed in both
the time domain and the frequency domain. The two methods are compared, and the differences between
them are addressed. In [S2], only the time domain analysis for the sharp-edged high-rise building is
included. The chamfered and rounded corners high-rise buildings are only analysed in the time domain
and are only evaluated in [S3].

4.1

Base moment coefficients

The wind tunnel tests of the sharp-edged and chamfered corner building are carried out for three
reference velocities, and the corner rounded building is conducted for five velocities. The annotation and
speeds are specified in Table 2.2. With reference to Section 2.2.1, the test cases should reach Reynolds
number independence for a reference wind velocity of 1.47 m/s.
The mean and fluctuating base moment coefficients determined by eq. ( 2.9 ) and ( 2.10 ) are shown in
Figure 4.1 and Figure 4.2 for the different AoA. The S5 tests for the sharp-edged and chamfered corner
building give significantly higher mean and fluctuating base moment coefficients than the S10 and S15
tests. The rounded corner building is more Reynolds number dependent, as anticipated, which is seen
as evenly distributed results for AoA B0, B75 and B90. The remaining AoAs return clustered results
for all reference wind velocities, which is surprising, compared to the sharp-edged and chamfered corner
building, where only S10 and S15 are clustered.
Figure 4.1 and Figure 4.2 show that the S5 results have not yet acieved Reynolds number independency.
The DWT tests are run for a reference wind velocity of 11.8 m/s. In order to be aligned with the EWT
tests, the S5 and S7 tests are neglected for all comparisons with the DWT tests and in the response
analyses in Section 4.2.
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Figure 4.1: Mean base moment coefficients for the three building shapes.

Figure 4.2: Fluctuating (standard deviation) base moment coefficients for the three building shapes.
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4.2

Response analysis for sharp-edged high-rise building
Predicted Peak Structural Response Base Moments

The description of the recorded experimental data is given in Section 2.2 in [S2], which yields to 150
10-minute time series in full-scale. For the response analysis in the time domain, the 150 peaks are used
to determine the 78%-fractile with the Cook-Mayne approach, as described in Section 3.2.2 and Section
3.3 in [S2]. In the frequency domain, the mean, resonant and background components are found together
with the peak moments for each of the 150 subseries, as described in Section 3.3. It can be an advantage
to address the mean, background and resonant response separately so that the deviations between the
EWT and the CFD results are more visible. These are shown for the overturning moments in Figure
4.3 and the torsional moment in Figure 4.4. The 150 subseries for each wind direction form a statistical
range of possible results, which are shown with the shaded areas. It is evident that the resonant
component plays a significant role in the peak response determination and that the range is largest
where strong vortex shedding occurs.

Figure 4.3: Mean, background and resonant response component of the overturning moments.

Figure 4.4: Mean, background and resonant response component of the torsional moment.

The PPSR base moments from the frequency and time domain analyses are compared in Figure 4.5.
The figures indicate the ranges for the 150 peaks in both the time and frequency domain. The ranges
from the frequency domain are generally more narrow than the time domain. Overall, the PPSR from
the two analyses coincide and are in good agreement, with only small deviations in the minimum peaks
of My and Mz. The results indicate the PPSR base moments evaluated the time domain are not Normal
Distributed, as the frequency domain assumes.
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Mz

Fy
My

Mx

B0
B30
B90
B45 B60

Figure 4.5: Predicted Peak Structural Response base moments for the sharp-edged
high-rise building. The time domain results are also reported in [S2].
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Statistical distribution of peak base moments
The 150 peaks from both the time domain and frequency domain analyses are evaluated if they follow
the respective statistical distribution functions. With reference to Section 3.2 and 3.3, the peak base
moments analysed in the frequency domain is assumed to follow a Normal Distribution, whereas the
peak base moments analysed in the time domain exhibit the characteristic of following a Gumbel
(Extreme Value type 1) Distribution. The base My moment minimum peaks are shown with a histogram,
the Probability Density Function (PDF) and a probability plot for each AoA in Figure 4.6, Figure 4.7
and Figure 4.8. The results from the frequency domain are statistically evaluated with both the Normal
Distribution and the Gumbel distribution, in order to secure the results follow the Normal Distribution
function, as anticipated. The time domain results are only compared to the Gumbel Distribution, as it
is known that the peaks will follow this type of distribution (Cook & Mayne, 1980) (Holmes, 2001)
(Kasperski, 2003). Furthermore, this is also evident in Figure 4.8. Similar plots for the mean and
maximum My moment and mean, minimum and maximum Mx and Mz moments are seen in Appendix
A.
Overall, the probability plots in Appendix A, Figure 4.6 and Figure 4.7 show that the frequency domain
peaks fit the Normal Distribution better than the Gumbel Distribution. This is firstly concluded from a
visual fitting of the PDF to the histograms and secondly from the probability paper plots, where the
lowest and highest peaks follow the Normal Distribution better than the Gumbel Distribution. The
peaks from the time domain analysis follow the Gumbel Distribution, which is clearly seen with the
PDF on the histogram. Finally, Figure 4.6 and Figure 4.8 show that the distributions are different for
the frequency and time domain peaks and that the two methods follow two different statistical
distributions. This permits to conclude that it is acceptable to assume the peaks from the much shorter
CFD simulation time series will follow the two respective statistical distributions.

Figure 4.6: Normal Distribution of base My moment minimum peaks with an analysis in the frequency domain.
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Figure 4.7: Gumbel (Extreme Value type 1) distribution of base My moment minimum peaks with an analysis in
the frequency domain.

Figure 4.8: Gumbel (Extreme Value type 1) distribution of base My moment minimum peaks with an analysis in
the time domain.
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Floor-by-Floor loadings
The minimum and maximum Floor-by-Floor loadings evaluated in the frequency domain are seen in
Figure 4.9 and evaluated in the time domain in Figure 4.10. Typically, only the absolute maximum
Floor-by-Floor loading will be reported. The Floor-by-Floor loadings are clearly distributed differently.
The frequency domain Floor-by-Floor loadings are dominantly distributed with the resonant component,
which is distributed with the fundamental mode shape and hence exponential increases with the height.
The time domain Floor-by-Floor loadings reflect the true distribution of the external wind loads,
together with the resonance of the high-rise building, which implies the distribution over the floor levels
is changed depending on the AoA.
Although the two Floor-by-Floor loading distributions appear different, the overall PPSR base moments
from the frequency and time domain analyses are in good agreement, as seen in Figure 4.5. Concluding,
the global structural system will not be affected by in which domain the analysis is carried out.

Figure 4.9: Minimum and maximum Floor-by-Floor loadings estimated in the frequency domain.

Figure 4.10: Minimum and maximum Floor-by-Floor loadings estimated in the time domain.
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4.3

Façade pressure

The façade pressure distribution is used for the cladding loads estimations. Therefore, the CFD
simulations’ pressure distributions must be similar to the EWT tests’ distributions. Scatter plots give a
clear overview of the consistency between the two methods, and the use of them are explained in Section
3.2 in [S2]. However, before comparing the CFD façade pressures to the EWT results, it is important to
establish a baseline of how much the EWT tests vary individually between the reference wind velocities.
Figure 4.11 shows comparisons between S5 and S15, and S10 and S15 for AoA B0 and B90. The S5 and
S15 comparisons are more scattered than the S10 and S15 comparisons, which again substantiate that
the S5 reference wind velocity results are affected by the Reynolds number. The S10 and S15 results are
more aligned for the mean and standard deviation pressure coefficients, however, a scattered picture is
still seen for the minimum pressure coefficients, which must be taken into account when evaluating
scatter plots for EWT and CFD comparisons.
B0-S5 and B0-S15

B0-S10 and B0-S15

B90-S15 and B90-S15

B90-S10 and B90-S15

Figure 4.11: Scatter plots of EWT tests with different reference wind velocities. Annotations, see Table 2.2.
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5 PRECURSOR MODELS
According to [J1], four approaches are available to construct the upstream wind flow in a CFD wind
loading assessment study. The chosen method for this project was the Precursor Database method,
because the method provides the best results in comparative studies to EWT tests.
The aim was to create a precursor database model that reflects the flow within the EWT WT2 at
FORCE Technology. A seemingly straightforward task, which evolved to be the most challenging task
of the PhD. It became clear that a good match between the EWT and DWT test surface pressures on
the target building lies in a good agreement, with minimal margin, between the upstream flow within
the EWT and the DWT.
The development of the optimal precursor model was an iterative process where results led to new ideas;
hence, the overview and results of the precursor models are arranged in chronological order of when
they were developed. The chapter describes the work with developing and learning about the
construction of a precursor model, while addressing the reason for each of the precursor geometries. The
second and third subsections compare the numeric settings and resulting flow within the precursor
models. The final precursor models that are utilised for further investigations are addressed in [S1].
Table 5.1: Overview of roughness elements in WT2 precursor models (in chronological order).
ExtraBlocks
Precursor
Inlet
Barrier SawLarge
Medium
Micro
Spires
long
extended to
model
contraction
wall
tooth
blocks
blocks
Cubes
inlet
sidewalls
WT2 geo 1
M
M
O+
WT2 geo 2
O
M
O+
WT2 replica
O
O
O
O
WT2 exact 1
O
O
O
O
O
O
WT2 geo 3
O
O
O
M
O+
√
WT2 geo 4
O
O
O
O
O
M
WT2 geo 5
O
O
O
O
O
√
O
WT2 geo 6
O
O
O
O
O
WT2 geo 7
O
O
O
O
O
√
WT2 geo 8
O
O
O
O
O
√
M
WT2 geo 9
O
O
O
O
O
√
M
WT2 exact 2
O
O
O
O
O
O
O
WT2 geo 10
O
O
O
O
O
O
O
√
M
O: Original design, O +: Original design plus extra elements in the longitudinal direction, M: Modified

inlet contraction

inlet

sawtooth

barrier wall

spires

medium roughness blocks

outlet

large roughness blocks
micro roughness cubes

Figure 5.1: 3D model of the Experimental Wind Tunnel WT2 that specifies the different elements.
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5.1 Timeline
The precursor setup development can be divided into three phases: (1) the initial phase, (2) the insight
phase and (3) the solving phase. Figure 5.1 is a 3D model of the EWT that specifies the different
elements with the tunnel. Table 5.1 gives an overview of the different part of roughness elements that
are included in the WT2 precursor models. In total, 13 different WT2 geometries were conducted. An
overview of the geometries is found in Figure 5.3 and Figure 5.4. The mean wind flow and turbulence
intensity in the streamwise component are seen in Figure 5.5 to Figure 5.8 for all precursor models.

The initial phase
At the time where the development of a precursor model started, I was located at Tokyo Institute of
Technology and in close dialogue with Professor Tetsuro Tamura. The experience in Japan was to create
a very simple flow that only reflected the large structures with a relatively coarse mesh. The advice was
to clean the WT2 geometry for small elements and keep it simple. The result was the first precursor
model: WT2 geo 1.
As readily seen in the mean wind flow of WT2 geo 1, the model has a substantial speed-up near the
sidewalls, and the flow is not homogenous in the transverse direction. Therefore, roughness elements
near the side walls were introduced, together with the original geometry of the spires. The model was
named WT2 geo 2. An inhomogeneous flow was still pronounced in this model as seen in the mean wind
flow plot and thus a very different wind flow from the EWT.
A model with the original roughness elements was created. It was decided still to leave out the barrier
wall and the sawtooth on the sidewalls, close to the inlet. This model was named WT2 replica, as most
of the wind tunnel now was back to the original geometry. The best numerical schemes were chosen for
this model, in order to get insight into a fine resolution model. The model was run with the coupled
solver for a time step of 4000 Hz, with a polyhedral mesh of 59 mil. cells. This entailed a long resolving
time; it took approximately four months to run 20 s of simulation time. The model likewise showed a
large speed-up near the sidewalls in the mean wind flow and a turbulence intensity that was enhanced.
At the time, only the center vertical wind profile of the EWT was available; hence it was not possible
to know if the speed up near the sidewalls were a numerical error or a physical artefact in the EWT.
Three vertical and two horizontal profiles were measured in the EWT in September 2018, in order to
get a clear picture of the flow within the EWT. The profiles showed that the speed-ups near the sidewalls
are also present in the EWT; however, not pronounced to the same extent as in the numerical models.

The insight phase
After the new insight into the wind flow in the EWT, it was clear that the numerical models caused
some flow phenomena that were not present in the EWT. After a grid independency test and
improvements of the numerical setup of the test section, with the WT2 replica model as Inlet Boundary
Conditions (IBC), the results were not substantially improved. The mean pressures on the target
building matched, but the standard deviation pressures were all shifted and enhanced. With simulations
of the same test section but with different precursor models, the time series of the pressure taps
supported the suspicion that it was the upstream wind flow that caused the problems, due to the
pressure time series had higher magnitudes (see Figure 13 in [S1]). The conclusion was that it must be
the approaching wind flow that caused the deviation of the pressures, more than it was a mesh-resolution
issue.
The WT2 exact model was created as an exact replica of the EWT, with the barrier wall and sawtooth
included, compared to the WT2 replica model. The WT2 exact model was tested for several different
meshes and numerical schemes, where a thicker prism layer on the sidewalls enhanced the speed up
(mesh 3). This showed that the flow within the wind tunnel is highly complex and challenging to
replicate with a coarse mesh.
Due to the complexity of the WT2 exact model, a phase started where several models were tested
without including the micro cubes (WT2 geo 3, 4, 6, 7). This showed improved results where the
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turbulence intensity was appropriately reflected in WT2 geo 7. However, the lower part of the profiles
had a large underestimated deficit, due to the missing roughness elements.

The solving phase
The WT2 geo 8 model was created as a compromise between WT2 geo 7 without the micro cubes and
the WT2 exact model. The model was a breakthrough, since it reflected the EWT and responded with
a good pressure distribution match on the target building. The WT2 geo 8 model is the geometry which
is elaborated in [C1] and [S1], where it is referred to as WT2 opt and WT2 opt 1, respectively.
The WT2 geo 9 model was created to check if the flow would blow-up with only half of the micro cubes
included. As expected, the discrepancy in the turbulence intensity was already visible here.
With the gained knowledge from the WT2 geo 7, 8 and 9 models, it was clear that the micro cubes were
causing overshooting of the gradients. Therefore, the WT2 exact model was again tested, but this time
with a very fine mesh resolution over the micro roughness cubes, in order to check if this blow-up of the
turbulence intensity could be eliminated with a denser mesh resolution. The WT2 exact refined model
was 71 mil. cells and has eight elements across the micro cubes. This model is also elaborated in [C1]
and [S1] and is referred to as WT2 exact in the papers. The profiles are very similar to the WT2 geo 8
model, indicating that the WT2 geo 8 model is capable of replicating the wind flow, but with only half
the number of elements.
The WT2 exact 2 model was created to investigate how the flow would act if a large horizontal rolling
vortex was created over the barrier wall, rather than letting the inlet start above the barrier wall.
Moreover, it was clear that the model needed to have a resolution of eight cells across the micro cubes,
in order to reflect the wind profiles. The effect of the inlet relocation is seen in Figure 5.2, where the
inlet is above the barrier wall in a) and 0.9 m in front of the barrier wall in b). Although the flow is
significantly changed near the barrier wall and spires, the introduction of the inflow vortex did not
distinctly influence the flow, compared to the WT2 exact 1 (4) model, in the test section region.
a)

b)

Figure 5.2: Mean wind flow in midplane, showing the rolling vortex influence over the barrier wall.
a) WT2 exact 1 (4) with inlet above barrier wall and b) WT2 exact 2 (2) with inlet 0.9 m in front of barrier wall

The inlet contraction of the wind tunnel was added to investigate its influence on the flow; model WT2
geo 10. The model is also addressed in [S1] and referred to as WT2 opt 2. In order to keep the total
cell-count low, the contraction was added to the WT2 geo 8 model. This was a final breakthrough that
removed the speed-up near the side walls. Although, the discrepancy of the turbulence intensity was
again slightly increased.
As the conclusion in [S2] states, the WT2 geo 8 model is capable of replicating the wind flow with a
significantly lower total grid size. With the initiated tests on the sharp-edged high-rise building, a denser
upstream mesh size was changed in the model as a 1 m wide “tunnel”, to secure smaller structures was
resolved in the simulation. This model is named WT2 geo 8 (2) and is elaborated in [S2] and [S3].
Ideally, the last model to run would be the WT2 exact 1 with the inlet contraction. However, since the
WT2 exact 1 model was 71 mil. cells, this model would result in an even bigger mesh size and thus over
a month of simulation. Due to limited computational resources, it has not been prioritised to execute
this model.
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5.2

Numerical schemes

A review of best practice choice of numerical schemes is presented in [J1]. Star-CCM+ also has a best
practice guideline for complex flows, where aeroacoustic simulation settings can be applied to some
extent for Computational Wind Engineering (Siemens, 2019). Initially, the first models were run with
the coupled solver and the Dynamic Smagorinsky sub-grid scale model, since this is the recommended
solver for complex flows in Star-CCM+. But with the computational power available at that time, the
simulations were running too slow, and it would take a month to have a reasonably long time series of
25 s. This was not viable, and a faster turnaround time was necessary so that more simulations could
be tested. Therefore, the simulation solver was switched to the segregated solver, which reduced the
solver time to approximately half the time. An overview of the numerical schemes is found in Table 5.2.

5.3

Results

Figure 5.5 to Figure 5.8 show the mean wind flow and the streamwise turbulence intensity for the
precursor models in transverse planes along the tunnels. The mean wind flow figures show the
development from an arch-shaped flow with large speed-ups in WT2 geo 1 to a homogenous flow across
the tunnel in WT2 geo 10. The turbulence intensities likewise show an arch-shaped flow with high
magnitudes in WT2 geo 1, which develops to lower magnitudes and a homogenous flow.

WT2 geo 3

WT2 exact 1

WT2 replica

WT2 geo 2

WT2 geo 1

The most significant results are discussed and evaluated in [S1]. The WT2 geo 8 (2) model is used as
IBC in the final test sections in [S2] and [S3], where it is also elaborated.

Figure 5.3: Geometry of the precursor models in chronological order of development.
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Figure 5.4: Geometry of the precursor models in chronological order of development.
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Table 5.2: Numerical settings in WT2 precursor models (in chronological order of development).
Total
SubgridNo. of cores /
Pressurecell
Time step Equation of
Precursor
Type of
scale
Solver time pr.
velocity
count
model
mesh
turbulence
state
simulation time
[Hz]
coupling
model
[hr/s]
[mil.]
Coupled
Standard
WT2 geo 1
Trimmed
27.3
1000
Ideal gas
flow
Smagorinsky
Coupled
Standard
WT2 geo 2
Trimmed
29.4
1000
Ideal gas
192 / 14
flow
Smagorinsky
Coupled
Dynamic
Constant
WT2 replica Polyhedral
59.0
4000
256 / 117
flow
Smagorinsky
density
WT2 exact 1,
Coupled
Polyhedral
34.0
WALE
1000
Ideal gas
192 / 28
mesh 1
flow
WT2 exact 1,
Constant
Polyhedral
34.0
Segregated
WALE
2000
192 / 29
mesh 1
density
WT2 exact 1,
Constant
Trimmed
26.8
Segregated
WALE
2000
128 / 36
mesh 2
density
WT2 exact 1,
Constant
Trimmed
67.0
Segregated
WALE
2000
288 / 16
mesh 3
density
Constant
WT2 geo 3 Polyhedral
34.2
Segregated
WALE
2000
192 / 14
density
WT2 geo 4
Trimmed
67.9
Only tested with RANS
Constant
WT2 geo 5
Trimmed
41.2
Segregated
WALE
2000
400 / 6
density
Constant
WT2 geo 6
Trimmed
38.8
Segregated
WALE
2000
density
Constant
WT2 geo 7
Trimmed
41.6
Segregated
WALE
2000
density
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Figure 5.5: Mean velocity and turbulence intensity Iu in transverse section planes for
precursor models WT2 geo 1, geo 2, replica and exact 1 (2).
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Figure 5.6: Mean velocity and turbulence intensity Iu in transverse section planes for
precursor models WT2 exact 1 (3), geo 3, geo5 and geo 7.
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Figure 5.7: Mean velocity and turbulence intensity Iu in transverse section planes for
precursor models WT2 geo 8 (1), exact 1 (4), geo 9 and exact 2 (1).
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Figure 5.8: Mean velocity and turbulence intensity Iu in transverse section planes for
precursor models WT2 exact 2 (2), geo 10 and WT2 geo 8 (2).
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6 SHARP-EDGE HIGH-RISE BUILDING
The main focus throughout the PhD has been to establish a set of guidelines to perform wind load
assesments using CFD, with setting specifications and requirements for mesh refinements. This has been
carried out by testing the well-known sharp-edged CAARC high-rise building with several different
types of precursor inlets and meshes. The outcome and optimal solutions are assessed and presented in
[S2]. The spatial discretisation around the target building, the y+-values, façade pressure coefficients
and power spectral densities for other AoA than B0 are not enclosed in [S2]; instead, they are presented
in the following and Appendix C. Moreover, [S2] only analyses the building in the time domain; thus,
the CFD simulations are evaluated in the frequency domain and compared to the EWT test results in
Section 6.5.
Paper [S2] briefly describes that several different initiatives have been tested to improve the cross-wind
excitation for the AoA B90 case. Both mesh discretisations and numerical changes were tested in the
process, where 10 of the improvement initiatives are elaborated in Section 6.6.

6.1

Spatial discretisation of the sharp-edged high-rise building

The spatial discretisation of the sharp-edged high-rise building is specified in Table 2 and Figure 5 in
[S2]. The domain is separated into regions with different grid refinement zones. The nearest zone to the
building “zone 1 edge” is shape and wind angle of attack dependent, hence, the refinement change
depending on the AoA. The grid refinement in zone 1 and 2 is seen for the different AoA in Figure 6.1.
The leading corner is refined for AoA B30 and B60, where the surface that has a pressure change from
negative to positive is denser discretised with the “zone 1 edge” control volume. The “zone 1 edge” control
volume is not applied for AoA B45. AoA B90 is elaborated in Section 6.6.
AoA B0 does not have a refinement zone 1a and has a mesh size of 11 mil. cells. This can be seen as a
baseline mesh size of the computational domain, where the larger cell-counts of the other AoA domains
are exclusively extra cells added in the refinements zones “zone 1a” and “zone 1 edge”. The cell-count
has a large impact on the simulation time, where e.g. AoA B90 has three times more cells than AoA
B0. Therefore, each AoA is optimised as much as possible, so that only a limited amount of unnecessary
elements are added.

6.2

y+-values

The importance of the first dimensionless wall distance is discussed in Section 2.4.3. It is desired to have
y+-values below 5-7 in areas where the pressure and the flow field is important. Ideally, the y+-values
of the first cell should be around 1, in order to resolve the viscous sublayer in more than the first prism
cell. The y+-values of the different AoA are visualised in Figure 6.2, where it is visible that the target
building has y+-values of approximately 1-3. This ensures the viscous sublayer is resolved accurately, at
least for the first element next to the surface.

6.3

Façade pressure coefficients

The façade pressure coefficients are compared and visualised for the DWT and EWT tests in Figure 12
in [S2] for AoA B0. Although the façade pressure coefficients already are addressed in the scatterplots,
the contour plots give a clear overview of the pressure distribution along the surfaces. The contour plots
are included in Appendix C in Figure C.1 to Figure C.4 for the remaining wind directions. Likewise, the
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pressure distribution at stagnation height (2/3H) is also a convenient approach to compare the pressure
coefficients. These are found in Figure C.5.
The AoA B30, B45 and B60 have a high consistency between the EWT and DWT results, whereas
differences are seen for AoA B90. Hence, a more detailed evaluation of AoA B90 is also addressed in
Section 6.6.
B0 – 11.01 mil. cells

B30 – 18.61 mil. cells
zone 2

zone 2

zone 1a

zone 1b

zone 1b

zone 1 edge

B45 – 16.93 mil. cells

B60 – 19.56 mil. cells

B90 – 32.94 mil. cells

Figure 6.1: Spatial discretization near the target building in z = 2/3H.
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B0

B30

B45

B60

B90

Figure 6.2: y+-values of the target building and nearest surrounding city.

6.4

Power spectral densities

The power spectral densities of the wind loading base moments in Figure 14 in [S2] directly show if the
energy of the external loading is intercepted similarly for the EWT and DWT tests. The power spectral
densities for the remaining AoA are shown in Appendix C in Figure C.6. The power spectra from the
EWT and DWT coincide and imply that the deviations between them are small.
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6.5

Sharp-edged high-rise building analysed in the frequency
domain

In [S2], only the response analysis in the time domain of the sharp-edged high-rise building is included.
This section addresses the analysis in the frequency domain. The calculation routines are described in
Section 3.3, and the evaluation of the EWT base moments and Floor-by-Floor loadings are found in
Section 4.2.
The resonant and background components, which encases the fluctuating part of the PPSR base
moments, are based on the PDS of the wind loading base moment. Hence, it is highly desirable that the
PSD from the DWT simulations match the results from the EWT tests, in order to reflect the peak
base moments. As described in Section 6.4, the spectra presented in Figure C.6 coincide well. The CFD
and EWT mean, resonant and background components are seen for the Mx and My base moments in
Figure 6.3 and for the torsional moment in Figure 6.4. The mean and background components are in
agreement for the Mx and My base moments, whereas deviations are seen for the resonant component
for higher magnitudes (AoA B60 and B90). As anticipated, the HFBB and HFPI methods return results
that are in good agreements for Mx and My, because the spectra are consistent for the lowest frequencies.
The torsional moment shows a significant difference in the resonant component between the HFBB and
HFPI methods, which is caused by the shift in the spectra in Figure 14 in [S2]. As concluded in [S2],
the difference occurs because the HFPI method does not intercept all aerodynamic loads as the HFBB.
The mean, resonant and background components are combined to obtain the PPSR base moments,
which are seen in Figure 6.5. Overall, the results are in good agreement with the results from the EWT
and the CFD time domain analysis, found in Figure 16 in [S2]. Only the AoA B90 case has a significant
deficit, which optical looks enhanced in the frequency analysis, however, this is mainly due to the peak
range from the frequency domain is more narrow than the time domain peak range, see Figure 4.5.
The Floor-by-Floor loadings are compared for the DWT and EWT results in Figure 6.6. Similar results
are obtained, where a high consistency is found for AoA B0, B30, B45 and B60 and an underestimation
is found for AoA B90.

Figure 6.3: Mean, background and resonant response component of the overturning moments of the sharp-edged
high-rise building, analysed in the frequency domain.

Figure 6.4: Mean, background and resonant response component of the torsional moment of the sharp-edged
high-rise building, analysed in the frequency domain.
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Mz

Fy
My

Mx

B0

Fx

B30
B90
B45 B60

Figure 6.5: Predicted Peak Structural Response base moments of the
sharp-edged high-rise building, analysed in the frequency domain.

Figure 6.6: Floor-by-floor loadings for the sharp-edged high-rise building, analysed in the frequency domain.
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6.6

Initiatives to improve the sharp-edged building for AoA B90

10 improvement initiatives were performed to enhance the cross-wind excitation of the AoA B90 case.
These are listed in chronological sequence in Table 6.1. The mesh and numerical settings are further
described in Section 0 and 6.6.2. Common for the improvement initiatives, it is down to minimal changes
that potentially can induce significant impacts on the overall wind load. Therefore, the numerical scheme
initiatives are carried out on the same mesh, in order to see the effect directly.
Initiative 3 is the simulation presented in [S2], which was chosen as the most optimal mesh, and with
standard numerical settings. Initiative 3 was decided to include in the paper, in order to streamline the
mesh and numerical settings with the remaining wind directions.

Table 6.1: Overview of initiatives to improve the cross-wind excitation for AoA B90.
Initiative
no.

Mesh
no.

1
2
3
4
5

Mesh
Mesh
Mesh
Mesh
Mesh

2
3
4
5
4

6

Mesh 4

7
8
9
10

Mesh
Mesh
Mesh
Mesh

4
4
4
6

Numerical settings
in test section
Standard
Standard
Standard
Standard
Aeroacoustics, 𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 = 0.05
Standard, 𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 = 0.1

Standard, 𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 = 0.2
Standard
Standard
Standard

Precursor model as
IBC in test section

Subgrid-scale
turbulence model

WT2 geo 8 (1)
WALE
WT2 geo 8 (1)
WALE
WT2 geo 8 (2)
WALE
WT2 geo 8 (2)
WALE
WT2 geo 8 (1)
WALE
WT2 geo 8 (1),
WALE
Aeroacoustics, 𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 = 0.05
WT2 geo 8 (2)
WALE
WT2 geo 8 (2)
WALE
WT2 geo 8 (2)
Dynamic Smagorinsky
WT2 geo 8 (2)
WALE

Time step
[Hz]
2000
2000
2000
2000
2000
2000
2000
4000
2000
2000

Mesh refinements
Overall, mesh 1, which is not included here, follows the suggested guidelines in Table 2 and Figure 5 in
[S2], for mesh refinement in volumetric control volumes, where “zone 1 edge” is not implemented. The
five initiatives to improve the mesh are shown in Figure 6.7 and Figure 6.8. Mesh 2 and 4 are likewise
roughly constructed with the suggested guidelines. The refinements in “zone 1 edge” are executed as
corner refinements in mesh 2, and as refinements along the sidewalls in mesh 4, with a size equal to
B/240 (=D/160). The mesh refinement upstream to the target building in zone 3 is D/10 (=B/15).
Mesh 3 and 5 have the same edge refinements as mesh 2 and 4, respectively, but are denser upstream
mesh to the target building in zone 3, where the mesh size is changed to D/20 (=B/30).
Mesh 2-5 have identical prism layers, as described in [S2], i.e. 15 layers with a stretching ratio of 1.05
and a total thickness of 0.00135 m (=D/55.5). The prism layer of the leading corner is seen in Figure
6.8Figure 6.7. The first cells in the “zone 1 edge” refinement have a ratio of 1:7.5 and in the remaining
areas 1:15, which means the elements are long and flat. These ratios are far from the optimal ratio of
1:2, which is the suggested recommendations in [S2]. The ratio could be improved, but since the results
for the remaining AoA are acceptable for this mesh setup and because a sharp-edged body is a relatively
simple test case, this has not been changed.
Mesh 6 was composed as an attempt to lower the CFL numbers in the inner boundary layer of the
target building and removing the transitions of mesh sizes, as the transitions can introduce errors in the
gradients. The refinement zones were replaced with a grid size of zone 1a and extruded further away
from the target building. Furthermore, the prism layer was changed to seven layers, with an increased
total thickness of 0.00225 m (=D/33.3).
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zone 1 edge

zone 2

zone 1a

Vertical view of midplane
zone 1b

Mesh 5 – 36.2 mil. cells

Mesh 4 – 28.59 mil. cells

Mesh 3 – 36.34 mil. cells

Mesh 2 – 19.38 mil. cells

Horizontal view in z = 2/3 H

Mesh 6 – 35.07 mil. cells

zone 1b
zone 1a

Figure 6.7: Mesh refinement of mesh 2, 3, 4, 5 and 6 of AoA B90.
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Mesh 4

Mesh 6

Figure 6.8: Corner refinement of mesh 4 and mesh 6.

Numerical schemes
The requirements to wind loading simulations can, in many ways, be compared to aeroacoustic
simulations. Therefore, the recommendations for LES in the “Best Practices for Direct Noise
Calculations” by Star-CCM+ (Siemens, 2019) are followed to some extent. Here, it is recommended to
run with the bounded central-differencing scheme, when using the segregated solver. The upwind
blending factor 𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 must be specified between 0 and 1, where low values secure accuracy, and higher
values increase the robustness of the scheme. The default value is 0.15, and a factor as low as possible
down to 0.02-0.15 is suggested for aeroacoustic simulations. The standard settings and aeroacoustic
settings, recommended by Star-CCM+, are specified in Table 6.2. The sharp-edged high-rise building
in [S2] is run with the standard settings for all wind directions.
Table 6.2: Standard and aeroacoustic settings.
Pressure-velocity coupling

Standard settings

Aeroacoustic settings

Segregated

Segregated

Equation of state

bounded-central differencing
bounded-central differencing scheme,
scheme, upwind blending factor
upwind blending factor 𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 changed
𝜍𝜍𝑢𝑢𝑢𝑢𝑢𝑢 = 0.15 (default)
Constant density

Constant density

Gradients

Default settings

Use TVB Gradient Limiting activated

Temporal discretisation

2nd order implicit

2nd order implicit

Spatial discretisation

High-Accuracy Temporal Discretization none

Optimised 2nd-order (5)

To test the effect of the aeroacoustic settings, the test section was first run with a decreased upwind
bending factor of 0.05 (initiative 5). This changed the surface pressure significantly with a decreased
accuracy. In order to also alter the upstream wind flow, the WT2 geo 8 (1) precursor model was run
with the aeroacoustic settings and a reduced upwind blending factor of 0.05. Subsequently, the
aeroacoustic settings were applied in two test sections with upwind blending factors of 0.1 (initiative 6)
and 0.15. The simulations showed they were susceptible to this parameter and a decreased surface
pressure accuracy was still present, regardless of how much the upwind blending factor was decreased
from the default value of 0.15.
Because the upwind blending factor turned out to be a sensitive parameter, the default value of 0.15 is
used in the standard settings. But in the initiatives to improve the AoA B90 case, the upwind blending
factor was increased to 0.2 in a test section with the standard precursor model as inlet, to investigate if
this would instead improve the results (initiative 7).
The time step size can have a significant impact on the result if it is chosen too large. The CFL should
optimally be around or below 1. This limit is easily respected in the large cells, but is difficult to attain
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for the smaller elements around the target building. In order to halve the CFL number and test if this
influenced the overall wind loading, the sampling frequency was reduced to 4000 Hz in initiative 8,
although, the precursor model was still solved with a time step corresponding to 2000 Hz. Therefore,
enabling to run initiative 8 for half the time step size, the inlet plane is only updated for every two time
step instead of each time step.
Finally, the sub-grid scale turbulence model can also have an impact on the results, especially on the
small-scale vortex structures. Therefore, the sgs model was changed to the Dynamic Smagorinsky model
in initiative 9. The sgs model is heavier to run but is often more accurate. Star-CCM+ recommends
using WALE sgs due to the faster execution time and because the accuracy is nearly the same as the
Dynamic Smagorinsky model.

Results
The results of the 10 initiatives in the following (Figure 6.9 to Figure 6.18) shown side-by-side for
selective or full comparison listed together.
The average and instant CFL numbers (or Convective Courant Number in Star-CCM+) are seen in
Figure 6.9 for a 2000 Hz and the 4000 Hz frequency sampling cases, together with initiative 10. Overall,
the 2000 Hz test cases look the same; hence, only one of the initiatives with similar meshes is included
here.
The results are compared in terms of façade loads, the overall wind loads and the structural responses.
The mean and standard deviation façade pressure coefficients are seen in Figure 6.10 as scatter plots.
The most substantial deviations between the EWT and the CFD simulations of the façade pressures are
detected in the fluctuating coefficients; hence the contour plots of the facades are seen in Figure 6.11.
The experimental contour façade pressure coefficients are found in Figure C.4. Histograms and Normal
Distribution PDF of the pressure coefficients of selected pressure taps in z=2/3H are found in Figure
6.12 for initiative 3. The Normal Distribution PDF is applied to the histograms even though the pressure
tap distributions are not Gassian distributed. Hence, the PDFs are only shown to show the tendency of
the histograms. PSDs of the same pressure coefficients are seen in Figure 6.13. Initiative 1, 4 and 9 are
evaluated with similar histograms, PDFs and spectra of the same pressure coefficients in Appendix B,
where they show similar results to initiative 3. The mean and fluctuating pressure coefficients in z=2/3H
are compared for the EWT and the initiatives in Figure 6.14.
The spatial correlation coefficients of the wind loading, evaluated with eq. (6) in [S2], are compared to
the EWT in Figure 6.15 with the HFBB method. The spatial correlation coefficients are sensitive to if
they are evaluated with the HFBB or HFPI method; hence, the simulations that were also measured
with the HFPI method are seen in Figure 6.16.
The wind loading base Mx and My moments are evaluated as PSD with the HFBB method in Figure
6.17. Lastly, the PPSR are estimated with a response analysis in the time domain and the HFBB
method. These are found in Table 6.3, with the estimated percentage deviation to the EWT results.
The table is visualised as a block diagram in Figure 6.18.
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Horizontal view in z=2/3H

Initiative 10 (2000 Hz)
Instant

Initiative 8 (4000 Hz)
Instant

Initiative 3 (2000 Hz)
Instant

Initiative 10 (2000 Hz)
Average

Initiative 8 (4000 Hz)
Average

Initiative 3 (2000 Hz)
Average

Vertical midplane, top of target building

Figure 6.9: Average and instant CFL numbers of initiative 3, 8 and 10.
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Initiative 1

Initiative 2

Initiative 3

Initiative 4

Initiative 5

Initiative 6

Initiative 7

Initiative 8

Initiative 9

Initiative 10

Figure 6.10: Scatter plots of mean and standard deviation façade pressure coefficients for AoA B90.
Wall orientations are found in Figure 2.1 or Figure 6.13.
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Initiative 1

Initiative 2

Initiative 3

Initiative 4

Initiative 5

Initiative 6

Initiative 7

Initiative 8

Initiative 9

Initiative 10

Figure 6.11: Fluctuating façade pressure coefficients for AoA B90. EWT results are found in Figure C.4.
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Figure 6.12: Histogram of pressure coefficients of selected pressure taps in z=2/3H for initiative 3 and
EWT C0-B90-H4-S-S15.

wall 2

wall 3

tap 140
tap 142
tap 144

tap 139
tap 136
tap 133

tap 121
tap 124
tap 127

tap 132
tap 130
tap 128

wall 1

wall 4

B0
B30

Figure 6.13: Spectra of pressure coefficients of selected pressure taps in z=2/3H for initiative 3 and
EWT C0-B90-H4-S-S15.
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Dx

2.5

1.5
x

0

4

2/3 H

B90

Figure 6.14: Mean and fluctuating pressure coefficients in z=2/3H for EWT and all initiatives.

Mz

Fy
My

Mx

Fx

B90

Figure 6.15: Segment spatial correlation coefficient of wind loading for the EWT and all initiatives,
measured with the HFBB method.

Mz

Fy
My

Mx

Fx

B90

Figure 6.16: Segment spatial correlation coefficient of wind loading for the EWT and all initiatives,
measured with the HFPI method.
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Initiative 1

Initiative 2

Initiative 3

Initiative 4

Initiative 5

Initiative 6

Initiative 7

Initiative 8

Initiative 9

Initiative 10

Figure 6.17: Wind loading PSD of base Mx and My moments for AoA B90 with the HFBB method.
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Table 6.3: Peak Predicted Structural Response base moments for AoA B90 and percentage
deviation to the EWT results. Estimated with the HFBB method.

Max
�
𝑀𝑀

Min
�
𝑀𝑀

Mean
�
𝑀𝑀

EWT
Initiative 1
Initiative 2
Initiative 3
Initiative 4
Initiative 5
Initiative 6
Initiative 7
Initiative 8
Initiative 9
Initiative 10
EWT
Initiative 1
Initiative 2
Initiative 3
Initiative 4
Initiative 5
Initiative 6
Initiative 7
Initiative 8
Initiative 9
Initiative 10
EWT
Initiative 1
Initiative 2
Initiative 3
Initiative 4
Initiative 5
Initiative 6
Initiative 7
Initiative 8
Initiative 9
Initiative 10

𝑀𝑀𝑥𝑥
[GNm]
-0.23
-0.24
-0.24
-0.25
-0.25
-0.23
-0.24
-0.25
-0.24
-0.25
-0.23
-0.60
-0.57
-0.56
-0.69
-0.66
-0.56
-0.69
-0.69
-0.58
-0.69
-0.64
0.08
0.05
0.05
0.06
0.08
0.08
0.10
0.02
0.01
0.02
0.04

𝑀𝑀𝑦𝑦
[GNm]
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
-1.26
-1.06
-0.96
-1.00
-0.92
-1.10
-1.00
-0.98
-1.01
-0.91
-1.01
1.22
1.06
1.02
1.07
0.96
1.15
1.00
1.06
1.00
0.91
0.98

Deviation
[%]
-3.75
-3.23
-8.84
-7.56
-1.51
-5.54
-6.58
-5.00
-8.38
1.49
4.94
6.68
-15.15
-9.90
7.42
-13.70
-13.92
4.70
-14.36
-6.14
32.96
35.67
22.03
-1.57
-6.55
-27.90
75.99
89.87
74.97
43.02

Deviation
[%]
9.02
7.50
-2.25
-9.40
-62.65
-27.03
21.37
57.84
-2.32
94.21
15.48
23.78
20.66
26.56
12.38
20.71
22.22
19.71
27.15
19.97
13.20
16.77
12.07
21.80
6.07
18.35
13.05
18.35
25.54
20.03

Deviation
[%]

𝑀𝑀𝑧𝑧
[ MNm]
0.50
0.54
0.57
0.92
0.87
0.29
1.05
0.73
0.73
0.87
-0.23
-0.60
-0.57
-0.56
-0.69
-0.66
-0.56
-0.69
-0.69
-0.58
-0.69
-0.64
0.08
0.05
0.05
0.06
0.08
0.08
0.10
0.02
0.01
0.02
0.04

-9.64
-14.31
-86.30
-74.99
41.36
-110.90
-47.25
-47.36
-76.07
1.49

Mz

4.94
6.68
-15.15
-9.90
7.42
-13.70
-13.92
4.70
-14.36
-6.14

Fy
My

Mx

Fx

B90

32.96
35.67
22.03
-1.57
-6.55
-27.90
75.99
89.87
74.97
43.02

PPSR78% base Mx and My moments [GNm]

-0,56
-1,10

-0,69
-1,00

-0,69
-0,98

0,01

-0,58

0,91

0,04

0,02

-1,01

-0,69
-0,91

-0,64
-1,01

Figure 6.18: Peak Predicted Structural Response base moments Mx and My for AoA B90.
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Mx max
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0,05

Mx min
1,07

Initiative 2

-0,60

0,05

1,02

Initiative 1

0,08

1,06

Initiative 5

1,22

Chapter 6 - Sharp-edge high-rise building

Discussion of initiatives
The results represented in Section 6.6.3 show that good agreements between EWT test and CFD
simulation surface pressures do not necessarily entail consistency of the global wind loads. Purely based
on the coefficient of determination in Figure 6.10, initiative 2, 7 and 8 perform the best, whereas
initiative 5 and 6 have the poorest consistency. Purely based on the PPSR base moments, initiative 1
and 5 perform the best, but initiative 1 has the most imperfect mesh resolution and initiative 5 has the
poorest consistency of the façade pressures. Initiative 4 and 9 perform the worst to reflect the PPSR
base moments, which are the two simulations that were anticipated to perform the best, because of
mesh resolution and a better sgs model.
Initiative 8, which is run with half time step, improves the average CFL number near the target building
significantly, as seen in Figure 6.9. Near the trailing edges of the target building, the average CFL
number is halved from above 15 in initiative 3 to approximately eight in initiative 8. One would expect
this improvement of the CFL to improve the surface pressures and overall loads since the CFL numbers
in the remaining initiatives are too high. However, this is not the case for initiative 8; concluding, the
simulation is either resolved for a small enough time step, corresponding to 2000 Hz, and thereby
decreasing it does not have an effect; or, the precursor model must also be resolved for 4000 Hz in order
to see the impact of the smaller time step. Here, the latter case is the most probable explanation.
Initiative 9, which is run with the Dynamic Smagorinsky sgs model, does not improve the results from
initiative 3. This outcome was also expected, as the simulations are resolved for such a dense mesh, that
the smallest vortices are resolved, instead of modelled with the sgs turbulence model. Therefore,
changing the sgs model to the Dynamic Smagorinsky model, instead of the WALE model, does not have
a significant effect.
Histograms and equivalent Normal Distribution PDFs are seen in Figure 6.12 for initiative 3. Generally,
the distributions are similar for the EWTs and CFD simulation. However, the magnitude is shifted,
especially on the backside (wall 2). The sidewalls’ (wall 1 and 3) pressures are in good agreements.
These observations are consistent with the spectra in Figure 6.13. A peak is seen for every CFD spectrum
at 0.45 Hz in full-scale, corresponding to 170 Hz in model scale. The peak is not occurring for the vortex
shedding frequency, which is 0.088 Hz in model scale. Therefore, the peak must be a numerical error.
Initiative 5 and 6, which are run with a reduced upwind blending factor, clearly simulate a different
flow on the sidewalls of the high-rise building, where the fluctuating pressure coefficients in Figure 6.10,
Figure 6.11 and Figure 6.14 have a different distribution than the remaining initiatives. Initiative 5 and
6 predict the most substantial fluctuations to be at the trailing edges, rather than at the midpoint of
the sidewalls, as the EWT. This indicates that the flow is not physically correct simulated, although
the PPSR base moments and base moment spectra imitate the EWT results.
Furthermore, Figure 6.14 shows that the mean pressure coefficients are not affected by different
numerical schemes (initiative 7, 8 and 9), as the red lines coincide. On the contrary, the fluctuating
coefficients are distinctly depending on the numerical initiatives, as a more scattered picture is seen
here.
Five different mesh refinement initiatives were executed to check the sensibility of the mesh. Mesh 5
(initiative 4) was expected to perform the best, due to the best mesh resolution both near and upstream
to the target building. The dense mesh resolution upstream in both initiative 2 and 4 is not supported
by better test results. Implying, the precursor model must also have the same discretisation, where
smaller structures are resolved (and not modelled with a sgs model), in order to benefit from the finer
mesh resolution. This conclusion is also disclosed in Section 4.2 in [S2]. The two types of mesh refinement
near the building façade in initiative 1 and 3 have a significant influence on the results. Initiative 1 with
the most imperfect mesh resolution performs the best for both façade pressures and PPSR base moments,
which does not seem logical, as a denser discretisation typically perform better by including more
information with small structures into the resolved simulation. However, the base moment spectra in
Figure 6.17 show that initiative 1 and 2 reflect the Mx base moment, but do not contain the same energy
as the EWT in the vortex shedding peak in the My base moment. On the contrary, initiative 3 and 4
feature the vortex shedding peak in the My base moment, but overpredict the energy of the lower
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frequencies in the Mx base moment spectrum. Moreover, the correct replication of the My base moment
spectrum in initiative 3 and 4 does not entail the PPSR moments in Figure 6.18 are consistent with the
EWT. Due to inconsistent agreements between the EWT results and none of the five grids, mesh 4
(initiative 3) was utilised for the numerical settings initiatives, since a finer mesh usually provides better
results.
After submitting paper [S2], mesh 6 (initiative 10) was composed to check if the transitions between the
mesh refinements in mesh 2, 3, 4 and 5 were causing the inconsistent agreements. The CFL numbers in
Figure 6.9 are generally increased for initiative 10; however, the instant CFL numbers in the inner
boundary layer are improved with smaller values, due to the coarser mesh. Nevertheless, the changed
mesh does not improve either the surface pressures or PPSR base moments. The surface pressures are
overpredicted, and the PPSR base moments are underpredicted, more than the remaining initiatives.
The spatial correlation coefficients of the wind loading along the height with the HFBB method, which
are seen in Figure 6.15, are shifted for both the Fx and Fy loads. The CFD simulations have too low
correlations for the Fx loads and too high correlations for the Fy loads. Initiative 1, 2 and 5 have the
best correlation coefficients for the Fy loads.
The spatial correlation coefficients with HFPI are also evaluated for the simulations where the method
was enabled, as found in Figure 6.16. The coefficients for the Fy loads are more precisely correlated,
than with the HFBB. Contrary, the Fx loads are shifted with lower correlations above 100 m. Figure
6.15 and Figure 6.16 distinctly imply that the HFBB and HFPI method are intercepting the wind loads
differently; therefore, it is important to compare the EWT tests to the same method in CFD, if the tests
are for a benchmark purpose. Furthermore, Figure 6.16 also indicates that none of the numerical
initiatives of AoA B90 are capable of predicting the cross-wind excitation correctly and thereby do not
properly reflect the PPSR.
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7 MODIFIED CORNER HIGH-RISE
BUILDINGS
To evaluate the applicability of the suggested guidelines in [S2] on other shapes than a sharp-edged
body, a chamfered and a rounded corner modification have been investigated. The simulations were run
as blind tests, to investigate how close the DWT results would come to the EWT results with the
recommended setup. The outcome of the blind tests is presented in [S3]. Mesh resolutions and results
are not included in [S3], but are elaborated in the following.

7.1

Spatial discretisation of the two buildings

The test section domains are following the suggested guidelines in [S2], where the discretisation of the
domain and surrounding city is identical to the sharp-edged high-rise building domains. The target
buildings are refined according to the AoA and refined differently for the corner modifications. The
discretisations near the target buildings are seen in Figure 7.1 and Figure 7.2 for the chamfered and
rounded corner high-rise buildings, respectively. Both zone 1a and 1b from Table 2 in [S2] are enabled
for every wind direction. Furthermore, the “zone 1 edge” is employed in each model near the modified
corners and along the edged that were expected to create a complex flow pattern. According to Cao et
al. (2019), an angle of attack of 15 degrees is one of the most challenging inclinations to resolve
numerically. Hence, 15 and 75 degrees are refined with extra attention to the critical sidewalls (wall 4
for B15 and wall 1 for B75), to capture the strong separation and reattachment zones.

7.2

Normalised mean wind flow

The normalised mean wind flow near the chamfered and rounded corner high-rise buildings are seen in
Figure 7.3 and Figure 7.4, respectively. The mean wind flows around the CAARC building are found in
Figure 11 in [S2]. When comparing the three shapes, it is visible that the modified corner shapes for the
wind angles of attack perpendicular to the windward face have a significantly reduced wake flow region
and recirculation on the sidewalls. For AoA B75, the small recirculation bubble at the leading edge of
wall 1 is significantly smaller for the rounded corner high-rise building, than the chamfered corner highrise building. This entails a wider area on wall 1 is affected by high pressure and thereby a more
substantial overturning moment. The same phenomenon occurs for AoA B15 wall 4.
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B0 - 18.46 mil. cells
zone 2

zone 1a

B15 - 27.19 mil. cells

zone 1b

zone 1 edge

B30 - 22.05 mil. cells

B45 - 22.05 mil. cells

B60 - 22.50 mil. cells

B75 - 31.90 mil. cells

B90 - 24.57 mil. cells

Figure 7.1: Spatial discretisation near the chamfered corner high-rise building in z = 2/3H.
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B0 - 18.92 mil. cells
zone 2

zone 1a

B15 – 26.05 mil. cells

zone 1b

zone 1 edge

B30 – 22.66 mil. cells

B45 – 23.27 mil. cells

B60 – 22.69 mil. cells

B75 – 27.12 mil. cells

B90 – 27.92 mil. cells

Figure 7.2: Spatial discretisation near the rounded corner high-rise building in z = 2/3H.
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B15-C

B30-C

B45-C

B60-C

B75-C

B90-C

B30
B45
B60
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B0
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Figure 7.3: Normalised wind flow in z = 2/3H for the chamfered corner high-rise building.
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B0-R

B15-R

B30-R
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B90-R
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Figure 7.4: Normalised wind flow in z = 2/3H for the rounded corner high-rise building.
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Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure 7.5: Mean and fluctuating pressure coefficients for AoA B0-C. Reference orientation, see Figure 2.1.

Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure 7.6: Mean and fluctuating pressure coefficients for AoA B0-R. Reference orientation, see Figure 2.1.
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7.3

Façade pressure coefficients

The façade pressure coefficients of the two modified corner buildings are presented as scatterplots in
Figure 13 to Figure 15 in [S3]. Similarly to the CAARC building, by addressing the pressure coefficients
with contour plots of the full façades, a better visual overview is obtained for the pressure distribution
and differences between the EWT and DWT. The façade pressure coefficients of the AoA B0 for both
buildings are seen in Figure 7.5 and Figure 7.6. Firstly, the EWT pressure distributions between the
chamfered and rounded corner high-rise buildings are very different, where the sidewalls for the rounded
model has high fluctuating coefficients compared to the chamfered model. These high fluctuations occur
because the separation point is continually changing and not predefined at a sharp corner. Secondly, a
large discrepancy between the EWT and DWT fluctuating pressure coefficients on the sidewalls of the
chamfered corner high-rise building is detected, which were also observed in the scatter plots in Figure
13 in [S3]. Furthermore, discrepancies are seen between the mean pressure coefficients of the leading
corner modifications (sides of wall 1), where the EWT model shows small magnitudes and the DWT
shows high negative pressures. On the contrary, a high consistency is seen between the EWT and DWT
results for the rounded model, which also support the statement in [S3] that the rounded corner highrise building performs better than the chamfered model.
The pressure coefficient contour plots for the remaining AoA are found in Appendix D in Figure D.1 to
Figure D.6 for the chamfered corner high-rise building, and in Figure D.11 to Figure D.16 for the
rounded corner high-rise building. Furthermore, the façade pressure coefficients at the stagnation height
(2/3) are also found in Appendix D in Figure D.7, Figure D.8, Figure D.17 and Figure D.18. Similar
conclusions are elaborated in [S3]. The B0-C and B90-C test configurations are identified as the most
critical AoA when evaluating the façade pressure coefficients.
For the chamfered model, every AoA, except B45, has one or two side walls where significant
discrepancies are observed between the EWT and DWT results. For the wind directions where only one
side is exposed to a difference, e.g. wall 2 for B15-C and B30-C, and wall 4 for B60-C and B75-C in
Figure D.7 and Figure D.8, the torsional wind load becomes directly affected, which is also observed in
the PPSR torsional base moments.
The rounded corner high-rise building’s façade pressure coefficients are in better agreement between the
EWT and DWT results. Only AoA B15 suffers from a one-sided discrepancy, which entails a deviation
in the PPSR torsional base moments.

7.4

Power spectral densities

The power spectral densities for the wind loading base moments are not enclosed in [S3]; instead, they
can be found in Appendix D in Figure D.9, Figure D.10, Figure D.19 and Figure D.20. Because of higher
inconsistency between the EWT and DWT simulations for the modified corner high-rise buildings,
differences in the spectra are more visible compared to the findings for the sharp-edged building. The
spectra support the conclusions from [S3], where the test cases B0-C, B90-C, B0-R and B75-R requires
further testing and research, as the EWT and DWT power spectra do not properly coincide.
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8 VERIFICATION OF A LARGE
PROJECT
The suggested guidelines in [S1] and [S2] were employed, to test and verify the applicability of the
recommendations, on a large building project where Ramboll acts are consulting engineering. The
selected case is the high-rise building Mindet, which is 145.5 m tall and located at Aarhus harbour. The
building is a non-isosceles pentagon, which entails the principal coordinate system of the building do
not coincide with the xy-coordinate system. The results from the test case are compared to a wind
tunnel report from an external wind engineering consultant.
a)

b)

c)

Figure 8.1: Mindet building as a) the architects rendering, b) the DWT model and c) the EWT model.

8.1

Test case

The Mindet building is shown in Figure 8.1 as an architectural rendering, and the corresponding DWT
model and EWT model. The building is (H) 145.5 m tall and has a cross-section of approximately (B)
43 m x (D) 32 m. The building is tested for 36 wind directions in the EWT and currently for three wind
directions (WD) in the DWT, WD 210, 270 and 320 degrees, where 270 degrees correspond to wind
from the west, see Figure 8.2. The DWT model is divided into 11 segments as depicted in Figure 8.1b),
where the lowest segment (segment 1) covers the hall and first floor, segment 2-10 each covers three
floors, and segment 11 covers the uppermost floor and the plant room.
A large ETABS (Extended 3D (Three-Dimensional) Analysis of Building Systems) FE-model has been
composed by the structural engineer, which included all elements of the building. The mass, stiffness
and the first six mode shapes of the building are exported from an ETABS FE-model. The first six
frequencies for the building are 𝑓𝑓 = [0.18, 0.23, 0.44, 0.72, 1.06, 1.18] Hz, where mode 1 and 2 are the two
swaying modes in the principal directions, and mode 3 are the torsional mode. The free vibration analysis
of the ETABS model showed that the principal coordinate system of the building is rotated
approximately 60 degrees from the xy-coordinate system, see Figure 8.2. The principal coordinate system
is the natural coordinate system of the structure, in which the building has sway modes, whereas the
xy-coordinate system is used in the design process and oriented based on the floor plan.
For the wind load assessment of the DWT models, two simplified FE-models are composed for the two
principal directions and one FE-model for the torsional moment, similarly constructed as the FE-models
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for the CAARC building in Figure 2.3. Each FE-model is structured so that the nodes of the elements
are positioned in the center of the segments, resulting in 11 elements with 22 degrees of freedom for the
two principal directions FE-models, and 11 elements with 11 degrees of freedom for the torsional FEmodel.
The building is tested with the HFBB method in the EWT test, with a 1:200 geometric scaled model.
The EWT tests are tested for 60 s with 500 Hz, which corresponds to at least 34 min in full-scale.

WD = 320°

D
6°
Fy

2

Mz

WD = 270°

Fx

B

1

N
WD = 210°

Figure 8.2: xy-coordinate system and principal
coordinate system of Mindet, together with the
three tested wind directions tested in the DWT.

8.2

Digital Wind Tunnel description

The DWT compose of two computational domains, a precursor domain and a test section domain, see
Figure 8.3. Three test section domains are conducted for the three wind directions.

Figure 8.3: Precursor model with terrain category 4 and test section domain for WD 270 for Mindet.

Precursor domain
The precursor domain is composed based on the guidelines in [S1] and is constructed to reflect terrain
category 4 in Eurocode (2005). The precursor builds up an ABL with a barrier wall, spires and roughness
elements, based on theories by Irwin (1981) and Counihan (1971). The tunnel is 2 m high, 2.79 m wide
and 12.75 m long.
The precursor model is run with the standard settings, as shown in Table 6.2, based on the WALE sgs
model approach within the LES modelling. The simulation is run for 44 s in model scale for a time step
corresponding to 2000 Hz. The flow is mapped in the three velocity components in a 2D plane for each
time step and stored in a database to be used in the following test section. The model is spatially
discretised with a hex-dominant grid and refinement near the ground and roughness elements. The mesh
is seen in Figure 8.4, and the total cell count is 35.56 mil. cells. The base mesh size upstream is B/7.2.
Every surface in the domain has a no-slip wall boundary condition. The precursor model is run with a
uniform inlet velocity of 15 m/s.
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Figure 8.4: Spatial discretization of the precursor in the longitudinal midplane and the transverse 2D plane.

Test section domains
8.2.2.1 Geometry
The test section domain is 7.48 m long and has the same height and width as the precursor domain.
The model has a geometric scale of 1:400. The test section domain for WD 270 is seen in Figure 8.3.
The target model reflects the CAD model received from the architects and is modelled with window
recesses that are 0.5 m deep in full-scale. The included surrounding buildings and structures are
consistent with the EWT tests, corresponding to 200 m in radius and including bigger structures beyond;
in fact, a wider near field area could have been included with reference to Figure 20 in [S2] and ASCE
(1996).

8.2.2.2 Numerical settings
The test sections are likewise spatially discretised with a hex-dominant grid, as seen in Figure 8.5. The
volumetric controls zones follow the recommendation given in Table 2 and Figure 5 in [S2]. The
discretisation on the inlet plane is similar to the 2D sampling plane in the precursor domain, in order
to secure a consistent transfer between the simulations, as recommended in Section 4.6.2 in [S1].
However, in the volumetric control zone 3, the base mesh size is B/14.4, which is half the size of the
precursor domain base mesh size. According to eq. (4) in [S1], the upstream base mesh size should be
capable of resolving vortices up to a frequency of 0.46 Hz in full-scale. For WD 270, extra refinement
zones are added to the wake flows of a tall upstream building and a chimney, to resolve the shedding
vortices from these structures. The target building has only four prism layers, due to the window
recesses. The prism layer stretching ratio is 1.05. To secure a smooth transition from the prism layers
to the core mesh, the elements on the target building is discretised into a very dense mesh of B/229.
The total cell counts of the test section domains are 23.34, 25.96 and 23.67 mil. cells.

wind

wind

Figure 8.5: Discretisation of the Mindet test section domain WD 270 in the midplane, in a horizontal plane in
z=2/3H near target building, and on the inlet, ground, surrounding buildings and target building surfaces.
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Likewise, every surface in the test section domains has a no-slip wall boundary conditions. The mapped
2D planes from the precursor database are employed as the IBC, which are updated for each time step.
The test sections are run with identical numerical schemes as the precursor simulation. The test section
simulations are run for 5 s, before the flow is sampled for at least additionally 20 s, corresponding to
minimum 6 x 10-minutes in full-scale. The 5 s correspond to approximately 3.5 Flow-Thorugh Domains
(see Section 2.3 in [J1]). The wind load is sampled in the xy-coordinate system in each segment with
the HFBB method, with a procedure similar to the CAARC building, described in Section 2.3.4 in [S2].

8.3

Results and discussion
Numerical evaluation of simulation

The average CFL numbers are depicted in Figure 8.6 for the different WD. The dense grid refinement
zone nearest to the target building entails the CFL numbers are between 8-20 and is somewhat larger
than the ideal CFL number of 1. This issue could possibly be solved by removing the nearest refinement
zone or by running with a smaller time step. However, as previously described, the small cells and the
high CFL numbers are a compromise of securing a smooth mesh transition between the prism layer and
core mesh.
The y+-values on the target building are also found in Figure 8.6. The y+-values are in the range of
0-4, securing the shear layer is resolved, with respect to Section 2.4.3.
y+-values on target building

WD 320

WD270

WD 210

Average CFL in z=2/3H near target building

Figure 8.6: Average CFL numbers and y+-values in the three test sections of Mindet.
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Wind flow evaluation
The normalised mean wind velocity and the turbulence intensities in the three components are evaluated
with eq. (1) in [S2]. The wind profiles in both the precursor domain and the test section domain are
compared to terrain category 4 from Eurocode (2005) and the EWT wind profiles in Figure 8.7. The
Eurocode follows the Logarithmic Law of the wind profile, which with the Power Law corresponds to
an exponential parameter 𝛼𝛼 of 0.24-0.3 (Counihan, 1975) (Dyrbye & Hansen, 1999). The turbulence
intensities in the lateral and vertical directions are suggested to different magnitudes according to
Section 2.1 in [J1]; hence ranges are seen in the figure. The normalised velocity and turbulence intensities
from the precursor, test section and EWT look similar, but with deviations below 70 m in
full-scale. However, as the surrounding structures affect the lowest part of the turbulent boundary layer,
a potential deviation between the EWT and DWT results will probably not be caused by differences in
the upstream wind flow.
The PSD of the upstream wind flow in the precursor domain and test section domain are compared in
Figure 8.8. The streamwise component follows the von Kármán spectrum up to a non-dimensional
frequency of 4 before the energy-drop, which correspond to a frequency of 0.47 Hz in full-scale. Even
though the test section domain has a denser mesh than the precursor domain, the drop-off frequency
becomes similar. This happens because the test section domain energy level is depending on the precursor
domain, and more energy is therefore not added to the simulations with a denser mesh. The precursor
model must also be denser refined to move the drop-off to a higher frequency.
The cross-correlation and integral length scales were investigated in the precursor domain. Time series
of the three components are measured in 39 locations, as seen in Figure 8.9. The nine integral length
scales are used as a fitting constant in the exponential decay function, as reported in eq. 2.8 in [J1].
𝑦𝑦
Dyrbye & Hansen (1999) proposed the two streamwise integral length scales to 𝐿𝐿𝑢𝑢 ≈ 0.3𝐿𝐿𝑥𝑥𝑢𝑢 and
𝐿𝐿𝑧𝑧𝑢𝑢 ≈ 0.2~0.25𝐿𝐿𝑥𝑥𝑢𝑢 , and ESDU (1985) proposed the lateral and vertical integral length scales, measured
in the streamwise direction, to 𝐿𝐿𝑥𝑥𝑣𝑣 ≈ 0.237𝐿𝐿𝑥𝑥𝑢𝑢 and 𝐿𝐿𝑥𝑥𝑤𝑤 ≈ 0.083𝐿𝐿𝑥𝑥𝑢𝑢 . The integral length scales are seen in
Figure 8.10, where the flow within the DWT is found correlated and in agreement with the mathematical
expressions of the cross-correlation.
Figure 8.7, Figure 8.8 and Figure 8.10 prove that the precursor model creates a turbulent wind flow
that reflects the ABL for a terrain category 4. Hence, the DWT is applicable to test wind load assessment
studies.

Figure 8.7: Normalised mean wind velocity and the turbulence intensity for the precursor domain and test section
domain WD 270, compared to the Eurocode (EC), Power Law and EWT profiles from Wind Engineering
Consultant (WEC).
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Figure 8.8: PSD of the upstream wind flow in the three components,
for the precursor domain and test section domain WD 270.

Figure 8.9: Locations of where the 39 time series
in the three components are measured.

Figure 8.10: The correlation of the integral length scales in the precursor domain.
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The normalised mean wind flow near the target building is visualised for the three WD in Figure 8.11.
For WD 210, the smallest wake flow area is observed, implying the building cross section orients in a
more streamlined fashion to the approaching wind, which will entail lower wind loads. Conversely, WD
320 has the strongest reversed wake flow that will carry higher loads.
WD 210

WD 270

WD 320

Figure 8.11: Normalised mean wind velocity in z=2/3H for the three WD of Mindet.

Response methods
8.3.3.1 Experimental wind tunnel response method
The information regarding the EWT tests is sparse and obtained by discussions and from the wind
tunnel test report. The wind loading time series are not corrected for any moving average. The sampling
frequency of 500 Hz in model scale carry almost no variance is left in the signals for frequencies higher
than 1 Hz in full-scale; hence, the wind loading time series corresponds to 1 s gusts. The post-processing
is performed in the time domain for a single degree of freedom system. However, with another procedure
than described in Section 3.2, because the mean, background and resonant components are treated
individually. The mean and a minimum and maximum background components are derived directly
from the wind loading time series, where only the resonant component time series is used in the time
integration procedure to estimate the peak. Only the first three modes are considered, and no correlation
is assumed in these results.
The EWT post-processing procedure is different from the procedures applied to the DWT tests,
described in Chapter 3. The different post-processing procedures will undoubtedly carry uncertainties
into the comparison between the EWT and DWT results.

8.3.3.2 Digital wind tunnel response methods
The wind loading time series are corrected from including instantaneous peaks to average gusts of 3 s
(Eurocode, 2019). This manipulation is performed because the global loads are of interest. The
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evaluation is based on the base moments. The response of the target building is performed in both the
time domain and the frequency domain with the HFBB method, described in Section 3 and 2.2.2.2.
In the time domain, the sampled wind loading time series in the xy-coordinate system are transformed
into the principal coordinate system for the response analysis. The response time series in the principal
coordinate system are then transformed back to the xy-coordinate system, before the extreme value
analysis is performed. Hence, in the xy-system, the building sways in both direction simultaneously and
is 100 % correlated. The time domain analysis includes all modes; however, since the time series are
corrected for 3-s gusts, modes higher than the first three fundamental modes have an insignificant
contribution to the overall system.
For the frequency domain analysis, the mean and background components are obtained directly from
the xy-coordinate system. The resonant components are found from the PSD in the principal directions,
where the spectra ordinates for the first mode is read-off. This results in two contributions in each
direction in the xy-coordinate system, since each principal directions contribute to the xy-coordinate
system, see Figure 8.12. The maximum value of the xy-coordinate system resonant component is
selected. This approach is chosen because the EWT assumes no correlation of the modes and because
the CQC approach (Chopra, 2012) neglects the sign in the summation, which is not optimal in this case
when the two modes are working in opposite directions, as seen in the example in Figure 8.12. Lastly,
the mean, background and resonant components are combined to obtain the PPSR base moment.
y
2

Fy2

F2
a
b Fx1

Fy1

Fx2

x

F1
1

Figure 8.12: Principal coordinate system’s
contributions to the xy-coordinate system.

Response of target building
The mean, resonant and background components, analysed in the frequency domain, are seen in Figure
8.13. The Mx mean components reflect the EWT results, whereas the My moment has a deviation for
the WD 210 and Mz moments has discrepancies for two WD. The reason could be due to the upstream
base mesh that only can transfer vortices up to a frequency of 0.47 Hz (see Section 8.2.2.2), which is
close to the first torsional frequency of 0.44 Hz. The resonant components are both overpredicted and
underpredicted; however, within the same range as the EWT results. The background components are
all overestimated, implying that this is a general deviation between the EWT and DWT studies. The
combined peaks, i.e. PPSR Mx, My and Mz base moments, from the frequency domain analysis are found
in Figure 8.16. They are all overpredicted compared to the EWT results, where the main cause is
believed to be the background component overprediction. However, the results are found to be at a
conservative level.
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Figure 8.13: Mean, resonant and background components of the Mindet DWT tests,
analysed in the frequency domain.

In time domain analysis, the response time series of the system are derived using the Newmark time
integration method. The response time series of the two principal direction’s base moments for WD 270
are seen in Figure 8.14. The M1 response moment is non-Gaussian distributed and has high negative
peaks. The response base moments transformed into the xy-coordinate system are found in Figure 8.15,
where the My response base moment, corresponding to the along-wind moment, is likewise non-Gaussian
distributed. The Mx response base moment, corresponding to the cross-wind moment, is more Gaussian
distributed; however, it has a mean base moment different from 0, due to the pentagonal shape. From
the peaks marked in Figure 8.15, the PPSR base moments are found with an extreme value analysis.
The PPSR base moments from the time domain analysis are likewise seen in Figure 8.16.
Significant discrepancies in the PPSR base moments are observed between the analyses in the time and
frequency domain. Firstly, the time domain assumes a 100 % correlation, whereas the frequency domain
assumes no correlation. Secondly, the frequency domain assumes the fluctuating wind is Gaussian
distributed around the mean, which is an incorrect presumption for this case, as evident in Figure 8.15.
Concluding from this, the post-processing analysis can cause significant differences in the estimated
PPSR results. With perspective to the peak wind loading results from the external wind engineering
consultant, the response analysis of the EWT tests becomes a black box to the present study, and it is
difficult to quantify if the differences are related to the different response analysis, transformation
between the coordinate systems, different approaching flows or numerical inaccuracy.
The DWT PPSR base moments follow the trend of the EWT results but are significantly overestimated
for each wind direction. However, the overestimations are conservative for each wind direction and are
therefore very useful for a structural designer in the initial phase of the project.
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Figure 8.14: Response time series in the principal coordinate system for Mindet WD 270.

Figure 8.15: Response time series in the xy-coordinate system for Mindet WD 270.
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WD = 320°
6°
Fy

WD = 270°
Mz

Fx

WD = 210°

Figure 8.16: PPSR base moments evaluated in the frequency and time domain,
compared with the EWT results for Mindet.

8.4

Conclusion of the Mindet test case

The Mindet test case is investigated for three wind directions with terrain category 4 and compared to
EWT results from an external wind engineering consultant. The mean base moments in the x- and ydirections are close to the EWT results, whereas the PPSR base moments are significantly higher than
the EWT results.
As stated in Section 8.3.2, the precursor domain reflects the ABL with terrain category 4. It is evaluated
in terms of mean wind profile, power spectral density and cross-correlation of the flow, where the
parameters are in good agreement with the mathematical expressions of the ABL. Furthermore, the
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EWT and DWT wind profiles and turbulence intensity of the streamwise component are in agreement.
Therefore, it is expected that the precursor domain does not introduce any numerical errors to the
simulations, except that the base mesh size is slightly too coarse. A denser grid resolution would move
the PSD drop-off frequency of 0.47 Hz to a higher frequency.
The CFL numbers near the target building are too high and should be decreased, preferable by resolving
the simulation for a smaller time step. However, the CFL numbers’ magnitudes are in the same range
as the sharp-edged and modified corner high-rise buildings, which produced decent results, therefore,
the discrepancies for the Mindet test case is not assumed to occur solely because of the CFL numbers.
The base mesh size and drop-off frequency in the precursor model are assumed to have a higher impact.
The post-processing procedures of the EWT and DWT are different, which undoubtedly have an impact
on the differences. Moreover, the comparison can be seen as opposing two individual EWT tests. [J1]
and [S2] discusses the difference between EWT tests, where discrepancies up to 30 % are found for the
PPSR base moments. Hence, a deviation for the present comparison study can also be expected.
The EWT results were obtained from a real-life running engineering project. Ramboll commissioned the
wind tunnel study and received the wind load data in connection with the final report made by the
external wind engineering consultant. Hence, details regarding simulation, measurement and analysis
were not accessible. The report included only the final results and did not specify: the magnitude of the
peak factor to obtain the background components, how the xy-loads are obtained from the principal
coordinate system, how the peak is determined in the time domain. These parameters also have an
impact on the final results and can be some of the explanation on the overprediction. Furthermore, the
EWT analysis with a sample size of three peaks seems small, due to the time series length of only 34
minutes in full-scale. The recommendations reviewed in [J1] are a minimum of 50 minutes in full-scale.
Even though the analysis methodology of the external wind engineering consultant remains, to a large
degree, a black box and hence causing some uncertainties for a direct comparison, the studies show a
remarkable congruence. This applies in particular to the properties of the simulated turbulence
boundary-layer flow and to the time-averaged values of the wind-induced base moments and largely to
the resonance component as well. The background component of the loading processes is overestimated
by the CFD simulation, which quite likely is also the reason for the overestimation of the peak base
moments.
The primary outcome of this study is that due to different post-processing procedures, it is difficult to
determine if the discrepancies between the EWT and DWT methods are solely caused by numerical
errors. With the presented results in [S2], [S3] and Chapter 6 and 7, the discrepancies for the Mindet
could imply that additional testing would be required. However, with misaligned post-processing and
response analyses, the Mindet case makes it less ideal for the final verification test of the suggested
guidelines in [S1] and [S2].
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9 SINGLE HIGH-RISE TEST CASE
Before the EWT tests were executed on the CAARC building and the precursor model development
began, an initial test case on a squared single high-rise building was executed in the very beginning of
the PhD project. Here, EWT results were available from an earlier M.Sc. project by Thordal & Jørgensen
(2015), which were executed in the same EWT as the EWT tests of the CAARC building. The M.Sc.
project included a comparison to an early stage stationary CFD RANS simulation, which showed
encouraging results. It entailed the geometry model was built prior to the PhD project. The geometry
was directly reused for a transient initial test case, whereas the mesh and numerical schemes were
changed, in order to adapt to an LES simulation.
The single high-rise building is architecturally less challenging than the Mindet building, elaborated in
Chapter 8, and data of the flow load process is readily available. Moreover, a comparison of the results
is not hampered by unequal post-processing and analysis procedure. Therefore, after the development
of the suggested guidelines in [S2], the squared single high-rise building was examined again; this time
as a blind test with the recommendations in [S2], where no optimisation of mesh or numerical schemes
subsequently were performed. With the new setup, the single high-rise building is tested in an individual
test section domain with the Precursor Database as IBC.
This chapter aims at showing the development of CFD simulations’ accuracy from the beginning and
to the end of the PhD project, together with the applicability of the suggested guidelines in [S2]. It
includes a short description of the initial and latter test cases of the single high-rise building and will
only include the CFD simulation descriptions. Details regarding the EWT tests, post-processing
procedures, FE-modelling of the structure etc. can be found in the thesis (Thordal & Jørgensen, 2015).

9.1

Test case

The single high-rise building has a squared cross-section of 51 x 51 m and a height of 350 m, with a
natural frequency of 0.14 Hz for the two sway modes and 0.45 Hz for the torsional mode. The model
was composed for a geometric scale of 1:575, corresponding to a model of 102 x 102 x 610 mm. The
model was tested with the High-Frequency Pressure Integration (HFPI) method and was equipped with
216 pressure taps, distributed along the surfaces with dense distribution in the upper region. The model
was tested for 3 x 1 minute for 36 wind directions with 625 Hz. The reference wind velocity in building
height was 14.5 m/s in model scale and 42.53 m/s in full-scale.

9.2

Initial test case
Geometry

The computational domain is composed with the Wind Tunnel Replication Method (see method in [J1]),
entailing the entire wind tunnel is modelled with both the flow processing unit and the test section
including the target building. The geometry model is seen in Figure 9.1 and reused from Thordal &
Jørgensen (2015). The flow processing unit of the test case corresponds to the geometry model “WT2
exact 1”, as seen in Figure 5.3, although without the sawtooth and with a half-circle if front on the
target building. The half-circle was in the EWT artificial grass; however, due to lack of imitating a
surface roughness in a LES, a smooth boundary condition was applied. The tunnel is 1.8 m high, 2.6 m
wide and 20.4 m long.

- 79 -

Chapter 9 - Single high-rise test case

Figure 9.1: Geometry of the initial test case.

Spatial discretisation
The model was spatially discretised to the best of my knowledge at the beginning of the PhD project.
The mesh is seen in Figure 9.2. The total cell count is 35.44 mil. cells. The cell size upstream to the
target building is 0.01525 m, corresponding to B/6.7. With respect to eq. (4) in [S1], the base mesh size
should be able to resolve frequencies up to 0.24 Hz in full-scale. Refinement zones around the target
building are applied, entailing each building side is discretised into 26 cells. The target building has 15
prism layers with a stretching ratio of 1.05. The prism layer cells are very long and flat, and the first
cells have an aspect ratio of 1:67, which is far from the recommended ratio of 1:2 in the suggested
guidelines in [S2]. The transition from the prism layer to the core mesh is too rough, which can introduce
numeric errors in the gradients when resolving the shear layer. Furthermore, the micro roughness cubes
are discretised with only three cells, entailing the flow is not adequately resolved over the roughness
elements, and the flow will most likely not be affected by them.
A-A

C-C
Section A-A

Section B-B

B-B
Section C-C

Figure 9.2: Mesh refinement of the initial test case computational domain.

Numerical schemes
All surfaces are treated as walls with no-slip boundary conditions. The inlet boundary has a uniform
inlet velocity of 15 m/s.
The model is run as an LES with the coupled solver in Star-CCM+ with the bounded-central differencing
scheme and the Dynamic Smagorinsky model as sgs model. The model is temporally solved with the
2nd-order implicit differencing scheme. The model was firstly run with a time discretisation of 4000 Hz
and secondly with 2000 Hz, to test which effect the time discretisation had. The 4000 Hz model is run
for 20.71 s, where only 0.6 s is run before sampling data. The 2000 Hz model is run for 20.1 s, where
1 s is run before sampling.

Results and discussion
9.2.4.1 Numerical evaluation of simulation
The y+-values of the 2000 Hz and 4000 Hz initial test cases are seen in Figure 9.3 and Figure 9.4. The
thin prism layer secures the y+-values are below 2 on the target building in both cases, indicating the
first elements are within the viscous sublayer and thereby is resolved.
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Instant CFL numbers for the two test cases are seen in Figure 9.5. The upstream flow has CFL numbers
below one as desired. The CFL numbers near the target building are significantly lower than for the
CAARC building found in Figure 6.9. However, the low CFL numbers are present due to the near field
surrounding the target building is coarser discretised than the CAARC building.

Figure 9.3: y+-values of 2000 Hz initial test case.

Figure 9.4: y+-values of 4000 Hz initial test case.
4000 Hz initial test case

Horizontal view in z=2/3H

Vertical midplane, zoom in
of top of target building

2000 Hz initial test case

Figure 9.5: Instant CFL numbers in 2000 Hz and 4000 Hz initial test cases.

9.2.4.2 Wind flow evaluation
The wind flow is evaluated in the three vertical and two horizontal profiles, as previously described in
Section 2.3.2 and in [S1] and [S2]. The vertical and horizontal profiles for the 4000 Hz test case are seen
in Figure 9.6 and Figure 9.7. The profiles have a good match to the EWT, where the turbulence
intensities are only slightly overpredicted. Overall, the horizontal profiles have a good agreement, where
the mean wind profile matches in reasonable lateral distance from the center with 500 mm to each side.
The speed-ups near the sidewalls are occurring due to the inlet contraction is not added to the geometry.
The profiles for the 2000 Hz test case are shown in Figure 9.8 and Figure 9.9. The vertical mean wind
profile is slightly more underpredicted than 4000 Hz test case, entailing the turbulence intensity profile
performs better. Furthermore, the horizontal mean wind profiles are not stabilised to a constant velocity
in the center, but continues to vary over the full width of the tunnel.
The PSD of the flow, measured 0.7 m upstream to the target building, is evaluated in Figure 9.10 and
compared to the von Kármán approximation. The streamwise integral length scale is utilised as the
fitting constant, which is prominent different for the EWT and CFD simulations, where it is 0.65 m in
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the EWT and 0.42 m in the CFD models. The streamwise component has a non-dimensional drop-off
frequency of 2 for both models. The frequency corresponds to 0.35 Hz in full-scale, entailing the first
swaying modes with frequencies of 0.14 Hz are within the part of the spectrum that is adequately
resolved. In contrast, the first torsional mode’s frequency of 0.45 Hz is above the drop-off frequency and
can possibly not be adequately resolved.

Figure 9.6: Vertical profiles of 4000 Hz initial case.

Figure 9.7: Horizontal profiles of 4000 Hz initial case.

Figure 9.8: Vertical profiles of 2000 Hz initial case.

Figure 9.9: Horizontal profiles of 2000 Hz initial case.

Figure 9.10: PSD of the upstream wind flow in the three components in the initial test cases.

The normalized mean and variance of the streamwise wind flow around the building of the two initial
test cases are seen in Figure 9.11. The two cases show significant differences in the variance, where the
high variance near the sidewalls, i.e. high fluctuations in the shedding structures, are found for the 4000
Hz case. The variance in the same region for the 2000 Hz initial case is prominently lower, which implies
the two simulations are not resolving the flow similarly. Furthermore, areas with more substantial mean
wind flows are detected for the 2000 Hz case.
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Variance of streamwise flow

DWT 2000 Hz

DWT 4000 Hz

Normalised mean of streamwise flow

Figure 9.11: Normalised mean and variance of streamwise flow near target building in 2/3H for initial test cases.

9.2.4.3 Façade pressure distribution
The pressure coefficients are evaluated in scatter plots in Figure 9.12 and Figure 9.13 and as contour
plots in Figure 9.14. Both models reflect the mean pressure coefficients with good agreement to the
EWT results, only with a small deficit of the rear wall. The coefficients of determination R2 is above
0.95 for both models, with indicates the EWT and DWT studies have a high consistency. The fluctuating
pressure coefficients for the 4000 Hz model has an R2 of 0.647, which indicates the results are not
sufficient for performance-based design, with respect to the guidelines in [S2]. The fluctuating pressure
coefficients of the 2000 Hz show a very scattered picture, with over predictions of 30 % for the front
façade. Concluding, the model is not capable of predicting the pressure distribution on the facades.

Figure 9.12: Scatter plot of pressure coefficients for the Figure 9.13: Scatter plot of pressure coefficients for the
4000 Hz test case.
2000 Hz test case.
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Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT 2000 Hz

DWT 4000 Hz

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure 9.14: Pressure coefficients on facades for the EWT, the DWT 4000 Hz and DWT 2000 Hz test cases.
NB: the lowest 100 mm of the EWT results are not shown, due to no pressure taps below on EWT model.

9.2.4.4 Response of target building
The wind loading was recorded with the HFBB method in the DWT models, where only the base forces
and moments were sampled. The post-processing of the EWT and CFD simulations are performed in
the frequency domain, with the procedure described in [J1] by Zhou et al. (2003) and in Section 3.3.
The EWT tests correspond to 48 x 10 minute in full-scale. The PPSR base moments are selected as the
mean of the peaks, as elaborated in Section 3.3.
The PSDs of the base moments are seen for the two cases in Figure 9.15. Both models do not correctly
reflect the PDS of the EWT. The PDS for the 4000 Hz case Mx moment includes a small peak for the
vortex shedding, as the EWT spectrum, whereas this peak is filtered out and do not occur for the 2000
Hz case. Furthermore, the torsional spectrum is well presented for the 4000 Hz case, which is shifted for
the 2000 Hz case. The insufficient spectra carry a deviation into the PPSR base moments. A peak is
seen for the 2000 Hz test case’s My moment, which is not the vortex shedding frequency and is not
occurring in the EWT test. The peak introduces a significant error into the spectral ordinate read-off
value for the resonant component.
The base moments are seen in Table 9.1, where PPSR minimum and maximum base moments are shown
together with individually specified mean, background and resonant components. Furthermore, the
percentage deviations to the EWT results are specified for each moment. The deviations give a clear
overview of the consistency between the EWT and CFD models, however, for small magnitudes, the
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percentage deviation can be very high, even though both values are so low that they overall are relatively
consistent.
Overall, the 4000 Hz test case replicates the EWT better than the 2000 Hz test case. The 4000 Hz test
case underpredict the PPSR overturning moments with up to 24 % and the torsional base moment with
14 %. However, the three PPSR base moments are within or very close to the peak range, as seen in
Figure 9.27. The aforementioned peak for the 2000 Hz case My moment introduces an overprediction of
93 % for the resonant component, which entails errors to the My moment. Contrary, the PPSR Mx
moment is underpredicted with 40 %, together with an overprediction of 21 % for the torsional base
moment. Furthermore, none of the PPSR base moments for the 2000 Hz case is within the peak range.
The results for both cases are consistent with the observations of the PDSs. Finally, since the DWT
wind loading is recorded with the HFBB and the EWT test was performed with the HFPI method, the
different recording methods can entail a small deficit of the CFD simulations’ PPSR, as experienced for
the CAARC building in Figure 16 in [S2].

Figure 9.15: Power spectral densities of the base moments for the 4000 Hz and 2000 Hz initial test cases.

Table 9.1: Minimum and maximum Peak Predicted Structural Response base moments,
together with the mean, background and resonant components for the EWT, the 4000 Hz
and 2000 Hz test cases.

acrosswind
moment

EWT test
CFD test case 4000 Hz

Max

Min

Mean

Background

Resonant

�
𝑀𝑀
11.61

�
𝑀𝑀
-11.61
-8.84

�
𝑀𝑀
0.01

-0.03

𝑀𝑀𝐵𝐵
4.53

𝑀𝑀𝑅𝑅
10.69

8.77

3.57

8.05

Deviation [%]

24.51

23.87

-143.29

21.34

24.71

CFD test case 2000 Hz
Deviation [%]

6.88
40.80

-6.90
40.58

-0.01
24.51

3.56
21.57

5.90
44.84

EWT test

9.88

-1.54

4.24

3.55

4.58

CFD test case 4000 Hz

9.81

-2.61

3.60

3.16

5.35

Deviation [%]

0.65

-69.58

15.13

11.04

-16.77

Fy

𝑀𝑀𝑦𝑦

CFD test case 2000 Hz

12.94

-5.90

3.52

3.23

8.85

My

Deviation [%]

-30.97

-283.03

17.06

9.03

-93.14

EWT test

0.25

-0.26

0.00

0.16

0.20

torsional
moment

CFD test case 4000 Hz
Deviation [%]

0.22
14.00

-0.22
13.46

0.00
-164.09

0.15
0.35

0.16
22.54

𝑀𝑀𝑥𝑥

alongwind
moment

𝑀𝑀𝑧𝑧

CFD test case 2000 Hz

0.31

-0.31

0.00

0.17

0.26

Deviation [%]

-21.56

-20.89

-55.81

-6.30

-29.09
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9.3

Test case with suggested guidelines
Geometry

The simulation is performed with the Precursor Database Method, where the precursor domain is reused
from [S2] and [S3]. The test section domain is created very simple, where only the single high-rise
building is included, as seen in Figure 9.16. The domain has the same dimensions as the CAARC building
test cases in [S2] and [S3], where the inlet is placed 1.6 m in front of the target building.

Figure 9.16: Geometry of test section domain for the latter test case.

Numerical settings
The spatial discretisation is seen in Figure 9.17 and is performed with the recommendations in Table 2
and Figure 5 in [S2], yielding the base mesh size upstream is 0.0068 m, corresponding to B/15. The
refinement zones follow the recommendations in [S2], where the “zone 1 edge” volumetric control is
applied on the sidewalls and half of the roof and corresponds to B/240. The target building has 10 prism
layers with 1.05 stretching ratio and a total thickness of 0.00119 m (B/85). The first elements on the
sidewalls of the target building have a ratio of 1:4.5. The mesh has a total cell-count of 45.21 mil. cells.
The standard numerical schemes, explained in Table 6.2 and applied for the three cases in Chapter 6, 7
and 8, are also utilised for the latter test case. The simulation was temporal discretised with 2000 Hz
and resolved for 29 s, where the last 24 s were sampled for statistical analysis. The inflow, described in
[S2] and [S3], was used as IBC in the test section domain.
Section A-A

A-A

B-B
Section B-B

Figure 9.17: Spatial discretisation of test section domain for the latter test case.
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Results and discussion
9.3.3.1 Numerical evaluation of simulation
The y+-values on the target building are seen in Figure 9.18 and are increased compared to the initial
test cases seen in Figure 9.4. However, the y+-values are still below 5, as recommended in [S2].
The average CFL numbers near the target building are found in Figure 9.19. The CFL numbers are
significantly increased compared to the initial test cases in Figure 9.5, due to the refined mesh. However,
this is a compromise of having small cells near the target building to resolve the smallest structures,
rather than securing low CFL numbers.

Figure 9.18: y+-values of the latter test case.

Figure 9.19: Average CFL numbers in z=2/3H of the
latter test case.

9.3.3.2 Wind flow evaluation
The vertical and horizontal wind profiles and turbulence intensities are found in Figure 9.20 and Figure
9.21, respectively. The profiles are measured in the same locations as the initial test cases. The profiles
for the latter case reflect the EWT slightly better than the 4000 Hz initial test case, especially for the
turbulence intensity profiles. The speed-up areas near the side walls are also present is the latter study,
as the precursor domain in [S2] and [S3] does not have the inlet contraction added to the geometry.
The refined mesh upstream generates an energy drop-off at a higher frequency in the PDS of the
streamwise component, as seen in Figure 9.22, where it is occurring at a non-dimensional frequency of
3.5, corresponding to 0.50 Hz in full-scale. The increased drop-off frequency entails the first torsional
mode, with a frequency of 0.45 Hz, is now within the resolved part of the spectrum.
The normalised mean and variance of the streamwise wind flow for the latter test case are depicted in
Figure 9.23. A clear difference to the two initial test cases are seen, where the normalised mean wind
flow is reattached differently at the trailing edge. Moreover, the variance of the flow has higher
magnitudes at the trailing edge, and the transition between the low and high magnitudes looks sharp
for the latter case, whereas the transition is more blurred for the initial test cases. These different
phenomena are mainly caused by a big difference in the mesh refinement near the target building, where
the latter case has 240 elements across the side, and the initial test cases have 26 elements. Finally, the
denser discretisation of the flow near the high-rise building will have a positive effect on the final results.

Figure 9.20: Vertical profiles of the latter case.

Figure 9.21: Horizontal profiles of the latter case.
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Figure 9.22: PSD of the wind flow in the three component in test section domain of the latter test case.
Normalised mean of streamwise flow

Variance of streamwise flow

Figure 9.23: Normalised mean and variance of streamwise flow near target building in 2/3H for latter test case.

Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure 9.24: Pressure coefficients on facades for the latter test case.

Figure 9.25: Scatter plot of pressure coefficients for the latter test case.
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9.3.3.3 Façade pressure distribution
The mean and fluctuating façade pressure coefficients are shown in Figure 9.24 as contour plots and
compared to the EWT tests as scatterplots in Figure 9.25. The accuracy of the coefficients of
determination R2 has increased from the initial test cases, with, according to Table 5 in [S2], high
consistency for the mean pressure coefficients and close to satisfying consistency for fluctuating pressure
coefficients. This improvement of the façade pressure coefficients is owing to the refined mesh on the
target building surfaces, where the smallest shedding structures now are properly captured, compared
to the initial test cases.

Figure 9.26: Power spectral densities of the base moments for the latter case.

Table 9.2: Minimum and maximum Peak Predicted Structural Response
base moments, together with the mean, background and resonant
components for the EWT and CFD latter test case.
Max
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CFD latter case HFPI

8.93
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3.91
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17.61
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0.00
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moment
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Deviation [%]

14.00
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-33.81
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33.40
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Deviation [%]

0.20
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0.00
14.59

0.11
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moment

𝑀𝑀𝑧𝑧

EWT test
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Deviation [%]
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wind
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9.3.3.4 Response of target building
The wind loading was recorded with both the HFPI and HFBB method, in order to have comparable
results to the initial test cases and to be consistent with the EWT tests. The post-processing is performed
in the frequency, identical to the initial test cases and the EWT tests.
The wind loading PSD are seen in Figure 9.26 for both the HFBB and HFPI methods. Compared to
the initial test cases, the spectrum for the Mx moment now captures the vortex shedding peak similarly
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to the EWT. Furthermore, the numerical peak error that was occurring at the first mode’s frequency
for the initial test cases’ My spectra are also removed. For both the Mx and My spectra, the HFPI
loadings are in better agreement with the EWT spectra. Contrary, the torsional spectra show equivocal
results, where the HFBB method reflects the EWT spectrum for the low frequencies and the HFPI
method reflects the high frequencies
The mean, resonant and background component and the PPSR base moments are seen in Table 9.2.
The latter test case significantly improves the My moment, as the numerical peak error is removed from
the spectrum. The HFPI method returns slightly better base moment results than the HFBB method
for the Mx and My moments, whereas the opposite occurs for the torsional moment. In general, the
PPSR base moments are within or very close to being within the peak range of the EWT results, as
seen in Figure 9.27. Finally, the PPSR base moments have approximately the same magnitudes as for
the 4000 Hz initial test case.

Figure 9.27: Block diagram of PPSR base Mx and My moments for the single squared high-rise building.

9.4

Conclusion of the single high-rise test case

A squared single high-rise building was investigated at the beginning of the PhD project, and later in
the end with the numerical and meshing recommendations in [S2]. The initial test cases were executed
with identical mesh and numerical schemes, but with different temporal discretisations of 2000 Hz and
4000 Hz.
The 4000 Hz test case showed encouraging results, even though the mesh discretisation is poor. The
simulation showed decent results because the coupled solver with the Dynamic Smagorinsky sgs model
and a very small time step was employed. Conversely, the 2000 Hz test case showed significant
deterioration of the façade pressures and PPSR base moments. The wind field near the target building,
depicted in Figure 9.11, showed a significant difference in the wind load variance, where the shedding
vortices from the leading edge are not resolved similarly for the two cases. The 2000 Hz initial case
showed higher mean wind flow and lower variance, compared to the 4000 Hz case. When the flow is not
properly resolved near the building, errors are directly carried into the pressure acting on the surfaces,
which is the case for the 2000 Hz initial test case.
The latter test case was also resolved with a temporal discretisation of 2000 Hz. It showed significant
improvements for the façade pressures, where it performed better than the initial test cases, and the
fluctuating pressure coefficients were close to satisfying consistency. Furthermore, significant accuracy
improvements of the near field flow and wind loading spectra were also seen. Finally, the numerical
schemes for the latter case carried that the simulation was approximately half as computational heavy
to run as the 2000 Hz initial test case. Hence, the latter case has been an improvement in both the
accuracy and execution time.
The experience from the sharp-edged and corner modification high-rise buildings have been that further
research to predicted the peak wind loads is required for wind directions perpendicular to the windward
face for the target building. For the squared single high-rise building, the deficit is not found as
pronounced as for the remaining building cases studied in this PhD. Therefore, the results of the squared
single high-rise building are encouraging and verify that the suggested guidelines in [S2] improves
accuracy and secures a certain standard for CWE within wind load assessment.
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10 CONCLUDING REMARKS
The objective of PhD has been to investigate if Computational Fluid Dynamics (CFD) at present is at
a state, where it is possible to predict wind loads for performance-based design of a high-rise building
on equal terms as an Experimental Wind Tunnel (EWT). The aim has been to meet an accuracy that
is viable for commercial and industrial application, where deviations can be accepted. In order to
thoroughly investigate this, the approach to create a replica of an EWT was employed. To this end, the
turbulent boundary layer within the Digital Wind Tunnel (DWT) is constructed as in the EWT and
contains the similar structures and correlations of the approaching flow. It was also preferred to stay in
the scale of the EWT to avoid any biasing influence from scaling effects. Furthermore, the present work
has been focusing on using appropriate numerical methods, as Large Eddy Simulation (LES), to correctly
resolve the flow and eddies generated.
The present work was separated into four main sections addressing: A review study, creation of the
upstream wind flow with the Precursor Database method, benchmark of a sharp-edged high-rise building
and development of a standard setup, and finally, verification of the standard setup on other shapes.
The four sections were addressed in four publications that were published or submitted to the Journal
of Wind Engineering and Industrial Aerodynamics.
The first publication [J1], provided a review of the latest methods within Computational Wind
Engineering (CWE) for wind load assessment. The paper reviews the key parameters of the ABL, which
are important to replicate in a DWT. Hereafter, the paper discusses essential aspects of employing CFD
for wind loading, such as numerical schemes, mesh refinements, and resolving time. The paper concluded
that it is essential to perform LES in order to properly resolve the vortices of the approaching flow and
aerodynamic admittance on the target building. Subsequently, the four general known methods to
construct the ABL within a DWT were elaborated, and earlier studies employing the methods were
reviewed. Furthermore, the paper collected benchmark data of both EWT and DWT results on the
CAARC building, which showed 40-50 % discrepancies on the mean and standard deviation pressure
coefficients at stagnation height (2/3H), among and between the methods of EWT and DWT. From the
comparison study, it was observed that it is crucial to create one-to-one comparisons of the employed
wind tunnel to secure equal prerequisites of the upstream wind flow and post-processing procedures.
The paper concluded that extensive research within the field was required, as the earlier studies showed
significantly different results. This also deduced the need for a best practice guideline for wind loading
assessment intended structural design purpose. The paper [J1] concluded, CFD is a strong design tool
in the architectural design phase, and the digital and experimental methods should work together as a
hybrid approach where they benefit from one another.
The second paper [S1], addressed the development of a Precursor Database method and included
suggested guidelines for a standard CFD inflow. 13 precursor database models were created in the
development of a DWT that both reflected the EWT and was workable in size while ensuring high
accuracy. The timeline of the precursor database model development was briefly described in Chapter
5. A turbulent flow that reflected the EWT was composed in two precursor database models, one
containing the smallest cubes that required a very dense mesh and another where the micro-roughness
cubes were removed to some extent. Both models were able to mimic and replicate the EWT, but the
latter model was only half the amount of cells, compared to the first mentioned. Lastly, by adding the
inlet contraction to the flow processing unit, the flow within the tunnel changed significantly and became
more homogenous across the tunnel. This showed that the inlet contraction has a significantly higher
impact on the approaching wind flow within the tunnel than first expected. In addition, it was also a
crucial conclusion to replicate as much as possible of the EWT to ensure that the approaching flow is
containing the correct flow structures, length scales and wind profiles.
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When utilising the Precursor Database method as inlet boundary conditions in a CFD wind load
assessment study, the model is usually just a subtask in the study. Therefore, the authors of paper [S1]
found a clear guideline of the Precursor Database method in demand. Paper [S1] finalised by enclosing
essential aspects of how to create the turbulent boundary layer within the Precursor Database model,
how to spatial and temporal discretise it, and finally how to transfer it into the test section domain.
The third paper [S2], employed the Precursor Database model from [S1] as inlet boundary conditions in
a comprehensive benchmark study of the standard tall CAARC high-rise building. The building was
tested for five wind angles of attack in both a digital and experimental wind tunnel. Firstly, the study
compared façade pressure coefficients and showed encouraging results, with coefficients of determination
above 0.97 for the mean surface pressures and above 0.8 for the fluctuating pressure coefficients.
Secondly, the paper also compared the Peak Predicted Structural Response (PPSR) base moments and
appertaining Floor-by-Floor loadings, that showed very good agreements with average differences of
10.5 %, 13.0 % and 12.8 % for the PPSR Mx, My and Mz base moments, respectively. However, a
significant underprediction was found for an angle of attack of 90 degrees, which were inspected in more
detail in Chapter 6. 10 improvement initiatives were addressed, where none of the initiatives was found
to improve the result significantly. Further research is necessary, where it is expected that a smaller
time step in both the precursor model and test section will add extra energy to the upstream flow and
also decrease the CFL numbers, which thereby will increase the accuracy. The latest similar CWE
studies had differences of 20-30 % of the PPSR base moments. Despite the required extra work, the
research represented in [S2] is considered to be a milestone within Computational Wind Engineering for
the benchmark of wind loading on a sharp-edged body.
To meet the expectations in [J1] regarding the necessity of a CFD best practices guideline, paper [S2]
also included initial suggested guidelines for a standard CFD setup of a test section domain. The
suggested guidelines elaborated on geometry considerations, mesh requirements and numerical schemes
and finally quality assurance of the results.
The last paper [S3] utilised the suggested guidelines in [S2] to perform blind tests of a chamfered and a
rounded corner high-rise building, meaning that each wind direction simulation was only set up once.
The two high-rise buildings were evaluated in terms of façade pressure coefficients and Peak Predicted
Structural Responses, similarly to the CAARC building. The mean pressure coefficients on both
buildings had coefficients of determination values above 0.9, except for an angle of attack of 0 degrees.
In contrast, the fluctuating pressure coefficients were more scattered, with values between 0.33 and 0.89.
Despite the insufficient fluctuating coefficients, the minimum and maximum pressure coefficients showed
results with very good agreements and coefficients of determination above 0.8 and 0.92, respectively.
Considering the study was performed as blind tests, the PPSR base moments showed satisfying
consistency between the EWT and DWT tests. The average deviations for the chamfered corner highrise building were 14.92 %, 14.08 % and 22.07 % for the PPSR Mx, My and Mz base moment and
12.56 %, 11.58 % and 15.51 % for the PPSR Mx, My and Mz base moment of the rounded corner highrise building. Overall, the rounded corner high-rise building performed better than the chamfered corner
model, which was expected to be because the shear layer and the corner-bubble for the chamfered highrise building are difficult to resolve correctly. As anticipated, the angle of attack for 90 degrees showed
a deficit, but only for the chamfered corner high-rise building. Furthermore, a discrepancy also occurred
for the wind directions of 0 degrees. Therefore, additional research is also needed for the modified corner
models to resolve the deficit-issues when the approaching wind is perpendicular to the windward face.
Again, it was suggested that the solution could be to resolve the simulations for a smaller time step to
lower the CFL numbers and ensure reduced diffusion of the turbulent energy.
Chapter 8 employed the suggested guidelines in [S1] and [S2] on a large building project, where Ramboll
was consulting engineers. The EWT tests were performed by an external wind engineering consultant
company, which entailed the upstream wind flow and the post-processing procedures were different for
the EWT and DWT tests. This carried undoubtedly discrepancies into the results. The experimental
and digital results were evaluated in terms of the PPSR base moments for three wind directions that
were exposed to flow with roughness terrain category 4. The DWT PPSR base moments were
overestimated, compared to the EWT; thus, the results were conservative at the present stage. With
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the uncertainties of different upstream wind flows and post-processing methodologies, the studies showed
a remarkable congruence. However, with the misaligned approaches for the EWT and DWT, the case
study made it less ideal for the final verification of the suggested guidelines in [S2].
Finally, the test case of a squared single high-rise building was elaborated in Chapter 9. The test case
was tested at the very beginning of the PhD project, with the knowledge at the time, and was an
extension of the work conducted during a previous M.Sc. project. The test case was composed for a
temporal discretisation of both 2000 Hz and 4000 Hz, with the same mesh and numerical schemes. The
results were encouraging for the 4000 Hz case, whereas the 2000 Hz case showed critical errors. After
the development of the suggested guidelines for a standard CFD setup, the test case was rerun with the
new setup, with a grid that met the mesh requirements and the suggested numerical schemes. The case
was run with 2000 Hz and showed excellent results that were improved, compared to both of the initial
test cases. The latter test case also demonstrated that the suggested guidelines are applicable for CWE
for wind load assessment.
The four papers and executive summary form a thorough investigation of applying CFD for
determination of wind loads on high-rise buildings. The presented results are regarded as the latest state
of the art, where deviations between the experimental and digital approaches have been decreased. The
suggested guidelines are believed to be used by computational wind engineers in the future, in order to
assure that wind loading CFD simulations have a certain standard and accuracy. That being said,
further research is still required to ensure that the digital approach can reliably predict peak wind loads
for all wind directions and types of high-rise buildings, and that hence the Digital Wind Tunnel can be
employed on equal terms with the Experimental Wind Tunnels. However, it is believed that this will
happen in the near future, as the present research shows the fast progress of the development of
Computational Wind Engineering for wind load assessment. With the development in computational
power, the Digital Wind Tunnel can also bring more insight when assessing wind loads on high-rise
buildings and provide benefits in terms of reducing material usage, improve the sustainability and
climate footprint. For now, the Digital Wind Tunnel can support the Experimental Wind Tunnels, and
the advantages of the tool, such as optimisation of the pedestrian comfort, visualisation the wind flow,
optimisation of the wind loading and initial prediction of the wind loading in the design stages, should
be acknowledged.
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WIND TUNNEL RESULTS
A.1

Statistical distribution of the sharp-edged mean base moments

Statistical distribution plots of the mean base moments in both the time and frequency domain are seen
in Figure A.1 to Figure A.6. The mean moments are all fitted to the Normal Distribution.

Figure A.1: Normal Distribution of mean base Mx moment with an analysis in the frequency domain.

Figure A.2: Normal Distribution of mean base Mx moment with an analysis in the time domain.
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Figure A.3: Normal Distribution of mean base My moment with an analysis in the frequency domain.

Figure A.4: Normal Distribution of mean base My moment with an analysis in the time domain.
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Figure A.5: Normal Distribution of mean base Mz moment with an analysis in the frequency domain.

Figure A.6: Normal Distribution of mean base Mz moment with an analysis in the time domain.
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A.2

Statistical distribution of the sharp-edged min peak base moments

The minimum peaks for the Mx and Mz are shown in Figure A.7 to Figure A.12. The peak base moments
analysed in the frequency domain are fitted to a Normal Distribution, whereas the peak base moments
analysed in the time domain are fitted to a Gumbel (Extreme Value type 1) Distribution.

Figure A.7: Normal Distribution of base Mx moment minimum peaks with an analysis in the frequency domain.

Figure A.8: Gumbel (Extreme Value type 1) distribution of base Mx moment minimum peaks with an analysis in
the frequency domain.
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Figure A.9: Gumbel (Extreme Value type 1) distribution of base Mx moment minimum peaks with an analysis in
the time domain.

Figure A.10: Normal Distribution of base Mz moment minimum peaks with an analysis in the frequency domain.
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Figure A.11: Gumbel (Extreme Value type 1) distribution of base Mz moment minimum peaks with an analysis in
the frequency domain.

Figure A.12: Gumbel (Extreme Value type 1) distribution of base Mz moment minimum peaks with an analysis in
the time domain.
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A.3

Statistical distribution of the sharp-edged max peak base moments

The maximum peaks for the Mx, My and Mz moments are seen in Figure A.13 to Figure A.21. The peak
base moments analysed in the frequency domain are fitted to a Normal Distribution, whereas the peak
base moments analysed in the time domain are fitted to a Gumbel (Extreme Value type 1) Distribution.
In order to use the built-in Matlab code probplot, the data values along the x-axis is seen with opposite
sign, to fit to the Extreme Value distribution.

Figure A.13: Normal Distribution of base Mx moment maximum peaks with an analysis in the frequency domain.

Figure A.14: Gumbel (Extreme Value type 1) distribution of base Mx moment maximum peaks with an analysis
in the time domain.
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Figure A.15: Gumbel (Extreme Value type 1) distribution of base Mx moment maximum peaks with an analysis
in the time domain.

Figure A.16: Normal Distribution of base My moment maximum peaks with an analysis in the frequency domain.
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Figure A.17: Gumbel (Extreme Value type 1) distribution of base My moment maximum peaks with an analysis
in the frequency domain.

Figure A.18: Gumbel (Extreme Value type 1) distribution of base My moment maximum peaks with an analysis
in the time domain.
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Figure A.19: Normal Distribution of base Mz moment maximum peaks with an analysis in the frequency domain.

Figure A.20: Gumbel (Extreme Value type 1) distribution of base Mz moment maximum peaks with an analysis
in the frequency domain.
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Figure A.21: Gumbel (Extreme Value type 1) distribution of base Mz moment maximum peaks with an analysis
in the time domain.
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AoA B90 INITIATIVES
B.1

Histogram of pressure coefficients of selected pressure taps in z=2/3H

Figure B.1: Histogram of pressure coefficients of selected pressure taps in z=2/3H for initiative 1 and EWT C0B90-H4-S-S15
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Figure B.2: Histogram of pressure coefficients of selected pressure taps in z=2/3H for initiative 4 and EWT C0B90-H4-S-S15

Figure B.3: Histogram of pressure coefficients of selected pressure taps in z=2/3H for initiative 9 and EWT C0B90-H4-S-S15
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B.2

Spectra of pressure coefficients of selected pressure taps in z=2/3H

Figure B.4: Spectra of pressure coefficients of selected pressure taps in z=2/3H for initiative 1 and EWT C0-B90H4-S-S15

Figure B.5: Spectra of pressure coefficients of selected pressure taps in z=2/3H for initiative 4 and EWT C0-B90H4-S-S15
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Figure B.6: Spectra of pressure coefficients of selected pressure taps in z=2/3H for initiative 9 and EWT C0-B90H4-S-S15
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RESULTS OF THE SHARP-EDGE
HIGH-RISE BUILDING
C.1

Surface pressure coefficients
Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure C.1: Mean and fluctuating pressure coefficients for AoA B30. Reference orientation, see Figure 2.1.
Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure C.2: Mean and fluctuating pressure coefficients for AoA B45. Reference orientation, see Figure 2.1.
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Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure C.3: Mean and fluctuating pressure coefficients for AoA B60. Reference orientation, see Figure 2.1.

Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure C.4: Mean and fluctuating pressure coefficients for AoA B90. Reference orientation, see Figure 2.1.
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B60

B45

B30

B0

Pressure coefficients in z=2/3H

B90

C.2

Figure C.5: Pressure coefficients in stagnation height z = 2/3H for the sharp-edged high-rise building.
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Power spectral density

B90

B60

B45

B30

C.3

Figure C.6: Power spectral densities of AoA B30, B45, B60 and B90 for the sharp-edged high-rise
building. Time series from the HFPI method.
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RESULTS OF THE MODIFIED
HIGH-RISE BUILDINGS
D.1

Pressure coefficients for chamfered corner high-rise building
Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.1: Mean and fluctuating pressure coefficients for AoA B15-C. Reference orientation, see Figure 2.1.
Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.2: Mean and fluctuating pressure coefficients for AoA B30-C. Reference orientation, see Figure 2.1.
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Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.3: Mean and fluctuating pressure coefficients for AoA B45-C. Reference orientation, see Figure 2.1.
Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.4: Mean and fluctuating pressure coefficients for AoA B60-C. Reference orientation, see Figure 2.1.
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Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.5: Mean and fluctuating pressure coefficients for AoA B75-C. Reference orientation, see Figure 2.1.

Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.6: Mean and fluctuating pressure coefficients for AoA B90-C. Reference orientation, see Figure 2.1.
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B30

B15

B0

Pressure coefficients in z=2/3H for chamfered corner high-rise building

B45

D.2

Figure D.7: Pressure coefficients in stagnation height z = 2/3H for chamfered corner high-rise
building AoA B0, B15, B30 and B45.
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Figure D.8: Pressure coefficients in stagnation height z = 2/3H for chamfered corner high-rise
building AoA B60, B75 and B90.
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Power spectral density for chamfered corner high-rise building
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Figure D.9: Power spectral density for chamfered corner high-rise building AoA B0, B15, B30 and B45.
Time series from the HFPI method.
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Figure D.10: Power spectral density for chamfered corner high-rise building AoA B60, B75 and B90.
Time series from the HFPI method.
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D.4

Pressure coefficients for rounded corner high-rise building
Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.11: Mean and fluctuating pressure coefficients for AoA B15-R. Reference orientation, see Figure 2.1.

Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.12: Mean and fluctuating pressure coefficients for AoA B30-R. Reference orientation, see Figure 2.1.
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Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.13: Mean and fluctuating pressure coefficients for AoA B45-R. Reference orientation, see Figure 2.1.

Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.14: Mean and fluctuating pressure coefficients for AoA B60-R. Reference orientation, see Figure 2.1.
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Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.15: Mean and fluctuating pressure coefficients for AoA B75-R. Reference orientation, see Figure 2.1.

Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure D.16: Mean and fluctuating pressure coefficients for AoA B90-R. Reference orientation, see Figure 2.1.
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B30

B15

B0

Pressure coefficients in z=2/3H for rounded corner high-rise building

B45
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Figure D.17: Pressure coefficients in stagnation height z = 2/3H for rounded corner high-rise
building AoA B0, B15, B30 and B45.
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Figure D.18: Pressure coefficients in stagnation height z = 2/3H for rounded corner high-rise
building AoA B60, B75 and B90.
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Power spectral density for rounded corner high-rise building
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Figure D.19: Power spectral density for rounded corner high-rise building AoA B0, B15, B30 and B45.
Time series from the HFPI method.
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Figure D.20: Power spectral density for rounded corner high-rise building AoA B60, B75 and B90.
Time series from the HFPI method.
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This paper presents and discusses the important aspects to take into account when applying CFD simulations for
the determination of wind loads on high-rise buildings. A review is given for the key parameters in the atmospheric boundary layer, in order to evaluate if the upstream wind ﬂow in a numerical simulation is sufﬁciently
generated. The construction of the inﬂow boundary conditions can be divided into four main techniques, where
the latest promising methods are assessed for ﬂaws and strengths. Comparisons of numerical and experimental
results are given for the generic CAARC building. The results showed large deviations from both the wind tunnel
experiments and the numerical simulations, where it is evident that it is highly important only to compare results
with equal inﬂow boundary conditions, as mismatching can lead to critical errors. The results from the latest
benchmark studies are encouraging and get more precise with the increasing knowledge. Unfortunately, each
study has its own method for evaluating results, thus a best practice guide for CFD LES to determine wind loads
for structural design is still in high demand. The paper is concluded with a discussion of the necessary research
ﬁelds in future studies.

1. Introduction
Over more than a century, wind tunnel testing has proved to be a
suitable and reliable method for the determination of wind loading on
buildings and structures. The procedure on how to conduct a study of the
loading process on models at reduced scale in a wind tunnel experiment
has been reﬁned, in parallel to the increase of knowledge of the wind
characteristics itself, and how it manifests as loading on a structure or as
its direct static and dynamic response. A milestone in this connection is
the requirement by Jensen (1958) of using a turbulent boundary layer for
wind load studies reﬂecting sufﬁciently the main properties of the atmospheric boundary layer. From this point on, the formulation of scaling
laws, the exploration of their applicability and their limitations are at the
core of research and engineering application, and are frequently
reviewed and discussed through comparison to full scale measurement or
through comparative studies amongst wind tunnel facilities on speciﬁc
geometries or techniques (e.g. H€
olscher and Niemann (1998) and Holmes
(2014)). The historical evolution of the wind tunnel technology is

excellent depicted by Cochran and Derickson (2011). The advancement
of measurement techniques, computer power and data acquisition
capability contributed in its own right to the present state of the art in
wind tunnel testing. However, even with today's knowledge and technique the fact remains that results obtained for the same study conducted
in two different wind tunnels are likely to show noticeable differences
(Koss, 2000). To ensure a certain quality control of the studies and
consequently of the results later used for structural design, guidelines for
wind tunnel testing have been issued by different wind engineering organisations, e.g. American Society of Civil Engineers (ASCE); Architectural Institute of Japan (AIJ) and Windtechnologische Gesellschaft
(WTG).
Over the past decades, the technique of Computational Fluid Dynamics (CFD) has proved its value for wind-related studies, where the
improvements in the scientiﬁc work have accelerated with the progress
of computational capacities. Driven by the development within aeroplanes and carmakers, it has established itself as a standard tool for investigations of wind comfort in urban areas, for studies of building

Abbreviations: AIJ, Architectural Institute of Japan; CWE, Computational Wind Engineering; PDS, Power Density Spectral; FTD, Flow Through Domains; RFG,
Random Flow Generation; DSRFG, Discretizing and Synthesizing Random Flow Generation; CDRFG, Consistent Discrete Random Flow Generation; PRFG, Prescribedwavevector Random Flow Generator.
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ventilation or ﬁre safety simulation. Because of the credibility CFD has
gained within these ﬁelds, many larger engineering consultant companies maintain a CFD department, which conduct all kind of tasks
related to ﬂuid dynamics and wind engineering. Cochran and Derickson
(2011) and Meroney and Derickson (2014) reviewed the different wind
related tasks that can be elucidated with CFD, and Cochran et al. (2015)
provided a discussion on which wind related tasks should be considered
to enhance the building design.
The CFD technique draws its strength from being practically available
for everyone, capable of considering parameters that are difﬁcult to
implement in wind studies, such as temperature, and from its fast
execution on high performance computers. Furthermore, the CFD model
is capable of capturing ﬂuctuations at an inﬁnitely large number of points
on the surfaces of a building, where the wind tunnel tests are limited to a
certain number of pressure taps and some information about separation
zones, recirculation etc. might get lost.
For stationary problems, Reynolds-averaged Navier-Strokes (RANS)
simulations have been used for many years to gain insight into the wind
environment to increase the pedestrian comfort in cities, where it has
reached a status equal to wind tunnel testing in engineering practice. CFD
guidelines for pedestrian comfort purpose are available, among others
the COST action 732 (Franke et al., 2007) and for dispersion modelling
(Meroney et al., 2016). When handling non-stationary processes associated with turbulence and ﬂow separation, it is crucial to execute a
transient simulation, such as a Large Eddy Simulation (LES), where information about peak values gets available. It requires a very large
amount of computational capacity for accurate simulations, which either
entails a big time consumption or a very large computer system.
The huge potential of CFD drives researchers and engineers to test
and fully embark on Computational Wind Engineering (CWE), especially
for the purpose of determine the characteristic wind loads for structural
design, since this would be a considerable advantage for large engineering consultant companies. Researchers have conducted thorough
inﬂow approaches and numerous encouraging benchmark studies, where
the methods and results get more and more advanced as the knowledge is
enhanced, and computational capacities get more accessible.
Although the interest within CWE is great, some extensive research
and material are still imperative. The ﬂow around an obstacle becomes
complex when dealing with high Reynolds numbers, and scattered results
in both experimental and numerical results can occur. Bruno et al. (2014)
conducted a large benchmark study of 70 experimental and numerical
studies, where they found that the drag force can be estimated quite
easily with CFD, whereas the estimation of the lift force showed a large
dispersion. The large dispersion of the CFD results was believed to be due
to different turbulence models, mesh settings, sub-grid scale models etc.
The study substantiates that extensive research is necessary within wind
loading determination with CFD, where the accuracy and reliability is
clear in consequence of the settings, to ensure a certain quality of the
tests, as for conventional wind tunnel tests. Likewise, the need for a CFD
guideline for CWE is now in demand, to ensure future researches follow
the same restrictions and so that CFD wind loading simulations can attain
the same status as for wind environment simulations.
Japanese building authorities (AIJ) published the ﬁrst CFD guideline
for structural purpose in 2015, where they accept CFD simulations for
wind load studies, provided knowledgeable handling of the software and
critical surveillance to be performed by an experienced wind engineer
(AIJ, 2017). Unfortunately, the guideline is only published in Japanese,
why the necessity for an English guideline is still present.
Nonetheless, CFD is already a strong tool that can be utilised during a
design phase of a structure. CFD can be applied to reduce the time consumption and secure a faster response, since geometrical modiﬁcations
easily can be changed, and 3D CAD modelling are incorporated directly
with the simulation tools. It is therefore feasible that CFD will be a larger
part of the design phase in engineering consultant companies than
hitherto, and thereby substantiate results from conventional wind tunnel
tests. Instead of opposing the two methods, the strengths from each

method should be adapted as ab hybrid approach to conduct a more
efﬁcient project. Thoughts on this is elucidated by Meroney (2016).
This paper focuses on the application of CFD on the determination of
the overall wind load on high-rise buildings. It summarises the key parameters that should be considered in the conﬁguration of a Numerical
Wind Tunnel, and compares the construction of the atmospheric
boundary layer with various inﬂow generation approaches and choice of
turbulence model. It is followed by a comparison of the latest promising
operative numerical methods to gain systematically overview of the
variability of results depending on the simulation settings and boundary
conditions. The paper concludes with an evaluation of the inﬂow generation methods and a discussion of important aspects that need to be
scrutinised in future studies.
2. Wind loading
2.1. The atmospheric boundary layer
The challenges of a wind simulation, whether it is an Experimental or
Numerical Wind Tunnel, are to build up a proper turbulent wind ﬂow,
where the mean wind velocity and turbulence intensity proﬁles, coherency and correlation functions and power spectra reﬂect the natural
characteristics of the atmospheric boundary layer. In order to simulate
this behaviour, the ﬂow is assumed to be steady and homogenous, i.e.
statistics do not change in time and space. In the following, a brief review
is shown of the fundamental parameters that are used to measure the
degree of a well-developed atmospheric boundary layer in both an
Experimental and Numerical Wind Tunnel.
The mean wind velocity proﬁle in the ﬂow direction is described
either by the Logarithmic Law or the Power Law, where the shape of the
proﬁle is dependent on the roughness of the surface. The Logarithmic law
is scale dependent, as it is expressed in terms of the roughness length of
the surface z0 and is given as:
UðzÞ ¼



u*
z  zh
ln
κ
z0

(2.1)

where κ is von Karman constant that has a magnitude of 0.41, zh is the
zero-plane displacement and u is the friction velocity, which is dependent on the shear stresses of the earth's surfaces and the air density.
The Power Law describing the mean wind velocity proﬁle is scale
independent, as it is expressed by the exponential parameter α, and is
given as:

UðzÞ ¼ U ref

z

α
(2.2)

zref

where U ref is the mean reference wind speed measured in the height zref .
The turbulence intensity is a measure of the velocity ﬂuctuations in
the atmospheric boundary layer, describing the unsteadiness of the ﬂow
that is created due to obstacles on the surface. Consequently, the turbulence intensity is dependent on the surface roughness length and the
standard deviation of the wind speed. The mean wind velocity proﬁle and
turbulence intensity proﬁle are both classiﬁed into different terrain categories, such as open terrain, suburban terrain, urban areas in inner cities
etc., which are described by magnitude of the roughness length.
Since the wind ﬂow in the atmospheric boundary layer is anisotropic,
the turbulence intensity is expressed for the ﬂow direction (u), the lateral
direction (v) and the vertical direction (w), with relation to the mean
wind speed in the ﬂow direction.
Iu ðzÞ ¼

1
σ ðzÞ
 ¼ u
z
UðzÞ
ln
z0

;

Iv ðzÞ ¼

σ v ðzÞ
UðzÞ

;

Iw ðzÞ ¼

σ w ðzÞ
UðzÞ

(2.3)

Provided a neutral surface boundary layer is available, a good
approximation of the standard deviation in the ﬂow direction is
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σ u  2:5u* , where u* is the friction velocity. The standard deviations in
the lateral and vertical direction are suggested by Counihan (1975) to
σ v  1:875u* and σ w ¼ 1:25u* ; by Arya (1995) to σ v  1:9u* and σ w 
1:3u* and by Holmes (2001) to σ v  2:2u* and σ w ¼ 1:3u*  1:4u* .
The turbulence process in the wind ﬂow is further assessed in terms of
the Power Density Spectrum (PDS), which describes the distribution of
vortices energy in the air ﬂow. It has become almost essential in both
wind tunnels and CFD simulations to reproduce the Kolmogorov 5/3
power law, which describes the slope of the inertial subrange in a PDS
(Wilcox, 2010). The PDS (including the 5/3 power law) can be
expressed by various mathematical expressions, where the most widely
used is the von K
arm
an spectrum for the ﬂow direction and the modiﬁed
von K
arm
an spectra for the lateral and vertical direction, which are given
as:
4σ

Su ðf Þ ¼ 

2 Lu
uU

; Si ðf Þ ¼
 2 56
fLu
1 þ 70:8 U

2.2. Wind-induced forces on buildings
The surface pressure acting on a building is usually described by
pressure coefﬁcients, calculated through normalisation with the velocity
pressure in the undisturbed approaching wind at reference height, which
is often chosen as the height of the building. Eq. (2.9) gives the normalisation for the time-averaged mean value and ﬂuctuating standard
deviation (or root-mean-square (rms)) of the surface pressure. Assuming
independence of Reynolds-number for an obstacle, the normalisation
allows for application of the coefﬁcients for different characteristic wind
speeds in full scale.
Cp ¼


 2 
i
4σ 2i LUi 1 þ 188:4 2fL
U

 2 116
i
1 þ 70:8 2fL
U

(2.4)

where Lu , Lv and Lw are the turbulent length scale in the three directions.
The coherency function between two points expresses the correlation
of the velocity ﬂuctuations in terms of frequencies, which is useful when
dealing with dynamic exposed structures, such as a slender high-rise
building with a low frequency. The two-point coherence is determined
by means of the cross spectrum:

CFx;y ¼

2

jSu1 u2 ðf Þj
Su1 ðf ÞSu2 ðf Þ

cohðf Þ  exp@ 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1
2 k2y Δy2 þ k2z Δz2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
fA
U1 U2

(2.6)

Where ky and kz are the coherency decay constants, which typically
have a value between 10 and 20, Δy and Δz are the horizontal and
vertical distance between the two measured points, and U 1 and U 2 are
the mean wind velocity at the two measured points.
Finally, the spatial correlation coefﬁcient between two points is also a
parameter of interest. The correlation coefﬁcient can have a value between 1 and -1, where a close distance between the two points will result
in a correlation coefﬁcient of 1 indicating high correlation, and
conversely a wide distance will result in a value of 0 and no correlation.
The two-point correlation coefﬁcient is expressed as a function of the
distance between the two measuring points, and is given as:
corðΔxÞ ¼

U '1 U '2

σ u1 σ u2

Fx;y
1
2

2

ρU H BH

;

b ¼ M þ gσ M
M

√ p'2
1
2

ρU H

(2.9)

2

CMx;y ¼

Mx;y
1
2

2

ρU H BH 2

;

CMz ¼

Mz
1
2

2

ρU H BDH

(2.10)

(2.11)

where g is the gust factor and σ M is the root-mean-square of the base
moment, i.e. the area below the PDS of the ﬂuctuating base moment, in
which the background and resonant components are contained.
A more straight forward method to determine the geometric rootmean-square is represented by Zhou et al. (2003), where a distinction
is made between the background and resonant response. The peak base
moment is found as:

(2.7)

b ¼Mþ
M

where Δx is the horizontal or vertical distance between the two measured
points, U '1 and U '2 are the ﬂuctuating wind velocity in the ﬂow direction
at the two points and σ u1 and σ u2 are the standard deviations. Likewise, a
high correlation occurs when the correlation coefﬁcient is close to 1 and
no correlation when it attains a value near 0. The correlation coefﬁcient
is suggested by Holmes (2001) to be mathematically expressed as:


Δx
corðΔxÞ ¼ exp 
Lc

C 'p ¼

where B, D and H are the width, depths and height of the building
respectively. Likewise, both the mean and standard deviation of the coefﬁcients are usually investigated.
Various methods are available to compute the peak base moments, in
both the time and frequency domain, such as an extreme value analysis,
the peak gust factor method, the spectral method and others.
As a consequence of a limited duration time when applying numerical
simulations, the peak gust factor method in the frequency domain is
widely used to determine the expected peak moment. The peak gust
method is assuming a Gaussian distribution, where the peak base
moment is expressed as follows:

(2.5)

The two-point coherence function is often mathematically approximated as follows: (Cao, 2013)
0

ρU H

;

2

where U H is the mean wind speed at the reference height and ρ is the
density of the air. The reference pressure is denoted p0 .
It is essential to assess the wind induced responses during the structural design phase of a high-rise building. The base drag forces and
moments are often chosen to study in the analysis, because they can be
used to estimate the overall system of a high-rise building. Similarly for
convenience, the base drag forces, overturning moments and torsional
moment are often represented in the non-dimensional form as coefﬁcients:

where i ¼ v or w

cohðf Þ ¼

p  p0
1
2

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b 2R þ M
b 2B
M

(2.12)

where the peak resonant and peak background base moments are given
as:
b R ¼ gR
M

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π
f1 SM ðf1 Þ
4ξ1

b B ¼ gB σ M:ex
M
(2.8)

(2.13)

(2.14)

where f1 is the fundamental mode of the building, ξ1 is the critical
damping ratio of the ﬁrst mode and SM ðf1 Þ is the spectral ordinate at the
fundamental frequency in the PSD of the external aerodynamic base
moment. σ M:ex is the standard deviation of the external aerodynamic base
moment.
The background peak factor gB has a value between 3 and 4, where

where Lc is a ﬁtting constant of integral length scales.
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hence the number of FTD can potentially be reduced slightly in the
following transient model (Siemens, 2018). In spite of the recommendations, it is very important always to check if the ﬂow has developed as
expected, before using the model for further analysis.
FTD are easily executed in an experimental wind tunnel, whereas
additional computational demands are required in the numerical simulations, as the FTD must be solved numerically before sampling useable
data.
Most of the existing CFD simulations in the literature are run for
2–10 s in model scale, and are subsequently scaled to full scale, where the
durations correspond to a few independent runs of 10 min. From a wind
engineering perspective, it can be difﬁcult to trust these results for a
structural design, as the target conﬁdence is very low. Nevertheless, this
is the limitation of executing numerical simulation up until now, because
of computational demands. Some authors tend to neglect this fact and
disclose the duration of the performed simulations. Elshaer et al. (2017)
ran the simulations for 2 s in an aerodynamic optimisation study, corresponding to 210 s in full scale, resulting in not even one independent
run for each simulation and where no information on FTD were given.
Aboshosha et al. (2015) ran a simulation for 6 s, corresponding to 3000 s
in full scale where the last 2500 s were for the statistics with 4 independent runs. In a comparison study by Yan and Li (2015) the simulations ran for 20 s, where the last 10 s were for statistics and the ﬁrst 10 s
corresponded to approximately 20 FTD. Phuc et al. (2014) performed at
that time one of the longest seen durations for 40 s, where the ﬁrst
23.56 s where for convergence and only the last 16.44 s were for the
sampling with 2 independent runs in full scale. Latest, Capra et al. (2018)
ran a simulation for 65 s in model scale after statistically stationary
conditions was reached.
The sample rate in an experimental wind tunnel is limited to the test
instrument's limits, entailing it is not possible to measure the smallest
eddies with high frequencies. In a CFD simulation, the sample rate has no
limit and therefore even the smallest eddies can be resolved, presupposed
that the mesh is ﬁne enough to catch it.
Consequently, a satisfactory numerical simulation is a balance against
the mesh resolution, number of mesh cells, the duration and solver time
of the simulation/computational resources. Therefore, many wind engineers are attempting to decrease the mesh denseness and the number of
cells, in order to increase the duration and decrease the solver time.

the resonant peak factor gR is often expressed as:
gR ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:5572
2 lnðf1 TÞ þ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 lnðf1 TÞ

(2.15)

where T is the averaging period for the mean wind velocity, which is
commonly chosen as 10 min.
2.3. Duration of wind simulations
To determine the peak pressures on a building, it is fundamental to
achieve time series in both a conventional wind tunnel experiment and a
CFD simulation, entailing a transient simulation is requisite where each
time step simulated. Numerical Wind Tunnels are often executed as
scaled models, where the scaling laws are introduced similarly to conventional wind tunnel experiments, enabling the numerical simulations
to run with only a few seconds to attain 10 min in full scale.
The method for determine the peak pressures has been questioned for
decades within wind engineering and several methods for the purpose
are available. Gavanski et al. (2016) presented a review of the six most
commonly used peak estimation methods: (1) the single worst peak
method; (2) an ensemble average of several peaks; (3) the Gumble-ﬁtting
method; (4) the Cook-Mayne method; (5) the translation method, where
the time series are transformed into a cumulative distribution function
and (6) the peak factor method. The duration of the time series has to be
sufﬁciently long to produce reliable statistical ensembles, where a
question of reasonable duration has aroused for CFD simulations, since
the elapsed time is one of the main challenges because of the computational demands.
When the responses are evaluated in the time domain, Kasperski
(2003) utilised the Cook-Mayne method and recommended having a
sample size of 30 independent runs in wind tunnel experiments, which
each corresponds to 10 min in full scale, to reach a target conﬁdence of
90% of the peak results. Gavanski et al. (2016) proposed that 15 observed
peaks are adequate for many design scenarios. Consequently, this would
result in an enormous amount of time spent with running a numerical
simulation, as more than one wind direction should also be tested. Since
CFD simulations suffer from short durations, the peak responses are often
evaluated by choosing the single worst peaks. AIJ (2017) recommend for
CFD simulations to utilise the average of 5 peak values, obtained from 5
independent runs of 10 min in full scale.
No information is available regarding the duration when the responses are evaluated in the frequency domain. All information about the
magnitude and occurrence of the peaks are lost in the frequency domain,
and the responses are instead only evaluated based on the PDS. The
duration should, however, be sufﬁciently long to produce a PDS that is
consistent without too many perturbations.
Furthermore, it is requisite to perform a number of Flow Through
Domains (FTD) before sampling data, to ensure the turbulent ﬂow is fully
developed and the statistical quantities have converged. FTD indicates
the time it takes for the wind ﬂow to pass through the domain, hence one
FTD is dependent on the inﬂow velocity and the geometry of the domain.
The number of FTD before sampling data are dependent on several parameters, such as the target building geometry, the grid resolution, the
number of moments that are of interest etc. If the Reynolds number is
large, then it will take more time to create a fully turbulent ﬂow in the
wake of the target building. Similarly, the number of statistical parameters is highly correlated with FTD. If only the mean is of interest, then
only a few FTD are necessary, whereas if the standard deviation, skewness or kurtosis are of interest, then the number FTD are increased with
the number of moments to obtain convergence. Generally, a minimum of
2–5 FTD are advised, to ensure that the ﬂow in the wake region of the
building is fully developed, before the simulation sampling can be performed safely. Alternatively, grid sequencing with different mesh reﬁnements can be applied or the simulation can be run initially with a
stationary RANS model to create the mean quantities in the domain, and

3. Numerical wind simulation
3.1. Turbulence models
The choice of a sufﬁcient turbulence model for generating wind loads
is of high importance and it is crucial to perform a time-dependent
simulation to simulate stochastic time processes. Therefore, the
Reynolds-averaged Navier-Strokes (RANS) turbulence model is eliminated, since a steady state is sought as a solution and thus only average
loads are computed. Consequently, both RANS and unsteady-RANS
(URANS) models are incapable of resolving the ﬂow ﬁeld around a
building, speciﬁcally the recirculation of vortices at the wake and the
separation zones (Blocken, 2014). This was also substantiated by Huang
et al. (2007), where both the pressure and suction zones were overestimated with different RANS approaches.
The order of resolved eddies is dependent on the choice of turbulence
model and the mesh resolution. Fig. 1 illustrates the correlation between
the Power Density Spectrum (PDS) of wave lengths in a turbulent ﬂow
and the different types of turbulence models. The Kolmogorov 5/3
power law is also marked in the ﬁgure and is of high importance, as it
identiﬁes the inertial subrange, where the ﬂow is independent of viscosity and no signiﬁcant dissipation occurs.
The Direct Numerical Simulation (DNS) directly addresses the turbulent ﬂow, where all ﬂuctuations down to the Kolmogorov length scale
are resolved, i.e. a full time-dependent solution of the continuity and
Navier-Strokes equations is sought. Since the DNS resolves the smallest
158

M.S. Thordal et al.

Journal of Wind Engineering & Industrial Aerodynamics 186 (2019) 155–168

satisfactory results with a hybrid method (Dagnew and Bitsuamlak,
2013).
To summarise, at present it is advised to use the LES approach when
using CFD to determine wind loads, since it requires less computational
capacity than the DNS method and is more accurate and reliable than a
hybrid method.
3.2. Numerical schemes
To solve the governing Navier-Stokes equation in the numerical
simulation, the temporal and spatial discretisation methods in the numerical schemes are known to have a large impact on the solution and on
the resolved energy within the ﬂow. Generally, second order or higher
differential schemes are recommended in both time and space, for
obtaining stable and accurate solutions.
Several differential schemes exist for spatial discretization, such as
Total Variation Diminishing (TVD). Upwind Schemes, Central Differencing Scheme (CDS) or bounded versions. First-order upwind schemes
are prone to be inaccurate if the mesh is not aligned with the ﬂow direction. Sometimes second-order upwind schemes have been used for
CWE simulation, but it requires a denser mesh resolution particularly for
LES simulation. The CDS schemes are the most common used for CWE
related simulation, where the bounded central-differencing scheme is
recommended for CWE simulations with complex turbulent ﬂows
(Siemens, 2018).
In the time discretization, both forward and backward ﬁrst-order
differencing schemes (e.g. Euler methods) tends to be inaccurate and
are not appropriate for CWE simulations due to the inability of capturing
and maintain the local pressure wave propagation in the simulation.
Generally, second-order or higher ﬁnite differencing schemes are
required for obtaining stable and accurate solutions (e.g. Adam-type
methods, Runge-Kutta methods, Crank-Nicolson). Explicit methods are
fast and require a sufﬁciently small time step to obtain a stable solution,
where the Courant number (CFL) should be less than 1. The implicit time
discretization schemes are slower, but are recommended since they are
unconditionally stable and more robust than explicit methods, as it is
better at recovering from skewed cells and allows higher CFL numbers.
However, in most CWE simulation the explicit methods have been
selected, due to the low CFL requirement for resolving the local pressure
ﬂuctuations is present regardless of the type of scheme.

Fig. 1. The correlation between a power density spectrum and turbulence modelling.

eddies, the method demands both a very ﬁne mesh and large computational power, and has as a consequence of this an upper limit of the
Reynolds number.
The Large Eddy Simulation (LES) also directly addresses the turbulence processes, but in contrast to DNS, only the large-scale eddies are
resolved, and the subgrid-scale stresses are modelled by means of
subgrid-scale models. The LES method averages Navier-Strokes equations over a small volume in space, meaning that a ﬁlter operation is
introduced, where eddies larger than the mesh size are computed and
eddies smaller than the mesh size are modelled. This transition between
the resolved and modelled eddies is often positioned at the upper limit of
the inertial subrange, where the length scale is much larger than the
Kolmogorov scale, hence it enables a larger time step in the simulation
and facilitates higher Reynolds numbers. T. Tamura et al. (2008) stated
that the grid resolution should be high enough to reproduce the inertial
subrange in the longitudinal velocity PDS. Moreover, Jørgensen et al.
(2014) also showed that it would be sufﬁcient to capture 80% of the
kinetic energy within the ﬂow, ensuring that the simulation is
well-resolved and is capable of capturing the real trends of the ﬂow
around the target building.
In a LES simulation, the small eddies are modelled by a subgrid-scale
model, where Smagorinsky (1963) ﬁrst presented a simple subgrid-scale
model, where a damping function is used to solve the wall-bounded
ﬂows. Later, dynamic subgrid-scale models based on the Smagorinsky
model were proposed by Germano et al. (1991) and Lilly (1992), which
solved the wall-bounded ﬂows, but is also signiﬁcantly more computationally expensive. Nicoud and Ducros (1999) proposed another operator, called the Wall-Adapting Local Eddy-viscosity (WALE) model that
also solve accurate ﬂows near the wall, but without a dynamic procedure,
which makes it less computationally expensive. These models have
become implemented in most commercial CFD software and are often
adopted in wind load simulation.
Combinations of the LES and RANS approaches are called hybrid
turbulence models, where some of the most common approaches are
Detached Eddy Simulation (DES) and Very Large-Eddy Simulation
(VLES). The basic idea is to use the LES approach in the domain where it
is necessary and use the RANS approach to resolve the ﬂow near the
boundaries. The computational costs are signiﬁcantly reduced and hence
it has become very attractive in the last decades to explore the use of
hybrid methods. This has led to a various number of newly developed
hybrid methods, and within CWE the hybrid methods have been tested if
they can meet the requirements of a sufﬁcient simulation. However,
studies have shown that a lot of work still exists to be able to show

3.3. Mesh
The quality of the mesh is also known to have a large impact on the
simulation. When the pressures of the surfaces are of interest, it is
important to notice that if a large skewness of the cells are occurring in
the near-wall region, then the mesh quality signiﬁcantly drops and can
result in misleading pressures. Furthermore, if the target building has
curved surfaces, a large aspect ratio of the cells should be avoided, and
the mesh must be reﬁned in all three directions. Usually, a very ﬁne mesh
with prism layers around the target building is required in an LES,
securing shear layer and the vortices around and in the wake of the target
building can be resolved sufﬁciently. With respect to the law of the wall,
the yþ-values of the ﬁrst cells on the target building and the nearest
surrounding buildings should be less than 5, where the quality of the
results increases when the yþ-values are decreased. To ensure the wall
boundary layer is resolved properly, it is recommended to apply a prism
layers stretching ratio maximum of 1.05.
AIJ (2017) are the ﬁrst ones to give a recommendation for mesh
generation when utilising LES in CWE. A very ﬁne mesh around the target
building is required. They recommend a grid size of B/100 in the horizontal direction, where B is the shortest side of the building, and the ﬁrst
grid size in the perpendicular direction to the target building surface of
pﬃﬃﬃﬃﬃﬃ
0:1B= Re ð B=1000Þ.
Yan and Li (2015) generated a very ﬁne mesh, where the grid size
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4.2. Precursor Database Method

near the target building was B/200 along the surface and B/2000 in the
perpendicular direction to the surface. The ﬁne mesh in the near wall
region was adopted to secure a low yþ-values and thereby produce better
results.
As stated, the mesh size has a large impact on the computational
demands and solver time. Aboshosha et al. (2015) tested two grid sizes to
check the mesh independency of the results. The mesh size near the
target building corresponded to B/10 and B/15. No large deviation between the two simulations where observed, and the numerical simulations showed good agreements to the experimental tests. Elshaer et al.
(2016a,b) executed a simulation with an even more coarse mesh, where
they stated that the good results are obtained due to the quality of the
inﬂow generator.

The Precursor Database method is fundamentally identical to the
previously described method, but instead of simulating a full wind tunnel, the test section is omitted and the upstream wind ﬂow is recorded in
a 2D plane as time series and saved in a database. This is called the
precursor domain as seen in Fig. 2b, where the saved 2D database is
illustrated as the purple surface. Subsequently the simulation of the test
section domain can be executed, where the stored 2D plane with time
series is used as the inlet boundary conditions of the simulation. This
method also requires a large amount of computational power, but in
contradistinction to the Wind Tunnel Replication method, the stored 2D
plane database can be reused for further wind simulation studies. Likewise, it is relatively simple to obtain a good match between experimental
and numerical results.
The method is widely used in Asia, and was applied by Yoshikawa and
Tamura (2012, 2013), where the studies showed promising agreements
between the experimental wind tunnel results and the LES simulations.

4. Inﬂow generation methods for LES
As stated in Section 2.1, the generated upstream wind ﬂow must
reﬂect the atmospheric boundary layer. In order to do so, several researchers have developed different inﬂow generation methods to
construct the turbulent ﬂow using the LES modelling approach. These
different methods can be divided into four main groups, which are
illustrated in Fig. 2.

4.3. Recycling Method
The Recycling Method also consists of an auxiliary domain and a test
section domain like the Precursor Database method. Contrary to the
Precursor Database, the auxiliary domain in the Recycling Method recycles the ﬂow until the boundary layer is statistically stable and reﬂects
the parameters of the atmospheric boundary layer, where the fundamental idea is to reuse the solution downstream of the driver domain as
the inlet boundary condition. This is carried out by recycling the ﬂow
near the outlet boundary of the driver domain, reintroducing it at the
inlet boundary and subsequently mapping it into a data ﬁle in a vertical
2D plane when the ﬂow is stable. This is illustrated in Fig. 2c, where the
ﬁrst purple plane is the mapped ﬂow that subsequently is used as the inlet
boundary conditions in the test section domain.
The method was proposed by Lund et al. (1998) for a smooth wall.
Since a boundary layer is spatially developed over the wall, the ﬂow at
the outlet is rescaled to match the inlet boundary. In this approach, the
ﬂow is decomposed into the mean ﬂow and ﬂuctuating ﬂow and treated
differently before it is recycled. The ﬂow is rescaled to satisfy the law of
the wall in the inner region and the defect law in the outer region of the
boundary layer, whereupon a weighted average of the ﬂow in the entire
boundary layer is formed by means of a weighting function.
Kataoka and Mizuno (2002) simpliﬁed the Recycling Method by
assuming the boundary layer thickness is constant in the driver domain.
This is implemented by introducing a damping function, which ensures
the boundary layer will not spatially develop and hence the rescaling
procedure is omitted. The simpliﬁed approach then only reintroduces the
ﬂuctuating ﬂow at the outlet boundary to the inlet boundary condition in
the driver domain, since the mean ﬂow is not changed throughout the
driver domain.

4.1. Wind Tunnel Replication method
The seemingly simplest way to generate the turbulent upstream wind
ﬂow in a Numerical Wind Tunnel is to compose an exact replica of a wind
tunnel, which holds spires, roughness elements and a test section, as
illustrated in Fig. 2a. In this way, the turbulent boundary layer is built up
in the same manner as in conventional wind tunnel experiments, where
the upstream wind ﬂow contains the turbulence processes and the
characteristic parameters in the three directions. Because the turbulent
ﬂow is generated as a copy of an experimental wind tunnel, the boundary
conditions are identical and hence a good match between experimental
and numerical results is easy to attain. On the other hand, the shortcoming is that the method requires a very ﬁne mesh to generate a fully
developed boundary layer over the pre-processing unit, thus it can be
very time-consuming and requires a large amount of computational
power.
The method was applied by Phuc et al. (2014), who achieved good
agreements between the experimental wind tunnel results and the numerical Wind Tunnel Replication results. They conducted simulations of
three different mesh sizes, where it was observed that the correlation
between the experimental and numerical results got signiﬁcantly
improved by a reﬁned mesh. Similar results and conclusions was found
by Capra et al. (2018). The method was also examined by Jørgensen et al.
(2014), who showed that it is necessary to ensure a PDS where energy is
produced for both low and high frequencies, to be able to accomplish a
simulation which reﬂects an experimental wind tunnel.

Fig. 2. Principle of the four main groups of inﬂow generation methods for LES.
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(2015). However, researchers have pointed out some insufﬁciencies and
limitations of this method and thus it was further extended. The most
recent well-developed techniques are explained in the following sections,
together with the insufﬁciencies and limitations that were grounds for
the new methods.

Lund et al.’s method was also further extended by Nozawa and
Tamura (2002) for a rough wall. The approach is principally unaltered,
where the ﬂow is decomposed into a mean and a ﬂuctuating ﬂow and
treated differently. The mean ﬂow is similarly rescaled and recycled,
whereas the ﬂuctuating ﬂow instead is addressed with a scaling parameter for a rough wall.
As seen in Fig. 2c, the auxiliary domain can get reduced to half the
size or less than the Precursor Database method, which implies that the
mesh size is signiﬁcantly decreased and thereby also the numerical solver
time is reduced. Furthermore, the fetch where the turbulent ﬂow is built
up can be simulated as being inﬁnitely long, which is an advantage
compared to the Wind Tunnel Replica Method and Precursor Method.
The Recycling Method is widely used in the whole world, especially
for comparison studies between different inﬂow generation methods, as
composed by Dagnew and Bitsuamlak (2014) and Yan and Li (2015).
Nozu et al. (2015) utilised the method for a study of an urban city, where
they showed encouraging comparisons between numerical and experimental results.

4.4.3. Modiﬁed Discretizing and synthesizing Random Flow Generation
method (MDSRFG)
Castro et al. (2011) were critical to the DSRFG method, because of the
insufﬁcient time correlation and statistical characteristics of the turbulent ﬂow ﬁeld. Therefore, they extended the method with some modiﬁcations to maintain the statistical characteristics in the ﬂow and called it
the Modiﬁed Discretizing and Synthesizing Random Flow Generation
method (MDSRFG).
4.4.4. XCDF method
Kim et al. (2013) also further developed the original RFG method and
called it the XCDF approach (named after Xie and Castro's
Divergence-Free method), where they pointed out the lack of interest for
the variance and power spectra. The approach artiﬁcially generates
unphysically large pressure ﬂuctuations, which subsequently are modiﬁed by the velocity-pressure coupling in a transverse plan close to the
inlet, in order to secure a divergence-free ﬂow ﬁeld. The correction step is
developed for the PISO source code in the CFD software OpenFoam and is
provided in (Kim et al., 2013).

4.4. Synthetic turbulence generator method
The Synthetic Turbulence Generator method generates computationally an upstream turbulent wind ﬂow, which reﬂects the atmospheric
boundary layer and thereby maintain the characteristic parameters
throughout the ﬂow ﬁeld. Subsequently the turbulent inﬂow is utilised as
an inlet boundary conditions for a test section domain, as illustrated in
Fig. 2d.
Several wind engineers have tried to develop a Synthetic Turbulence
Generator because of the time-saving aspect, since only the test section
domain must be created as seen in Fig. 2d. This makes the domain
signiﬁcantly smaller than the other methods, entailing a fast solver time
with low computational costs.
The stochastic time processes in the atmospheric boundary layer are
very troublesome to construct in a computer simulation. The time series
should therefore be generated carefully and compared to naturally
recorded ones from full scale measurements or wind tunnels, before
utilising as inlet boundary condition. Next, it is crucial to verify the upstream ﬂow acts as intended inside the test section domain, since this is
not always given. It can occur that the ﬂuctuations are not generated
properly inside the domain, and consequently the turbulent structures in
the ﬂow have dissipated before reaching the target building. Conversely,
unphysically large pressure ﬂuctuations can also occur and lead to a
divergent ﬂow ﬁeld inside the test section domain. Due to these issues, it
is requisite to validate that the ﬂow ﬁeld inside the test section domain is
divergence-free. This subject is well discussed in several of the following
Synthetic Turbulence Generator methods.

4.4.5. Consistent discrete Random Flow Generation method (CDRFG)
A new approach of the synthetic turbulence generator is developed by
Aboshosha et al. (2015) and called the Consistent Discrete Random Flow
Generation method (CDRFG). The method is based on the DSRFG
method, but is improved to match the power spectra even better than the
MDSRFG and XCDF approaches. Furthermore, the method is modiﬁed to
take the velocity coherency function into account, so that the turbulent
length scales are correlated and consistent in the ﬂow ﬁeld. Aboshosha
et al. (2015) showed encouraging agreements between experimental
wind tunnel tests and LES simulations for both the power spectra and a
target building. Furthermore, they state that the CDRFG technique is
expected to be widely used by wind engineers to predict wind loads by
the LES approach. The code to develop the synthetically generated inﬂow
boundary condition is enclosed as an appendix in (Aboshosha et al.,
2015).
4.4.6. Prescribed-wavevector Random Flow Generator method (PRFG)
Patruno and Ricci (2017) recently developed a new RFG, called the
Prescribed-wavevector Random Flow Generator method (PRFG), which
generates anisotropic turbulence in both time and space. They claim the
method is deduced to secure a divergence-free ﬂow ﬁeld, compared to
the CDRFG method, and to fully control the integral length scales in the
anisotropic ﬂow by controlling the spectra, hereof the name
Prescribed-wavevector.

4.4.1. Random Flow Generation method (RFG)
Smirnov et al. (2001) ﬁrst proposed the Random Flow Generation
method (RFG) that generates stochastic time series for the inlet boundary
condition. The method generates artiﬁcial perturbations which satisfy
the Gaussian spectrum in a divergence-free velocity ﬁeld. The method is
embedded in much commercial CFD software, where it can be chosen as
spectral synthesizer for the inlet boundary condition.

5. Review of earlier studies
5.1. Review of inﬂow generation methods
The convenience of wind tunnel data on turbulent boundary layer
ﬂows lies in their availability in large quantity, repeatability and
controllability with respect to boundary conditions. On the other hand,
they usually omit the inﬂuence from thermal effects in the lower atmosphere such as thermal stratiﬁcation and convection. Wind loads determined for structural design refer to strong storm events where a fully
mixed atmospheric ﬂow is assumed (neutral atmospheric boundary layer
condition) neglecting any thermal effect. Analysis of full-scale wind data
measured on tall observation masts (325 m: Li et al. (2010), 344 m:
Clobes et al. (2011)) record temperature gradients but provide information on the wind turbulence for neutral conditions over speciﬁc

4.4.2. Discretizing and synthesizing Random Flow Generation method
(DSRFG)
Unfortunately, the RFG method has some ﬂaws in simulating the atmospheric boundary layer, as the atmospheric boundary layer instead
satisﬁes a spectrum such as the von Karman spectrum; hence the method
has been further developed for wind engineering purpose. Huang et al.
(2010) further advanced the RFG method to satisfy von Karman spectrum
and called it the Discretizing and Synthesizing Random Flow Generation
method (DSRFG).
The DSRFG method is widely utilised for comparison studies such as
Dagnew and Bitsuamlak (2014), Yan and Li (2015) and Zhang et al.
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terrain types. In frame of these studies, the evaluation of turbulence
structure in the numerical simulation is mostly based on comparison to
wind tunnel data.
The degree of sufﬁciently generated inﬂow in a Numerical Wind
Tunnel is measured by the discrepancies from the target fundamental key
parameters of an atmospheric boundary layer, as represented in Section
2.1.
The mean wind velocity proﬁle and turbulence intensity proﬁles are
usually quite easy to ﬁt to the target shape given in (2.1), (2.2) and (2.3).
In brief, it is fundamental to represent the two proﬁles in the research, as
these are the basic parameters to be ﬁtted in the validation process of a
numerical simulation, which is also the case for the studies in the literature, where every research shows a sound ﬁt.
The PDS should for an atmospheric boundary layer satisfy the von
K
arm
an spectra in (2.4), which indicates the energy production of the
wind ﬂow. Phuc et al. (2012) showed a comparison of the von Karman
spectrum, an experimental wind tunnel test and a numerical study with
an exact replica of a wind tunnel with three different grid resolutions, as
shown in Fig. 3. The energy maintenance of the high frequencies in the
PDS is clearly correlated with the grid resolution, as small ﬂuctuations
are ﬁltered out if the mesh becomes too coarse. Similar results were
produced with the Precursor Database Method by Yoshikawa and
Tamura (2012) as illustrated in Fig. 4. Likewise, the PDS decreases for
non-dimentional frequencies above 1, indicating that the energy is not
maintained in the ﬂow above this range.
Dagnew and Bitsuamlak (2014) compared three inlet boundary conditions techniques in Fig. 5; the original RFG method by Smirnov et al.
(2001), the DSRFG method by Huang et al. (2010) and the Recycling
Method by Lund et al. (1998). They showed a comparison of the
numerically generated PDS and the von Karman spectrum in the wind
ﬂow direction. As expected, discrepancies in the PDS occurred for the
original RFG method, since it does not satisfy the von Karman spectrum,
while the Recycling Method produces too many high frequency eddies,
and hence does not reﬂect a realistic wind low. The DSRFG method by
Huang et al. (2010) showed a small discrepancy for the high frequencies,
however, they concluded the inﬂow satisﬁed the requirements of a turbulent ﬂow.
Similar results were obtained by Yan and Li (2015) in Fig. 6, likewise
the PDS generated with the RFG method drops compared to the von
K
arm
an spectra for the high frequencies, due to not satisfying the von
K
arm
an spectrum. For this study, the Recycling Method ﬁts the von
K
arm
an spectrum quite well for the low frequencies, but is not able to
generate the small eddies and therefore drops for non-dimentional frequencies above 1. Similar to the results from Dagnew and Bitsuamlak’s
(2014) study, the best match to the von Karman spectrum is generated
with the DSRFG method by Huang et al. (2010).
The aforementioned studies claim the discrepancies for the high

Fig. 4. Numerically generated PDS in the ﬂow direction with the Precursor
Database Method compared with the von Karman spectrum (Yoshikawa and
Tamura, 2012).

Fig. 5. Comparison of PDS in the ﬂow direction between the von Karman
spectrum at the model building height (LU ¼ 0.55 m, and UH ¼ 12.12 m/s) and
Inﬂow-1: RFG method by Smirnov et al. (2001), Inﬂow-2: Recycling Method by
Lund et al. (1998) and Inﬂow-3: DSRFG method by Huang et al. (2010). (Dagnew and Bitsuamlak, 2014).

Fig. 6. Comparison of PDS in the ﬂow direction between the von Karman
spectrum and the Recycling Method by Kataoka and Mizuno (2002), the RFG
method by Smirnov et al. (2001) and the DSRFG method by Huang et al. (2010).
(Yan and Li, 2015).

frequencies are due to the grid size in front of the measured point,
resulting in the small eddies being ﬁltered out to be modelled with the
LES approach. Nevertheless, a perfect ﬁt between the von Karman
spectrum and a PDS is only possible for a ﬂow generated with the DNS
approach, entailing that an energy decrease for the high frequencies is
almost unavoidable when applying LES. In order to represent a realistic
wind ﬁeld, Dagnew and Bitsuamlak (2014) suggest that the spectrum
should ﬁt the von Karman spectrum up to a non-dimensional frequency of
fH=UH ¼ 10, so that the inertial subrange is fully resolved. AIJ (2017)

Fig. 3. Comparison of PDS in the ﬂow direction between the von Karman
spectrum, an experimental wind tunnel test and a numerical simulation generated with an exact replica of a wind tunnel with three different grid resolutions
(Phuc et al., 2012).
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recommend that the spectrum should ﬁt at least up to the eigenfrequency
of the high-rise building. The ﬁrst criterion refers to the sufﬁcient representation of small-scale vortices in the approaching airﬂow compared
to building model dimension, commonly associated to the occurrence of
high local suction peak loading on the building envelope. Melbourne
(1979) argued that the deﬁcit of small-scale turbulence in simulated atmospheric boundary layer ﬂow is responsible for a signiﬁcant difference
of surface peak pressure between wind tunnel and full-scale data. Tieleman (1993) introduced a measure for minimum small-scale turbulence,
as roughly 1/10 of the characteristic building dimension. This approach
is reﬂected by the above non-dimensional frequency. The second criterion ensures the proper reﬂection of aerodynamic excitation energy for
resonant structural response, hence this is a crucial criterion.
Recent researches have enclosed the spatial two-point correlation
function, as illustrated in Fig. 7 and Fig. 8. Dagnew and Bitsuamlak
(2014) showed a comparison between three inlet methods and reported
that the DSRFG method by Huang et al. (2010) produced the best ﬁt to
the mathematical expression in (2.8). Similar results with the DSRFG
method were performed by Zhang et al. (2015), who also showed a good
match for two horizontal spatial two-point correlation functions.
The importance of the coherency and correlation coefﬁcient functions
in CWE has ﬁrst recently been realised, which explains why only the
latest studies have the functions included in the validation of the numerical simulation. In the development of the CDRFG method, Aboshosha et al. (2015) claimed the DSRFG method fails to produce a coherency
function that has a decay according to the mathematical expression in
(2.6), thus the coherency function is only taken into account in newly
developed methods.

Fig. 8. Comparison of numerically simulated horizontal spatial two-point correlation with the DSRFG method (Huang et al., 2010) in two heights (Zhang
et al., 2015).

turbulent boundary layer. The mean velocity gradient normal to the
surface and perpendicular to the ﬂow direction plays an important role
for the pressure on the roof of the building, since it inﬂuences whether or
not a separated ﬂow reattaches to the body surface. For low-rise structures, the mean velocity gradient above the roof can inﬂuence the ﬂow is
pushed down to potentially reattach the ﬂow again to the roof surface.
Conversely, the airspeed gradient above the roof height of high-rise
structures goes towards being constant and hence the ﬂow will potentially not reattach. (Koss, 2000).
A benchmark study of a single high-rise building is the Commonwealth
Advisory Aeronautical Research Council building, also known as the
CAARC building. The building is 183 m high and has a depth/width ratio
of 2:3 and a depth/height ratio of 1:6, which makes it a generic shape and
easy to compare. The CAARC building was back in the 1970s used for a
comparative study in experimental wind tunnels, where Obasaju (1992)
later performed a thorough comparison between 8 experimental studies.
Together with the rising interest of CFD simulations, several numerical
studies of the CAARC building are found in the literature, where Huang
et al. (2007) extended the research with a comparison to 8 numerical
studies generated with 4 RANS approaches and 4 LES approaches with the
RFG method as inlet boundary conditions. Some important results were
found for the time the study was executed. They pointed out that a
discrepancy between the resulting wind loads is expected, due to a
different distribution of the velocity proﬁle between the Power Law and
Logarithmic Law. The difference in the inlet velocity proﬁles will cause
differences in the pressure coefﬁcients distribution. Furthermore, varying
magnitudes of the turbulence intensity will have a large impact on the
mean and rms pressure coefﬁcients. It is therefore crucial to adopt the
same inﬂow boundary conditions in the numerical study as in the experimental study, to obtain a better agreement between the results.
Fig. 9 and Fig. 10 show comparisons of the mean and ﬂuctuating
pressure coefﬁcients, respectively, between experimental and numerical
studies found in the literature. It is generally observed that the numerical
studies are estimating larger negative mean pressure coefﬁcients than the
experimental studies, which is expected to occur due to mismatch of
different inﬂow boundary conditions.
It is seen that the mean pressure coefﬁcients at the windward wall are
easy to predict with both experimental and numerical studies, since only
a negligible deviation between the studies are seen. Huang et al. (2007)
investigated with CFD simulations the velocity magnitude and turbulence intensity's impact on the pressure coefﬁcients. They concluded that
the mean pressure coefﬁcients on the windward wall are sensitive to the
velocity proﬁle and are not noticeably affected by the turbulence intensity. The mean pressure coefﬁcients at the side walls and leeward wall
are conversely more difﬁcult to estimate, as it is observed that both the
experimental and numerical results are quite different. Here, Huang et al.
(2007) stated that the mean pressure coefﬁcients on the side walls and

5.2. Review of wind load studies
5.2.1. Simulation of an isolated high-rise building
Isolated high-rise buildings are most often built as iconic buildings
that are slender and have a small width/depth ratio. For buildings with a
width/depth ratio less than 2.5 (Bruno et al., 2014), the separation point
of the ﬂow will occur at the leading edge and the ﬂow will not reattached
to the side surfaces.
The properties of the turbulent boundary layer ﬂow have a signiﬁcant
inﬂuence on the distribution and magnitude of the local wind load acting
on the building surfaces. This inﬂuence is largest for the wind load on the
windward side of the building and becomes less pronounced for surface
areas inside the separation bobbles of the building. The load ﬂuctuations
on areas within the separation bubbles are to a large extend affected by
the body-induced turbulence, which leads to a less predictable relation
between ﬂow properties and load characteristics. This implies that the
side surfaces on tall slender buildings will be inside the separation bubbles, hence be affected of the body-induced turbulence more than the

Fig. 7. Comparison of numerically simulated vertical spatial two-point correlation. Inﬂow-1: RFG method (Smirnov et al., 2001), Inﬂow-2: Recycling
Method (Lund et al., 1998), Inﬂow-3: DSRFG method (Huang et al., 2010).
(Dagnew and Bitsuamlak, 2014).
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Fig. 9. Comparison of mean pressure coefﬁcient distribution along a horizontal section of the CAARC building, for both experimental (blue) studies and CFD LES (red)
studies (Daniels et al., 2013) . (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 10. Comparison of ﬂuctuating rms pressure coefﬁcient distribution along a horizontal section of the CAARC building, for both experimental (blue) studies and
CFD LES (red) studies (Dagnew and Bitsuamlak, 2010). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of
this article.)

leeward wall of the CAARC building will be inside the separation bubbles, entailing pressure on the side surfaces will be affected by the bodyinduced turbulence and vortex shedding. The ﬂuctuating rms pressure
coefﬁcients, shown in Fig. 10, are indicating an underestimation of the
numerical coefﬁcients for the windward wall and an overestimation for

leeward wall are sensitive to both the velocity magnitude and turbulence
intensity, where the velocity proﬁle is the dominating factor. These observations are consistent with the observations by Koss (2000) and are
also present in Fig. 9.
Since the ﬂow is separated at the leading edge, the side walls and the
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Table 1
Comparison of base force and overturning moment coefﬁcients from the literature of the CAARC building.

Experimental
results

165

Numerical
results

Mean drag
force coef.

std drag
force coef.

Mean lift
force coef.

std lift
force
coef.

Mean acrosswind moment
coef.

std across-wind
moment coef.

Mean alongwind moment
coef.

std along-wind
moment coef.

Iu

CFx

Cσ Fx

CFy

Cσ Fy

CMx

Cσ Mx

CMy

Cσ My

22.5

1.197*

1.074

0.028*

1.182

–

–

–

–

14.4

1.310

0.28

0

0.30

0

0.16

0.6

0.13

Melbourne (1980)
Melbourne (1980)

12.5
11.0

–
–

–
–

–
–

–
–

0
0

0.32
0.26

0.57
0.47

0.21
0.19

Melbourne (1980)

13.5

–

–

–

–

0

–

0.61

0.21

Tanaka and Lawen
(1986)

10.0

–

–

–

–

0

0.33

0.59

0.22

Huang et al.
(2007)
Huang et al.
(2007)
Dagnew and
Bitsuamlak (2014)
Zhang et al. (2015)

–

1.390*

0.118

0.003*

0.312

–

–

–

–

–

1.339*

0.06

0.004*

0.134

–

–

–

–

–

1.325*

0.603

0.003*

0.925

-

-

-

-

11.0

1.150

0.23

–

–

–

–

0.62

0.12

Dagnew and
Bitsuamlak (2014)
Yan and Li (2015)

–

1.257*

1.248

0.010

1.226

16.0

1.288*

0.350

0.003*

0.315

Yan and Li (2015)

15.0

1.328*

0.338

0.005*

0.343

Dagnew and
Bitsuamlak (2014)

–

1.270*

0.545

0.003*

1.321

Reference

RWDI USA LLC, turbulent
ﬂow, power law
British Maritime Technology
BMT, turbulent ﬂow - UK
Monash University – AUS
National Aeronautical
Establishment NAE(a) - CA
National Aeronautical
Establishment NAE(b) - CA
University of Ottawa, pressure
test– CA

Dagnew and
Bitsuamlak (2014)
Obasaju (1992)

RFG method,
log law inlet, case 5
RFG method, power law inlet,
case 7
RFG method (Smirnov et al.
2001)
DSRFG method (Huang et al.,
2010)
DSRFG method (Huang et al.,
2010)
DSRFG method, (Huang et al.,
2010)
Recycling method, log law,
(Kataoka and Mizuno, 2002)
Recycling Method (Lund
et al., 1998)

* value is corrected so that it is determined by means of (2.10), securing an easy comparison.
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Tur. intensity
along-wind in z ¼
2/3H
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generation method
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this decade. In addition, the application of CFD is very useful when
investigating a city, since many cities are available as 3D models and can
be directly applied in the CFD software.
T. Tamura et al. (2015) simulated Tokyo city as an area of 25  25 km
in a computational domain, with a mesh of 25 billion cells. Instead of
modelling an approaching turbulent ﬂow, the city's shape is directly
reproduced in the domain to create the actual wind ﬂow over Tokyo. A
smaller domain with a ﬁner resolution was used to investigate the target
building, where they showed a very good comparison of the pressure
distribution between a wind tunnel test and the CFD simulation.
The Recycling Method for a rough wall was recently applied by Nozu
et al. (2015) to construct a turbulent inﬂow in a built environment. They
showed encouraging results on a 180 m high-rise building, where a
comparison between the surface pressures on an experimental model and
a CFD model was shown. They concluded that the CFD model was unable
to produce sufﬁciently large rms values, since the demand of grid resolution becomes severe in between the buildings, due to the large turbulence created in a dense city.
The CDRFG method was applied on a single high-rise building and a
high-rise building with complex surrounding by Elshaer et al. (2016a,b).
They discovered that the along-wind response becomes lower but the
across wind response increases and stated that this is the reason why it is
important to include surrounding buildings in the simulation.

the leeward wall, which are the opposite of the mean pressure coefﬁcients. Generally, a larger deviation and no apparent correlations are
observed, indicating that the ﬂuctuating pressure coefﬁcients are more
inclined to be dependent on both the velocity magnitude and turbulence
intensity, where the turbulence intensity becomes the most prominent
parameter for the ﬂuctuating pressure coefﬁcients. These observations
are in consistent with the benchmark study by Bruno et al. (2014), who
observed a large dispersion of the pressure coefﬁcients on the side walls
and thus the lift force.
In brief, it is therefore of high importance to compare only results
from studies with equal inﬂow boundary conditions, as Figs. 9 and 10 are
scientiﬁc evidences that mismatching can lead to critical errors.
The overall mean and rms force coefﬁcients of the CAARC building
are compared for different experimental and numerical studies in
Table 1. The force and moment coefﬁcients are determined by means of
(2.10).
As expected, the drag force CFx and overturning moment CMy are the
dominating coefﬁcients, together with the lift rms coefﬁcient CσFy and the
across-wind rms moment coefﬁcient CσMx , which are dominating due to
vortex shedding. Similar to the pressure coefﬁcients, a wide range of
force and moment coefﬁcients are detected, which again show the results
are not directly comparable in consequence of different inﬂow boundary
conditions.
It is seen that the drag force coefﬁcient is a bit larger for the RFG
method than for the remaining methods. This can be related to the fact
that the PDS satisﬁes a Gaussian distribution instead of the von Karman
spectrum. The results can therefore not be treated as reliable results,
however, the results by Huang et al. (2007) show that the Logarithmic
Law results in both an increased drag force and lift rms coefﬁcient,
compared to the Power Law.
It is conspicuous that the rms coefﬁcients CσFx and CσFy by Dagnew and
Bitsuamlak (2014) have a relatively large magnitude for both the
experimental and numerical simulations, compared to the remaining
studies. The turbulent intensity is likewise prominently increased for the
experimental wind tunnel tests compared to the remaining wind tunnel
tests, which can be the explanation. Moreover, the CFD simulations are
only run for 2 s for collecting statistical quantities, which appears to be a
short duration and only a few FTD for achieving the mean and standard
deviation, as earlier explained in Section 2.3. The authors do not state the
duration in full scale, however, they point out that the overestimation of
the load coefﬁcients could be due to this issue. Accordingly, it is clear that
the wide range of force and moment coefﬁcients shown in Table 1 can
also be due to insufﬁciently long time series. With respect to Section 2.3,
it is required to simulate at least one independent run of 10 min for
obtaining statistical quantities.

5.2.3. Aerodynamic optimisation by applying CFD
Aerodynamic optimisation has for many years been a debated subject
within wind engineering, and has through the latest years become a very
popular topic in CWE, as CFD simulations have become more efﬁcient
and precise and thereby allow a possible optimisation through the geometric shape. Furthermore, it is more convenient to use CFD for a quick
test of potential designs, unlike wind tunnel tests, where a new scaled
model must be built for each test, entailing the tests to become
cumbersome and a very time-consuming process.
Xie (2014) executed wind tunnel tests and reported that the
along-wind response is normally dominating for low wind speeds, and
when increasing the wind speeds, the across-wind response becomes
dominating due to vortex shedding. He stated that an aerodynamic
optimisation of the along-wind response can be obtained with openings
or by changing the shape edge corners to rounded or chamfered, and that
modiﬁcation of the corners with regression and varying shape along the
height, such as tapering, twisting, stepping and topping, will entail a
decrease of the across-wind response.
One of the earliest CFD aerodynamic optimisation studies were performed by T. Tamura et al. (1998), who investigated the inﬂuence of
round and chamfered corners on a square cross-section in a smooth ﬂow
by means of LES. The results were encouraging at the time they were
conducted, and gave a clarifying insight into the physical mechanisms
that occur around obstacles with different shapes.
Bernardini et al. (2015) sought for the aerodynamic optimal shape of
a square cross-section with round corners, by using Kriging as a surrogate
model to ﬁnd the lowest values of the drag force and lift standard deviation in a turbulent ﬂow. The approach to obtain the optimal shape
looked promising, however, the study was conducted with an URANS
(unsteady RANS) turbulence model, despite a LES model is strongly
recommended for this type of simulation.
Similarly, Elshaer et al. (2017) sought for two optimal shapes of a
square cross-section to attain the lowest drag coefﬁcient and the lowest
lift standard deviation coefﬁcient. The optimal shapes were sought with
an Artiﬁcial Neural Network based surrogate model with a 3D LES model
in a 2D ﬂow, where the optimal and near optimal cross-section shapes
subsequently were veriﬁed with LES in an atmospheric boundary layer
that was generated with the CDRFG method as inﬂow boundary condition. The reduction looked promising for the mean drag and lift standard
deviation coefﬁcients, however, the simulations was only run for 3.5 min
in full scale, which makes the conﬁdence level very low.
Elshaer et al. (2016a,b) also sought for an aerodynamic optimal shape

5.2.2. Simulation of an urban city
Together with the rise of taller buildings in dense cities, it has become
more and more relevant to investigate high-rise buildings with the surrounding buildings, in order to attain as realistic measurements as
possible. A signiﬁcant difference can be expected between an isolated
high-rise building and a high-rise building with a dense surrounding city.
The surrounding city will have a larger roughness length and thereby
creates more turbulence, entailing the mean pressures become lower and
the rms values become larger. These changes are also seen as a decrease
in the mean wind velocity proﬁle and an increase in the turbulence intensity. Furthermore, wide main streets and large squares can cause areas
with wind speed up, which makes it even more complex to predict the
wind conditions inside a city centre.
T. Tamura (2008) investigated the surface roughness for a city and
found that roughness length was larger for a city, than predicted by the
AIJ recommendations. Most researches in CWE are conducted on isolated
high-rise buildings, where the surrounding buildings are not considered.
Bitsuamlak and Simiu (2010) emphasise the importance of this in 2010,
whereupon the research ﬁeld in CWE has become more explored within
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to critical errors and misleading results.

of a squared high-rise building, by changing the corners and using
twisting. The study was likewise performed with the aforementioned
approaches with the Artiﬁcial Neural Network based surrogate model
and the CDRFG technique. They found that the optimal twisting angle for
the high-rise building was 344 , entailing the along-wind overturning
moment was reduced by 45%, compared to a squared cross-section
without twisting. Similarly, the simulation was only run for 1.25 min in
full scale, however, this can be justiﬁed since the study was only a matter
of ﬁnding the most optimal shape and not for structural purpose.

6.2. Future studies
Formerly, most research within the application of CWE as a tool to
determine wind loads was focused on RANS simulations, where various
best practices guides are available in the literature. However, as stated is
it crucial to execute a transient simulation to determine the peak wind
loads. T. Tamura et al. (2008) evaluated and discussed the RANS and LES
approaches for both a low-rise and a high-rise building in the AIJ recommendations, but did not include a best practices guide with LES to
adapt directly for other studies. Blocken (2014) mentioned that a best
practice guide for the use of the LES approach to determine wind load is
needed in the future. Recently, AIJ (2017) has published “Guidebook of
Recommendations for Loads on Buildings 2”, which gives some recommendations on the settings of a Numerical Wind Tunnel. Unfortunately,
the book is only published in Japanese, thus an English best practice
guide with the application of CWE still remains a requested subject.
Endless benchmark studies on validation projects between Wind
Tunnel Tests and numerical simulations are available in the literature,
where the most recent studies on high-rise buildings have been to produce a perfect match between the pressure distributions along the
building's surfaces with CFD. Yoshikawa and Tamura (2013) and Nozu
et al. (2015) have showed some promising comparisons, where the
pressure distribution on the surfaces are very similar. Next step is to
produce results that are directly intended for the structural design. Here
it is more workable to opt for the global forces of the high-rise building
and add a safety factor, instead of keep concentrating on attaining one to
one matches of the pressure distribution between experimental and numerical simulations.
As mentioned in Section 2.3, it is recommended to execute 15 or 30
independent runs for each wind direction, to obtain a sound statistical
conﬁdence. Nowadays, this seems as impossible to reach with a numerical
simulation because of computational demands, hence approaches for
reaching a realistic conﬁdence when applying CFD for structural design
should be examined. This could be attained by introducing a safety factor or
by introducing a requirement of elapsed time for analysis in the frequency
domain, which would advance the use of CFD for the structural design.
The Earth's surface roughness is today divided into different terrain
categories in standards and codes as e.g. Eurocode. When investigating
wind loads with either wind tunnels or numerical simulations, the wind
investigation is only conducted for a smooth or turbulent ﬂow, without
taking intermediate ﬂows into account. This can be quite challenging to
simulate, which is also the reason why many researches instead include
the surrounding buildings. Whereas, if an isolated high-rise building is
tested, it should be tested for the correct surface roughness in the upstream ﬂow, to get as reliable results as possible.
A breakthrough within CWE is soon to come, together with code
adaption, the development of computational power, best practices for
CWE and adequate ﬁne mesh, which will lead to more efﬁcient CFD
simulations and faster response. To bring this process forward, the use of
simulations with an adequate optimal grid resolution will reduce the
solver time, thus this is also a requested research ﬁeld to be investigated.
Generally, the results from the latest studies of high-rise buildings are
encouraging and the accuracy between experimental and numerical
simulation get improved with the increasing knowledge. Unfortunately,
each study has its own method for generating a mesh, choosing a numerical scheme, duration time and postprocessing the results, which
makes it very hard to evaluate if the simulation is properly performed for
determine global forces for a structural design purpose. Hence, a best
practice guide for CFD LES to determine wind loads for structural design
is still in high demand, where setting should be speciﬁed to ensure future
researches follow the same restrictions.
Ultimately, due to lack of the above mentioned necessary improvement points, CWE still needs extensive validation studies, and Numerical
Wind Tunnels can up until now only be utilized as a design tool, where it

6. Concluding remarks
6.1. Evaluation of methods
A review is given of the practical application of CFD for inﬂow generation in a LES and the determination of wind loads on high-rise
buildings. The review is followed by a comparison of the latest encouraging results with different inﬂow generation techniques.
All of the reviewed inﬂow generation methods have their ﬂaws with
maintaining the energy in the ﬂow for the high frequencies in the power
spectra, due to the eddies smaller than the mesh are ﬁltered out and thus
instead modelled with the subgrid scale models. The mesh size and
maintenance of the PDS is highly correlated, thus at present, it can be
difﬁcult to produce a LES with a coarse mesh to decrease the computational costs, since the power spectra will be unable to satisfy the von
K
arm
an spectra for the high frequencies.
The Wind Tunnel Replication Method gives some of the best comparison results between experimental and numerical simulations, it is
easy to implement and only few decisions of the numerical model have to
be taken. The downside is that the method is extremely time-consuming,
hence a more utilised method is the Precursor Method. It should, however, be stated that when the upstream wind is saved in a 2D plane
database, all future numerical simulations are executed after the exact
same wind ﬂow without any deviations.
The validation process of a Synthetic Turbulence Generator model is
more complicated than the remaining methods, since the CFD simulation
is not built as an exact replica of a wind tunnel, entailing identical generation of the upstream wind ﬂow is unavailable. Therefore, before the
CFD simulation is performed, a choice should be made if the CFD simulation should ﬁt the key parameters of a wind tunnel test or of the natural
atmospheric boundary layer, since a discrepancy between these can occur
as well. At present, most numerical simulations are performed as benchmark studies, where the key parameters are compared to wind tunnel tests.
With better insight in the natural atmospheric boundary layer in the three
directions, full scale CFD simulations have the potential to exceed the
scaling limitations and other metrological challenges of wind tunnels.
It is attractive to utilise a Synthetic Turbulence Generator, because
the simulations can be run much faster. Among the Synthetic Turbulence
Generators is it easily evaluated that the newest approaches are the best
to perform. The RFG method by Smirnov et al. (2001) is simply not
adaptable for wind studies in the atmospheric boundary layer, as it follows a Gaussian spectrum.
The DSRFG method by Huang et al. (2010) is utilised very often in
comparison studies, and is generally showing some encouraging estimations. However, the method has been much criticised by researchers, which
is why extended methods have been composed. The extended methods
show promising results, though the methods have almost only been utilised
by the researchers who invented them, hence none of the methods have not
yet been embedded as the DSRFG method has as common methods in CWE.
It will therefore be interesting to see how these methods will manage and if
they become embedded procedures in the future.
When evaluating Figs. 9 and 10, it becomes evident that the variation
in the experimental results are quite large, entailing a match between
numerical and experimental results is easy to obtain, but is not necessarily correct. In conclusion, it is of great importance only to compare
results with the exact same boundary conditions, as otherwise it can lead
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has already established itself as a strong approach to make the architectural design phase more efﬁcient. This entails that conventional wind
tunnel tests are still necessary to perform for the structural design purpose, concluding the two methods complements each other very well as a
new hybrid approach in a building project.
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4 precursor database models are composed and evaluated against experimental data
Optimised precursor model showed similar results with half the number of cells
Including the inlet contraction in the CFD model removed the speed-up error
Guidelines are suggested for a standard CFD setup of a Precursor Database model

Abstract
The Precursor Database Method can be utilised to produce turbulent inlet boundary conditions for a
LES to determine the wind loads on a high-rise building. The Precursor Database Method is an
embedded method within Computational Wind Engineering but is, however, often a minor subtask in
a study and the quality assurance is usually not comprehensive. 4 precursor models are assessed and
validated with an Experimental Wind Tunnel. By rearranging the roughness elements in the Digital
Wind Tunnel, the grid size was significantly reduced, while preserving the turbulent flow.
Furthermore, the wind tunnel inlet contraction was added to the CFD model and reduced a speed-up
error near the sidewalls. The paper suggests guidelines for a standard CFD setup of a Precursor
Database model that is viable for industrial employment. It clarifies the considerations of geometry,
temporal and spatial discretisation and the utilisation. Finally, the guidelines elaborate on how to
secure the transfer of the mapped flow from the precursor domain to the test section domain.

1

Introduction

Over the last decades, the interest of using Computational Fluid Dynamics (CFD) to estimate wind
loads for structural design is significantly increased with easier access to high-performance
computational power. Within Computational Wind Engineering (CWE), guidelines for standard
setups already exist for pedestrian comfort, such as the COST Action 732 (Franke, Hellsten,
Schlünzen, & Carissimo, 2007), the AIJ guidelines for pedestrian wind environment (Tominaga, et al.,
2008) and the newly published Wind Microclimate Guidelines from the City of London (2019). For
structural design, the setup gets significantly more complex and only AIJ has published a guideline
(AIJ, 2017), which at the time of writing this paper only is available in Japanese. A CFD guideline in
English, describing a standard setup to generate a turbulent boundary-layer flow of sufficient accuracy
for scientific and engineering purpose is in high demand. For advising decisions regarding calculation
grid and parameter settings for flow properties, boundary conditions and numerical processing, the
guidance leans on the settings and outcome from a standard wind tunnel simulation as the generally
accepted format for research and application within Wind Engineering. In this way, modelling
approaches are streamlined, and the overall quality of the outcome has a certain standard.
For the determination of wind loads on complex structures, wind tunnel testing is a proven and
embedded method. Here, the Atmospheric Boundary Layer (ABL) is generated by means of spires and
Abbreviations: CFD, Computational Fluid Dynamics; CWE, Computational Wind Engineering; ABL, Atmospheric
Boundary Layer; DWT, Digital Wind Tunnel; EWT, Experimental Wind Tunnel; IBC, Inlet Boundary Conditions; PSD,
Power Spectral Density; SGS, Subgrid Scale
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roughness elements in the flow-processing unit, before the flow meets a scaled model in the test section.
The most consistent approach to determine wind loads by using CFD is to replicate the wind tunnel
approach through a Digital Wind Tunnel (DWT). In this way, results from an Experimental Wind
Tunnels (EWT) and from a CFD simulation are directly comparable with respect to the resolution in
time and space, hence do not require scaling. In both cases is it required to generate the upstream
wind flow to the target building that reflects the ABL. 4 methods are generally available to construct
the turbulent inflow condition, (1) the Wind Tunnel Replication Method, (2) the Recycling Method,
(3) the Precursor Database Method and (4) the Synthetic Turbulence Generator Method.
The Wind Tunnel Replication Method is the most straight forward method, where an exact replica of
a wind tunnel is composed. Hereby, the approaching flow is also a replica of the EWT that contains
temporal and spatial correlated structures. The method is easy to implement and has high accuracy,
although it is time-consuming and computationally expensive. This method was utilised by Paepe et.
al (2016) in a turbulent flow study and by Phuc et al. (2014) and Capra et al. (2018), who reported
good agreements in the replication of the façade pressures on the target building.
The Synthetic Generator Method generates the upstream wind flow computationally in advance or on
the fly, before the flow is employed as Inlet Boundary Condition (IBC) in a test section domain. This
makes the method simulation-wise very effective. The method was developed by Smirnov et al. (2001)
and satisfy a Gaussian spectrum, thus it is not applicable to atmospheric boundary layer flows. The
synthetic method was advanced by Huang et. al (2010) and Castro et. al (2011) to satisfy the von
Kármán spectrum. However, the methods were criticised for mismatch to the spectrum and lack of
coherence and cross-correlation in the vortex structures (Kim, Castro, & Xie, 2013) (Aboshosha,
Elshaer, Bitsuamlak, & Damatty, 2015). The method was further developed in order to fit von Kármán
spectrum better and to preserve coherent vortex structures and correct time correlation, among the
most prominent are the XCDF (Xie and Castro Divergence-Free) method by Kim et al. (2013), the
Consistent Discrete Random Flow Generation (DSRFG) method by Aboshosha et al. (2015) and the
Prescribed-wavevector Random Flow Generator (PRFG) method by Patruno & Ricci (2017). The
Synthetic Generator Methods have often been criticised for being difficult to attain similar accuracy
compared to EWT results (Bruno, Salvetti, & Ricciardelli, 2014) (Ricci, Patruno, Kalkman, &
Blocken, 2018), however, the latest studies by Elshaer et al. (2016) and by Ricci et al. (2018) showed
encouraging results in benchmarks of a high-rise building.
By utilising the Recycling Method and the Precursor Database Method, the flow-processing unit and
the test section are reflected in two individual simulations. The flow-processing unit is created as a
so-called auxiliary domain, where the upstream wind flow is generated and mapped in a 2D plane for
each time step. The 2D planes are subsequently employed as IBC in the test domain. The auxiliary
domain in the Recycling Method recycles a small part of the flow-processing unit to develop an infinity
long fetch. The method was first proposed by Lund et al. (1998) and later extended by Kataoka and
Mizuno (2002). The Recycling Method was employed by Nozu et al. (2015) and Cao et al. (2019), who
showed results with high accuracy when comparing the façade pressures on a target building with
experimental results.
The auxiliary domain in the Precursor Database Method is identical to the flow-processing unit in the
Wind Tunnel Replication Method, but is decoupled from the test section. In this way, the generated
upstream wind flow can be reused compared to the Wind Tunnel Replication Methods. The method
is commonly used in Asia, among others by Yoshikawa & Tamura (2012) (2013) and Tanaka et al.
(2013). The AIJ guidebook (2017) includes a chapter dedicated to the setup of a Precursor Database
model, moreover, most of the presented test cases in the guidebook utilises the approach.
When employing the Recycling Method or Precursor Database Method, the auxiliary domain is usually
a subtask in a larger study and information regarding the setup procedures are not comprehensive.
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Information regarding the IBC implementation on the test section is sparse and little elucidated,
especially with respect to whether the turbulent flow is consistent and develops as an ABL inside the
test domain. Unfortunately, it turns the IBC into a black box, where the setup is not visible to the
readers. The authors find that apparent and clear research on the Precursor Database Method is in
demand. The objective of the present work is to create a standard setup, that encompasses how to
employ the Precursor Database Method while assuring the flow develops as intended inside the test
section domain. The suggested guidelines are for commercial and industrial application, in order to
facilitate the prediction of the overall wind loads of high-rise buildings. Here, the application of a
DWT can support the iterative form-finding for optimised design in the early stage of the structural
design and thereby make the design phase a more integrated part of the conceptual design.

2

2.1

Method

Experimental Wind Tunnel description

The EWT test was performed in an Eiffel-type wind tunnel at FORCE Technology in Denmark,
hereafter referred to as WT2 (Wind Tunnel no. 2). The wind tunnel has a cross-section of 2.6 x 1.8 m
and a total length of 20.4 m from the barrier wall to the outlet. The wind tunnel consists of an inlet
contraction and a 14.8 m long flow-processing unit with spires and roughness elements, followed by a
5.6 m test section with a 2.2 m turning table. The wind tunnel allows a geometric scale between 1:100
and 1:400. The facility is shown in Figure 1. The tests were performed at a uniform inflow wind speed
of 15 m/s in front of the spires. The wind flow was recorded in two horizontal and three vertical
profiles in location x = -1.3 m. The horizontal profiles were measured in z = 0.2 m and z = 0.4 m in
26 locations across the tunnel. The three vertical profiles were measured in 24 positions between the
ground and z = 1.1 m in the center of the tunnel and 300 mm from each of the sidewalls, i.e. in y =
1 m and y = -1 m. Each measuring point was recorded for 30 s with a Cobra Probe, which
simultaneously measures the wind flow in the three components. The Cobra Probe was mounted on a
robot arm that has a location precision with a margin of 1-2 mm depending on position, which
eliminates location measurement uncertainties.

Figure 1. Geometry of Experimental Wind Tunnel WT2, based on Hansen & Sørensen (1985)

-3-

Tokyo
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2Dplane
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WT2 exact
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2Dplane
outlet

barrier wall

sawtooth

WT2 opt 2

large roughness blocks
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Figure 2. Geometries of the precursor models with coordinate system of origin.
Table 1: Geometric properties of precursor database models

2.2

Width

Height

Length

Location of 2D
plane for
sampling

Height of roughness blocks

Blockage
ratio from
spires

Tokyo

2.6 m

1.8 m

20.25 m

x=0m

0.1275 m / 0.05625 m

8.5 %

WT2 exact

2.6 m

1.8 m

16.1 m

x = -1.6 m

0.3 m / 0.2 m / 0.1 m / 0.024 m

31.9 %

WT2 opt 1

2.6 m

1.8 m

16.1 m

x = -1.6 m

0.3 m / 0.2 m / 0.1 m / 0.024 m

31.9 %

WT2 opt 2

2.6 m

1.8 m

19.6 m

x = -1.6 m

0.3 m / 0.2 m / 0.1 m / 0.037 m

31.9 %

Digital Wind Tunnel descriptions

Two types of precursor models are utilised in the present work: the precursor model employed in the
studies by Yoshikawa & T. Tamura (2012) (2013), and a precursor model that is developed as a replica
of WT2, referred to as “Tokyo” and “WT2” respectively. The original geometry of the Tokyo model
was utilised, due to its relative simplicity. The WT2 model was tested for 13 geometric modifications
where spires and roughness elements were rearranged to change the flow to reflect the EWT.
Furthermore, some of the geometric modifications were tested for different mesh refinements, resulting
in a total of 23 simulations were executed. The three most useful and instructive models are elaborated
further.
The commercial software Star-CCM+ is utilised as CFD tool in the present work.
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2.2.1

Geometry and boundary conditions

The precursor model geometries are represented in Figure 2. For each precursor model is shown the
coordinate system of origin and the 2D plane location for sampling the wind flow. The geometric
properties are given in Table 1.
The Tokyo model has a simple geometry with 4 thin spires and two types of roughness blocks, which
are extended to the side walls. The Tokyo model has with its originality from Yoshikawa & Tamura
(2012) (2013) the 2D sampling plane located in x = 0 m. The outlet plane is located 1 m away from
the sampling plane, in order to not introduce any numerical errors from the outlet boundary
conditions.
The WT2 models have a more complex geometry. An exact replica precursor model of the EWT is
named “WT2 exact”. The model has three broad spires, a barrier wall, sawtooth at sidewalls near the
inlet, three types of large roughness blocks and countless of small roughness blocks. An optimised
precursor model of WT2 is the “WT2 opt 1” model. The small roughness blocks are removed except
for the last 1.1 m upstream to the 2D plane. Furthermore, the larger roughness blocks are extended
to the sidewalls, as in the Tokyo model, to prevent speed-up near sidewalls. Lastly, the inlet
contraction was added to the WT2 opt 1 geometry was composed to investigate the inlet contractions
effect on the flow in the tunnel. This model is referred to as “WT2 opt 2”. The 2D sampling planes in
the WT2 models are positioned immediately after the last roughness elements. The origins of the
coordinate systems are the center of the turning table in the tunnel, entailing they are positioned
outside of the domain. This coordinate system is chosen to have consistency between the EWT and
DWTs. The outlets of the domains are located 1.4 m downstream of the 2D planes.
The DWTs have inlets to the left, pressure outlets to the right, and have no-slip wall condition on all
surfaces, see Figure 2. The DWTs have IBC with a constant velocity of 15 m/s for Tokyo model, WT2
exact and WT2 opt 1 model. The WT2 opt 2 model has a constant velocity IBC of 2.76 m/s in order
to have a corresponding mass flow in the flow-processing unit to the remaining models.

2.2.2

Mesh and numerical schemes

Figure 3 includes an overview of the grid discretization methods of the models. The WT2 modifications
have been tested with both polyhedral meshes and hex-dominant meshes. The selected precursor
models have hex-dominant grids. The models have a dense discretization near the ground and a coarser
discretization in the upper region above the target building height. The WT2 exact model has a very
dense discretisation in the region of the small roughness elements, securing the flow is fully resolved.
The base mesh size is held similar in the precursor models, allowing comparison of the results to be
independent on mesh size discrepancies.
The numerical schemes and settings of the CFD simulation are listed in Table 2. Each simulation was
resolved for 5 s, before the statistical sampling for at least 20 s in model scale, i.e. 50 minutes in fullscale for a geometric scale of 1:400.
Table 2. Numerical settings in the LES
Parameter

Type

Pressure-velocity coupling

Segregated

Spatial discretization

bounded-central differencing scheme

Temporal discretization

2nd-order implicit

Time step size

0.0005 s

Subgrid-Scale turbulence model

WALE SGS

Equation of state

Constant density
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Tokyo
WT2 exact
WT2 opt 1
WT2 opt 2

Mesh size: 28.57 mil. cells, type: Hex dominant grid
Prism layer: 5 layers with stretching ratio 1.05 on all wall surfaces
Total prism layer thickness: 1.25 mm
Grid size on 2D plane in building height (z = 0.45 m): 12.5 mm
Mesh subdivided into 3 layers, to z = 0.8 m and z = 1.2 m

Mesh size: 71.37 mil. cells, type: Hex dominant grid
Prism layer: 5 layers only on roughness elements and ground. Stretching ratio 1.05
Total prism layer thickness: 3 mm
Grid size on 2D plane in building height (z = 0.45 m): 15 mm
Mesh subdivided into 4 layers, to z = 0.05 m, z = 0.24 m and z = 0.8 m
Cells across small roughness cubes: 7 cells

Mesh size: 30.11 mil. cells, type: Hex dominant grid
Prism layer: 5 layers only on roughness elements and ground. Stretching ratio 1.1
Total prism layer thickness: 3.75 mm
Grid size on 2D plane in building height (z = 0.45 m): 15 mm
Mesh subdivided into 3 layers, to z = 0.2 m and z = 0.7 m
Cells across small roughness cubes: 4 cells

Mesh size: 40.35 mil. cells, type: Hex dominant grid
Prism layer: 5 layers only on roughness elements and ground. Stretching ratio 1.05
Total prism layer thickness: 3.75 mm
Grid size on 2D plane in building height (z = 0.45 m): 15 mm
Mesh subdivided into 3 layers, to z = 0.25 m and z = 0.8 m
Cells across small roughness cubes: 5 cells

Figure 3: Mesh properties for precursor models. Longitudinal midplane and transverse plane in 2D plane position.
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Tokyo
WT2 exact
WT2 opt 1
WT2 opt 2
WT2 opt 2

WT2 opt 1

WT2 exact

Tokyo

Figure 4. Normalised mean wind velocity in the transverse planes in the precursor models.

Figure 5. Normalised mean wind velocity in the horizontal plane z = 0.4 m in the precursor models.
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Horizontal profiles

WT2 opt 2

WT2 opt 1

WT2 exact

Tokyo

Vertical profiles

Figure 6: Normalized mean velocity and turbulence intensity profiles in x = -1.3 m in WT2 and in x = 0 m in Tokyo.
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3

Results and discussion

The normalized mean wind velocity and the turbulence intensities are evaluated as:
�𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑧𝑧) =
𝑈𝑈

�(𝑧𝑧)
𝑈𝑈
;
�𝑟𝑟𝑟𝑟𝑟𝑟
𝑈𝑈

𝐼𝐼𝑢𝑢 (𝑧𝑧) =

𝜎𝜎𝑢𝑢 (𝑧𝑧)
�(𝑧𝑧)
𝑈𝑈

;

𝐼𝐼𝑣𝑣 (𝑧𝑧) =

𝜎𝜎𝑣𝑣 (𝑧𝑧)
𝜎𝜎𝑤𝑤 (𝑧𝑧)
; 𝐼𝐼𝑤𝑤 (𝑧𝑧) =
�(𝑧𝑧)
�(𝑧𝑧)
𝑈𝑈
𝑈𝑈

(1)

where Ūref is the reference mean wind velocity. The reference wind location is 0.5 m above ground
where the wind profiles are measured, i.e. in the Tokyo model in (x, y, z = 0, 0, 0.5 m) and in the
WT2 models in (x, y, z = -1.3, 0, 0.5 m).
The normalised wind velocity throughout the DWTs is shown in Figure 4 in transverse planes and in
Figure 5 in a horizontal plane at z = 0.4 m. The Tokyo model builds up the boundary layer with thin
spires and a long fetch, which generates a homogeneous wind flow across the tunnel. The WT2 models
are affected by a large blockage from the spires, which generates more velocity variation between the
lower and upper part of the boundary layer. Furthermore, WT2 exact and WT2 opt 1 have an
inhomogeneous flow in the lateral direction, entailing speed-up near the side walls. The WT2 opt 2
resolves the speed-up error by simulating the flow in the inlet contraction. The WT2 opt 2 normalised
mean wind velocity in Figure 5 shows that the flow before the spires completely changes the flow
around and behind the spires by adding the inlet contraction, compared to the WT2 exact and opt 1.
The inlet contraction creates a channel flow before the flow-processing unit and the barrier wall creates
a horizontal rolling vortex, which secures a homogenous flow downstream the tunnel.
The wind profiles 0.3 m downstream the 2D sampling plane locations are compared in Figure 6. The
normalised mean wind profile from the Tokyo model matches with the centerline of the EWT Tokyo
(Yoshikawa & Tamura, 2012) (Yoshikawa & Tamura, 2013) (AIJ, 2017). As anticipated because of
less complex geometry, the Tokyo model turbulence intensities are generally lower than the EWT
WT2. No horizontal profiles from the EWT Tokyo models were available, hence the Tokyo model was
compared to EWT WT2. The horizontal profiles show a homogenous flow across the tunnel and close
to the walls.
In the process of testing the 13 geometry modifications of WT2, it was observed that small
modifications of the roughness elements in the flow-processing unit created significant differences in
the flow pattern. Large discrepancies between the EWT and the initial WT2 precursor models were
detected in the turbulence intensity profiles, which led to geometry modifications and mesh
refinements to match the flow field to the EWT. Coarse meshes of the WT2 exact model entailed
over-representation of the wind flow, where the simulations did not correctly capture the fluctuations
from the smallest roughness elements. It is assumed that the Subgrid-Scale (SGS) model
overcompensated by creating unphysical turbulence. To handle this error, the smallest roughness
elements must either be fully resolved by mesh refinement or removed to some extent. To study the
outcome from these two options two models were generated, the WT2 exact model with 71 mil. cells
and the WT2 opt 1 with only 30 mil. cells. Evaluating the normalised mean wind velocity in Figure 4
and Figure 5 and the profiles in Figure 6 shows that the wind flow within the WT2 exact and opt 1
models are very similar and reflect the EWT profiles. The WT2 exact turbulence intensity in the flow
direction has a 5% lower intensity than the WT2 opt 1 up until 0.3 m height. The deficit will no or
little effect on the wind load process if the high-rise building is tested with surrounding buildings.
Furthermore, the profiles lowest part does not significantly contribute to the overall wind loads. The
WT2 opt 1 model demonstrates it is capable of capturing the wind flow with only half the number of
cells. Although the WT2 opt 1 model has a large deficit near the sidewalls, the model is considered to
be adequate for the further test cases, since the flow is homogenous in a lateral acceptable distance
from the center.
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The Power Spectral Densities (PSD) are compared to the von Kármán spectrum in the streamwise
direction and the modified von Kármán spectrum in the lateral and vertical direction, as described in
( 2 ).

𝑆𝑆𝑢𝑢 (𝑓𝑓) =

𝐿𝐿
4𝜎𝜎𝑢𝑢2 �𝑢𝑢
𝑈𝑈

5
2 6
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𝑈𝑈
𝑈𝑈
11
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2𝑓𝑓𝐿𝐿
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𝑈𝑈

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖 = 𝑣𝑣 𝑜𝑜𝑜𝑜 𝑤𝑤

(2)

where 𝐿𝐿𝑢𝑢 , 𝐿𝐿𝑣𝑣 and 𝐿𝐿𝑤𝑤 are the turbulent length scale in the streamwise, lateral and vertical direction,
respectively.

Figure 7 shows the PSD of the WT2 precursor models in comparison to the von Kármán spectra.
Overall, the numerical spectra for the streamwise component match the EWT spectrum up to a nondimensional frequency of 2, before the energy is no longer maintained. Since this limit is highly
correlated to the base mesh size, the drop emerges for the same frequency due to identical base mesh
size in all here presented numerical models.

Figure 7: Power spectral density of EWT WT2 and DWT WT2 exact, opt 1
and opt 2 in 2D plane position (x, y, z = -1.6, 0, 0.45 m).

The vertical correlation of the streamwise flow is seen in Figure 8 for the WT2 exact and opt 2
precursor models, where it is compared to the exponential decay function of the cross-correlation
(Dyrbye & Hansen, 1999) (Cao S. , 2013):
𝑐𝑐𝑐𝑐𝑐𝑐(𝛥𝛥𝛥𝛥) = 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝛥𝛥𝛥𝛥
�
𝐿𝐿𝑢𝑢𝑢𝑢

(3)

where Δz is the vertical distance and Luz is the integral length scale of the streamwise component in
the z-direction with 𝐿𝐿𝑢𝑢𝑢𝑢 ≈ 0.2~0.33𝐿𝐿𝑢𝑢𝑢𝑢 . The parameter is often used as a fitting constant when the
integral length scales are unknown. The DWT WT2 exact and opt 2 models are in good agreement
with the mathematical expression of the cross-correlation coefficient and as a result of this show they
have a correlated wind flow.
In order to resolve the viscous sublayer, the non-dimensional wall distances y+ should be below 5-7.
The y+ values of the first elements on the ground and roughness elements are shown in Figure 11,
together with the average magnitude. The Tokyo precursor model has low y+ values and an average
of 2.5 because of a thin prism layer. The transition from the core mesh to the prism layer is a bit too
coarse and could introduce overshooting of the gradients. However, this is not observed in wind profiles
in Figure 6, which could be because the smallest roughness blocks are bigger than the smallest blocks
in the EWT WT2 models.

- 10 -

The WT2 precursor models have higher y+ values than the Tokyo model; moreover, the y+ values are
significantly enhanced around the spires due to the speed-up of the wind flow. With the development
of the boundary layer, the flow and thus the y+ values are stabilised to an acceptable level halfway
through the tunnel. The three models have slightly different thickness of the first elements, which
directly brings variations between the models’ y+ values.

Tokyo

average y+ = 2.5

WT2 exact

average y+ = 6.1

WT2 opt 1

average y+ = 6.5

WT2 opt 2

Figure 8: Vertical correlation of streamwise flow compared
with the theoretical cross-correlation function.

average y+ = 4.9

Figure 9. Non-dimensional wall distance y+.
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4

Guidelines

The following guidelines are suggested for the composing a Precursor Database model, that
subsequently can be utilised as IBC for wind load assessment studies. The suggested standard CFD
setup aims at attaining a sufficiently accurate solution that is viable for commercial and industrial
application. Furthermore, it is important to distinguish whether the DWT is conducted for a
benchmark purpose of an EWT or as a stand-alone computational simulation. In both cases, it is
crucial to replicate the ABL, but for benchmark studies of an EWT, an agreement with very little
deviations between the statistical properties of the boundary layer, particularly the fluctuating
pressure components, are pivotal to attain decent results (Ricci, Patruno, Kalkman, & Blocken, 2018)
(Thordal, Bennetsen, & Koss, 2019). Whereas, if no EWT results are available, the DWT results can
only be justified to mathematical expressions of the ABL described by ESDU (former Engineering
Sciences Data Unit), Eurocode etc. Therefore, it is highly recommended to perform benchmark studies
before moving on to running DWTs without experimental comparison data. The steps of creating a
Precursor Database model is shown in Figure 10.

Figure 10: Flow chart of suggested guidelines of a precursor model.
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4.1

Geometry considerations

Wind tunnels that reflect the ABL in scaled form with spires and roughness elements were developed
in the 1960s and have advanced ever since. The first proposed methods are today still very useful for
constructing an ABL and in essence, these methods are used as well in numerical simulations to
compose the geometry of a precursor model. For example the methods after Counihan (1969) and
Irwin (1981) for the design of vertical turbulence generators or spires. Paepe et al. (2016) compared
the effect of the two types. For the arrangement of roughness elements, the setup becomes more
complex. Three approaches have been developed to estimate the roughness based on geometry ratios;
the height-base approach by Taylor (1988), Raupach et al. (1991), Garratt (1992), and Hanna &
Chang (1992), alternatively the height-frontal approach by Lettau (1969) and Macdonald et al. (1998)
and finally the height-plane approach by Counihan (1971) and Kondo & Yamazawa (1986). Hagishima
et al. (2009) carried out a thorough study with various rectangular block combinations and aligned
and staggered arrays.
If the DWT is a stand-alone simulation, it is recommended to follow the guidelines for blockage ratio,
distances to walls etc. as prescribed in pedestrian comfort guidelines, such as the COST Action 732
(Franke, Hellsten, Schlünzen, & Carissimo, 2007). On the contrary, if the DWT is for a benchmark
purpose, the guidelines for blocking ratio, the model size, scaling laws etc. follow the recommendations
for an EWT setup. The geometry should be reproduced as close to the whole EWT as possible,
including the inlet contraction. A complex experimental wind tunnel geometry requires an equally
complex numerical replication, hence, the small details require special focus in terms of resolving and
meshing. The more modifications of the original EWT geometry, the more discrepancies between the
two geometries and ultimately the results can be very different from the anticipated.
Regardless of simulation purpose, the production of a homogenous wind flow across the tunnel is
essential in a reasonable distance from the center. Roughness elements can be extended to side walls
to prevent the flow from speeding up, thereby stabilizing the velocity profile across the tunnel.
Furthermore, adding the inlet contraction to the simulation can also prevent the speed-up effects,
since the contraction changes the flow before the flow-processing unit. See example in Figure 11.

Figure 11: Horizontal normalised wind velocity profiles from EWT WT2 and two DWT WT2 opt 1 and
opt 2. The inlet contraction is added to the geometry in opt 2, which prevents the flow from speeding up.

Small roughness elements must either be fully resolved by grid refinements or removed to some extent.
Removing the small elements requires quality checks to identify if this enforces a change in the profiles.

4.2

Mesh considerations

It is recommended to have a dense grid near the ground and around the roughness blocks, which
gradually gets coarser with the resolving of the velocity gradient in the boundary layer. The smallest
roughness elements should be resolved with 7-10 grids over an edge, so that the small structures of
the vortices can be captured and resolved (Franke, Hellsten, Schlünzen, & Carissimo, 2007). The
transition from a dense to a coarser mesh must be positioned above the height of the target building,
otherwise, a smooth mesh gradient should be ensured. If the mesh is too coarse, the bigger cells filter
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out the small vortices that are computed in the finer cells, hence the turbulence level drops. The
transition in a hex-dominant (octree or trimmed mesh type) is reflected in the turbulence intensity
profiles as an undesirable “bump” to a lower intensity, see the example in Figure 12. The transition is
not as noticeable when a polyhedral mesh is utilised, but should still be taken care of.

Figure 12: Comparison of EWT Tokyo model and two DWT Tokyo precursor models, with hexdominant meshes where the transition to coarser mesh is located in 800 mm height for DWT 1 and 500
mm height in DWT 2. The turbulence intensities have an undesirable “bump” at 500 mm in DWT 2
because the coarser cells filter out the fluctuations of the flow.

A low stretching ratio of the prism layer on the ground floor and roughness elements is important in
order to secure that the boundary layer is fully resolved and that the solution does not oscillate. A
ratio of 1.05 is optimum to eliminate numerical oscillation in LES (Murakami, 1998), but also requires
an equivalent small base mesh, in order to create a smooth transition from the prism layer to the base
mesh. As the pressure on the surface is not relevant in a precursor model, a ratio up to 1.1 can be
selected for a smoother transition. However, this is not recommended in the following test section
simulation, where it is vital to resolve the flow around the building correctly. Concurrent, it is
important to secure a y+ value below 5, preferably around 1, in order to resolve the viscous sublayer
and to improve the capture of separation and reattachment within the flow (Murakami, 1998) (Rodi,
1997). In the buffer region with y+ values of 5-30 for high Reynolds numbers, the boundary layer is
difficult to mathematically express and therefore is desired to avoid in CFD simulations (Wilcox,
2010).
The base mesh in front of the target building should be small enough to resolve the fluctuations of
the flow. The base upstream mesh should be considered for two parameters:
1) To resolve a vortex properly, at least 20 cells are needed. The correlation between the target
model frequency and the upstream mesh size is described as follows by Capra et al. (2018):
𝑓𝑓(𝑈𝑈, 𝑑𝑑𝑑𝑑) =

𝑈𝑈
20 𝛥𝛥𝛥𝛥

(4)

where U is the local wind velocity and Δy is the local cell size in the transverse direction.
2) The PSD collapses when the mesh becomes too coarse. The required mesh size is highly correlated
to the fundamental frequency of a target high-rise building and the PSD in the streamwise
direction must follow the von Kármán spectrum up to at least this frequency. The drop of the
PSD is further elaborated by Thordal et al. (2019).
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4.3

Time step size considerations

The time step size is another important factor for a sufficiently resolved and stable solution of a CFD
model. Other aspects should also be considered for wind load assessments on high-rise buildings:
1) In order to maintain convergence at each time step, the CFL number (Courant-Friedrichs-Lewy)
should be considered:
𝐶𝐶𝐹𝐹𝐹𝐹 =

𝑈𝑈 𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥

(5)

where U is the local wind velocity, Δx is the local cell size in flow direction and Δt is the time
step size. The CFL number should be less than 1 for explicit methods, where larger values can be
tolerated for implicit methods, however, this can introduce artificial damping (AIJ, 2017)
(Siemens, 2019).
2) The time step size is highly dependent on the mesh size. If the CFL number is much higher than
1, a smaller time step is necessary to benefit from the finer mesh resolution. Likewise, if the CFL
number is much lower than 1, the mesh is not capable of resolving the fluctuations within the
cells, hence, utilising a smaller time step for better turbulence resolution also requires a smaller
grid size.
3) It is relevant to consider which sample frequency is required for the building response
determination, likewise for EWT tests. If the simulation is run for a benchmark purpose, the
temporal discretisation should be at least the same frequency as the EWT sample frequency.

4.4

Numerical schemes

For wind loading studies it is highly recommended to select Large Eddy Simulation (LES) as
turbulence model (Thordal, Bennetsen, & Koss, 2019). A transient solution is essential to compute
peak loads, hence Reynolds-Average Navier Stokes (RANS) turbulence models are not qualified.
Earlier studies which have utilised hybrid turbulence models have not shown sufficiently accurate
results where the small-scale structures of vortices are sufficiently resolved (Dagnew & Bitsuamlak,
2013). In both time and space discretisation, it is recommended to utilise 2nd-order or higher order
discretisation schemes. Implicit time discretisation allows larger CFL numbers and are more stable,
whereas explicit discretisation schemes are more sensitive to CFL numbers above 1 and could introduce
pressure instability. Explicit time discretisation schemes have previously been preferable because they
are often faster than implicit schemes and equivalent stable for the required small time steps. When
running LES in Star-CCM+, the segregated flow solver is recommended with the Implicit Unsteady
model, which is a pressure-based approach which links the momentum and continuity equations with
a Rhie-and-Chow-type pressure-velocity coupling in combination with a SIMPLE-type algorithm
(Siemens, 2019).
For the most optimal flow resolution, the Dynamic Smagorinsky SGS model by Germano et al. (1991)
and Lilly (1992) or the WALE SGS model by Nicoud & Ducros (1999) can be selected. The WALE
SGS model is estimated by the authors to be up to 30% faster than the Dynamic Smagorinsky SGS
model in Star-CCM+. Alternatively, the Standard Smagorinsky (1963) SGS model can be selected
with a Smagorinsky constant of Cs = 0.1~0.2. However, the Standard Smagorinsky SGS model is more
sensitive due to the single flow-dependent constant.
In order to develop a turbulent boundary layer that physically develops as in a replica of a wind
tunnel, the roughness elements and ground floor must have no-slip wall boundary condition. As
otherwise, the turbulence structures will behave differently. It was tested which impact the slip or noslip the boundary conditions had on the sidewalls and ceiling. In the Tokyo model where the flow is
homogenous in the lateral direction without geometric modifications, the wall condition did not affect
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the core flow significantly. Different for the WT2 models was that the boundary conditions had a large
impact on the core flow, as the speed-up along the sidewalls was enhanced for a slip boundary
condition.
AIJ (2017) recommends slip boundary conditions on the sidewalls and ceiling, to extend the area
towards these boundaries for building proper wind flow. However, by choosing no-slip condition on
the walls, a more realistic imitation is built of the true wind flow within a physical wind tunnel. Hence,
for benchmark purpose, no-slip boundary conditions shall be selected on all surfaces.

4.5

Quality assurance

It is important to check that the turbulent boundary layer is developing properly inside the precursor
model. The simulation should be resolved for a minimum of 3-5 flow-through-domains, depending on
time step, grid resolution etc., before the flow statistics can be sampled and evaluated (Siemens, 2019).
Thordal et al. (2019) discussed the necessary sampling duration of the simulation and concluded that
AIJ’s (2017) recommendation of using 5 x 10 minutes in full-scale is viable.
Speed-up areas along the sidewalls and lateral inhomogeneity in a wind tunnel are common errors,
both in EWTs and DWTs (Vasaturo, Kalkman, Blocken, & Wesemael, 2018). It is the authors
experience that speed-up errors are enhanced for tunnels with large spires and thus high blockage
ratios in that region. It should be secured the CFD model reflects the EWT and that the flow has
homogeneity in an acceptable lateral distance from the center. If the target building is affected by
upstream buildings, then it is highly important that these buildings are not affected by the speed-up
error, since they can cause the strong vortices change directions. Unfortunately, the flow is often only
checked at the building position, leaving potential errors in the simulation unnoticed.
a)

b)

Figure 13: A test case of the CAARC building from EWT WT2 and three DWT WT2. a) Upstream
velocity profiles. b) Mean and fluctuating pressure coefficients around the building in 2/3 height.
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The mean velocity profile and the turbulence intensity profiles in the three components are the most
essential checks to perform for validation. Furthermore, other relevant key parameters of the ABL
such as the PSD, the correlation, cross-correlation (representing the Reynolds stresses) and the
coherence of the flow are important to investigate for a high-quality turbulent boundary layer. For
elaboration of the mathematical expressions of the ABL key parameters, the reader is referred to
Dyrbye & Hansen (1999), Holmes (2001), Cao (2013) and Thordal et al. (2019).
If the precursor model is a benchmark study of an EWT, the flow key parameters must match the
flow of the EWT. If the normalised mean wind flow has a proper match, it can be expected to have a
reasonable match in the building surface mean pressures. Whereas, it can be anticipated to have large
deviations in the building surface fluctuating pressures if the turbulence intensity profiles in the
precursor model deviate from the EWT flow, see example in Figure 13. A high-quality match of the
building surface pressures lies in a match of the upstream wind and turbulence profiles.

4.6
4.6.1

Transfer from precursor model to test section model
Mapping the flow

The wind flow should be mapped in a 2D sampling plane, to ensure that the velocity with its three
components is saved in a database on every time step, to be used later in the test section domain. In
this way, the anisotropic flow and vortex structures are maintained when importing the flow into the
test section domain. The pressure in the 2D plane must be close to zero, in order to secure a so-called
divergence-free wind flow in the following test section. Only the velocity components are transferred
to the test section and if the fluctuating wind flow is created by large pressure changes, the test section
simulation can diverge due to lack of pressure transmission. Consequently, the 2D sampling plane
should be positioned far away from the spires that generate large pressure fluctuations. The outlet
boundary conditions are typically set with a static pressure of zero and no backflow recirculation.
Therefore, the 2D plane must also be located away from the outlet plane, in order to avoid introducing
numerical errors from the outlet plane. This distance is vortex structure-dependent (AIJ, 2017), where
a distance of at least 1 m has been applied in earlier studies. (Yoshikawa & Tamura, 2012) (Yoshikawa
& Tamura, 2013) (AIJ, 2017).
Considerations of the mesh density at the 2D plane should be made; coarse mesh implies lower
accuracy of the flow in the test domain, whereas a dense mesh increases the mapping time on the test
section IBC significantly. See Section 4.2 for optimal grid size.

4.6.2

Importing the flow

The flow in the precursor model is collected for each cell on the 2D grid. When the flow is imported
into the test section domain, the flow in the 2D grid must be interpolated to the grid on the inlet
plane of the test section. It is highly recommended to have a one-to-one mapping of the flow data
between the 2D plane in the precursor model and the inlet plane on the test section domain, to avoid
introducing numerical damping of the flow. The interpolation between the two grids should be
performed with a higher-order interpolation method such as the Least-squares method, rather than
Nearest-Neighbor or a linear method. If the interpolation method is not efficient in maintaining the
fluctuating structures within the flow, deficiencies will be visible in the following correlations and
power spectra. The Nearest-Neighbor and linear methods have been investigated, which exhibit a lack
of preserving the small fluctuations because they are filtered out, entailing discrepancies in the wind
load assessment.
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4.6.3 Quality assurance of the transfer

A useful quality assurance check of the transfer can be done by creating a full DWT containing both
the flow-processing unit and the test section. Inside the full DWT, the flow should be mapped in the
2D plane and the pressure should be measured on the target building. Subsequently, a separate test
section with the exact same mesh settings can be tested, where the IBC is the mapped flow from the
full DWT. In this way, both simulations should show very close statistical properties of the upstream
flow and surface pressures on the target building. A test case is shown in Figure 14, where a) shows
the upstream wind flow is almost identical, with small variations as the example in b). Figure 14 c)
shows the mean pressure coefficients on the target building is identical and shows an acceptable small
variation in the fluctuating pressure coefficients.
a)

b)

c)

Figure 14: Quality assurance of the flow transfer. The test case is performed as a Wind Tunnel Replication
model, where the flow is mapped in a 2D plane upstream and subsequently utilised as IBC in a test section.
a) upstream wind flow in building height for the full DWT and the test section models; b) zoom-in of a peak
from time series in a); c) scatterplots of mean and fluctuating pressure coefficients on CAARC building in the
two models.

5

Conclusion

4 precursor database models have been presented and evaluated regarding matching the turbulent
boundary layer of an EWT. The WT2 exact model showed that the smallest roughness blocks must
be discretized into a very dense mesh, in order to properly capture the turbulent flow. Alternately,
when using a coarse grid, the small roughness elements can be removed and the total mesh size can
be kept low. The WT2 opt 1 model showed correspondingly results that were in agreement with the
EWT, with a total grid size under half the size of WT2 exact. WT2 opt 2 showed that the inlet
contraction has a great impact on the flow within the tunnel and reduced the speed-up error near the
sidewalls.
Finally, guidelines on how to set up a Precursor Database model that is viable for an industrial
perspective were suggested. The guideline encompasses important considerations regarding the choice
of geometry, mesh generation and numerical models. The guidelines also elaborate on how to create
the database and employ it in the test section domain.
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5 wind angles of attack are evaluated with an Experimental and a Digital Wind Tunnel
Façade mean, fluctuating, minimum and maximum pressure coefficients are evaluated
The average differences of peak responses are 10-13 % for Mx, My and Mz
Guidelines to a standard CFD setup is suggested for wind load assessments

Abstract
Wind load assessment on the CAARC building with surrounding buildings is investigated employing
Experimental and Digital Wind Tunnel tests for five wind angles of attack. The Digital Wind
Tunnel simulations employ Large Eddy Simulation with a precursor database model as inlet
boundary conditions. The façade loads are evaluated for the mean, fluctuating, minimum and
maximum pressure coefficients, showing a very good consistency between the Experimental and
Digital Wind Tunnel results. For the mean pressure coefficients, the coefficient of determination is
above 0.97, and for the minimum and maximum coefficients above 0.80. Furthermore, the average
differences of the Predicted Peak Structural Responses are found to be 10.5 %, 13.0 % and 12.8 %
for Mx, My and Mz, respectively. Finally, the paper suggests guidelines for a standard CFD setup of
a test section domain, which is applicable for wind load assessment of a high-rise building in
engineering practice. The guidelines cover considerations for geometry, mesh refinements, choice of
inlet boundary conditions and numerical schemes, followed by a quality self-assurance checklist.

1

Introduction

The interest of using Digital Wind Tunnels for wind load assessments has increased significantly
within the last few years with ever-growing access to high-performance computer clusters. In a rough
comparison, a wind load simulation using Computational Fluid Dynamics (CFD) that today requires
a few days of computation time would have taken several weeks only five years ago. With the rapid
advancement of CFD and its potential within Wind Engineering, it becomes necessary to quantify
the similarity of Digital Wind Tunnel (DWT) and Experimental Wind Tunnel (EWT) simulations
through benchmark studies. Especially, to benchmark if the DWT is capable of estimating the
predicted peak structural responses of a high-rise building, as these wind loads are much more
complex to predict and therefore requires heavy Large Eddy Simulations (LES), compared to
traditional Reynolds-Average Navier Stokes (RANS) simulations that are often applied in the
Abbreviations: DWT, Digital Wind Tunnel; EWT, Experimental Wind Tunnel; LES, Large Eddy Simulation; CAARC,
Commonwealth Advisory Aeronautical Research Council building; ABL, Atmospheric Boundary Layer; IBC, Inlet
Boundary Conditions; AoA, Angle of Attack; HFPI, High-Frequency Pressure Integration; HFBB, High-Frequency Base
Balance; PSD, Power Spectral Density; PPSR, Predicted Peak Structural Responses PG, Precursor Guidelines; EC1.4-K,
Revised Eurocode 1-1-4 Annex K; ATG, Architectural True Geometry; SAG, Simplified Architectural Geometry; GBR,
Generic Background Geometry; IWFL, Individual Wake Flow Limit; SG, Simplified Geometry; BG, Block Geometry
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building industry. The Commonwealth Advisory Aeronautical Research Council (CAARC) building
has a generic shape and has been benchmarked several times in wind tunnel studies in the 1980s
(Melbourne, 1980) (Tanaka & Lawen, 1986) (Obasaju, 1992) and later in CFD studies (Huang, Li,
& Xu, 2007) (Braun & Awruch, 2009) (Dagnew & Bitsuamlak, 2014) (Zhang, Habashi, & Khurram,
2015) (Yan & Li, 2015). The studies are collected by Thordal et al. (2019)a and compared for the
mean and fluctuating pressure coefficients at the stagnation height (2/3H). The study showed a 4050 % difference in the pressure distribution, among and between the methods of EWT and DWT
testing. An international benchmark study by Holmes and Tse (2014) compared the results for the
base moments from EWT using the High-Frequency Base Balance method. The mean base moments
varied with 8-10 % and the Predicted Peak Structural Response base moments varied up to 20-30
%. Both studies concluded that the deviations often were a result of dissimilar turbulence in the
upstream wind flow; hence a comparison is only possible if the upstream flow has the exact same
properties of the Atmospheric Boundary Layer (ABL). This is directly transferable for a comparison
study of an EWT and a DWT, as it is equivalent to comparing two independent wind tunnels.
However, if the DWT geometry is a replica of the EWT, a low discrepancy should be expected given
that the numerical settings are sufficient to capture the wind flow and turbulence.
Several studies have been conducted for wind load assessment of a high-rise building with CFD. The
mean and fluctuating pressure coefficients on the target building have been investigated by among
others Yoshikawa & Tamura (2012), Li et al. (2015), Yan & Li (2015) and Cao et al. (2019). More
advanced studies also include investigations of the base moment power spectra, such as (Huang, Li,
& Xu, 2007) (Nozu, Tamura, Takeshi, & Akira, 2015) (Dagnew & Bitsuamlak, 2014). However, only
a limited number of publications have been able to show good agreements between EWT and DWT
peak accelerations or peak predicted overall wind loads of a high-rise building. Zhang et al. (2015)
investigated wind-induced vibration with the Zonal Detached Eddy Simulation (ZDES) formulation
by Deck (2012) and the synthetic Discretizing and Synthesizing Random Flow Generation (DSRFG)
method as Inlet Boundary Condition (IBC) by Huang et al. (2010). Elshaer et al. (2016) created a
comprehensive paper on a benchmark study of the CAARC building for two wind angles of attack
with the Consistent Discrete Random Flow Generator (CDRFG) synthetic inlet (Aboshosha,
Elshaer, Bitsuamlak, & Damatty, 2015) as IBC. The study showed good agreements of the mean
and RMS surface pressure distributions between EWT tests and CFD models, but struggles to
accurately simulate the predicted peak overall wind loads with discrepancies up to 30 %, which they
suspect is due to vortex shedding from upstream and surrounding buildings. Capra et al. (2018)
showed good agreements between EWT and DWT tests, which is achieved because of identical
upstream wind flow, as they simulated a replica of the EWT. However, the DWT also suffers from a
too coarse mesh leading to large differences in the power spectra of the base moments and hence
differences in the predicted peak overall wind loads. Ricci et al. (2018) utilised the synthetic
Modified Discretizing and Synthesizing Random Flow Generator (MDSRFG) approach by Castro &
Paz (2013) as IBC, where they showed encouraging results for the surface pressures and peak
predicted overall wind loads, although with deviations up to 20-30 %. Furthermore, they concluded
that the accuracy in the studies is not sufficient for structural design. Lastly, to the authors'
knowledge, only Braun & Awruch (2009) have conducted a Fluid-Structure Interaction analysis with
LES to estimate peak accelerations.
This paper presents a benchmark study of the CAARC building with a surrounding city, where five
wind angles of attack are considered. The upstream wind flow is created with the precursor method,
which is built as a replica of the EWT flow processing unit, in order to have the same prerequisites.
The paper compares both the surface pressure distribution and the response of the target building.
It concludes with suggested guidelines for a standard setup of a test section, in immediate
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continuation of the proposed standard CFD setup of a precursor database model by the authors
(Thordal, Bennetsen, Capra, & Koss, 2019)b.

2

2.1

Method

Building test case

The CAARC building has a generic cross-section of 30 m (D) x 45 m (B) and a height of 180 m (H).
For the response calculations, the structure of the building is kept simple, with linear distributed
mass and stiffness along the height of the building. Two 2D Finite Element Models are composed;
one with 18 degrees of freedom for shear and moment, which is used for the two swaying moments,
and one with 9 degrees of freedom for the torsional moment. The degrees of freedom are placed at
the same height as the pressure taps locations. The structural properties have been tuned in order to
match the frequencies from results in the literature (Elshaer, Aboshosha, Bitsuamlak, Damatty, &
Dagnew, 2016). The structural properties are listed in Table 1 together with the first two sway
modes in each direction and the first two torsional modes.
The target building is located in Copenhagen city centre on Gråbrødre torv (Grey Friars Square).
The test case is an imaginary situation to reflect a more realistic scenario of the surrounding
building wind effects. The building is tested for five wind Angles of Attack (AoA), referred to as the
building orientations B0, B30, B45, B60 and B90, as shown in Figure 1. The city and building are
tested for the wind coming from north; hence the surrounding city is kept steady and is not rotated
with the building.
Both the CFD simulations and wind tunnel tests are performed at a geometric scale of 1:400; hence
the target building has a width, depth and height of 0.1125 m, 0.075 m and 0.45 m respectively. The
high-rise building is considered for a full-scale reference wind speed of 31.53 m/s, based on a power
law with an exponential parameter of 0.26 with a 50-years return period.
Table 1: Structural properties of the CAARC building
Mass of building
[kg/m3]
𝑚𝑚
Modulus of elasticity concrete

[Pa]

Shear modulus of concrete

[Pa]

Moment of inertia of core

[m4]

Moment of inertia of core

[m4]

Torsional moment of inertia of core

[m4]

Polar mass moment of inertia

[kg x m]

Evenly distributed damping for all modes
Modes

[-]
[Hz]

𝐸𝐸𝐶𝐶
𝐺𝐺
𝐼𝐼𝑥𝑥
𝐼𝐼𝑦𝑦
𝐼𝐼𝑧𝑧
𝐼𝐼0
𝜁𝜁

𝑓𝑓𝑥𝑥
𝑓𝑓𝑦𝑦
𝑓𝑓𝑧𝑧
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192

38000 x 106

1.7273 x 1010
500
500
275
1 x 108
0.01

Mode 1

Mode 2

0.15

0.95

0.15

0.95

0.31

0.95

B0

B30

wall 2

θ = 30°

wall 1

θ = 90°

wall 1
Mz
Fx

Fy

wall 2

wind

Fx
Mz

θ = 60°

B90

wall 4

θ = 0°

θ = 45°

B60

wall 3

Fy

B45

wall 3

wall 4

Figure 1: Orientations of building for the five wind angles of attack.

2.2

Experimental Wind Tunnel description

The EWT tests were performed in an open-circuit wind tunnel (Eiffel type) at FORCE Technology
in Denmark (Hansen & Sørensen, 1985). The tunnel is 20.4 m long, 2.6 m wide and 1.8 m high. The
turbulent boundary layer is constructed over the flow processing unit of 14.8 m, which encompasses
three broad spires and a fetch with four sizes of roughness elements. The flow processing unit is
followed by a 5.6 m long test section with a 2.2 m turning table.
The surrounding city is modelled with a radius of 400 m in full-scale from the target building. The
test setup in the EWT is seen in Figure 2. The model is tested with the High-Frequency Pressure
Integration (HFPI) Method and equipped with 224 pressure taps along the building surface (Figure
3). The pressure taps are positioned in approximately the same locations as the studies by Elshaer
et al. (2016) and Dragoiescu et al. (2006) (2009). The surface pressure is measured simultaneously
with 1500 Hz and assumed constant over a tributary area to the pressure taps. The vertical distance
of the tributary areas is half-way between the levels of the pressure taps, which are indicated with
black lines in Figure 3.
Each wind direction is tested for durations of 5 x 60 s in model scale for two reference wind speeds
of 10 and 15 m/s, resulting in 10 x 60 s time series in model scale. Because of two velocity scales,
each of the measured 60 s time series corresponds to 120 and 180 minutes in nature. The time series
are for statistical analysis subdivided into 10-minute events, yielding to 150 10-minute events for
each wind direction.

2.3

Digital Wind Tunnel descriptions

Five CFD simulations are compiled for five different AoA. The CFD simulations have the same
domain size and geometry of the city, except for the target building, which is rotated with respect to
the AoA, as shown in Figure 1. The mesh generation is kept similar too, except for the nearest area
to the target building, as it is refined differently as described further in Section 2.3.2.
The CFD simulations are executed in the commercial CFD software Star-CCM+.

2.3.1 Geometry and boundary conditions

Since the EWT serves as a benchmark for the DWT, the geometry of the DWT test section models
is identical to the EWT test section, in order to have optimal prerequisites. Hence the
computational domains have the same width and height as the EWT (2.6 m x 1.8 m) and are 5.6 m
long. The geometry of the domain is shown in Figure 5. The target building and surrounding city
are modelled similarly to the EWT model, as seen in Figure 4. The inner surrounding city with a
distance H (building height) has an architectural true geometry, whereas the outer areas have a
simplified block geometry with flat roofs. Penetrating towers from buildings and churches are
detailed modelled (see section 4.1.2).
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The inlet boundary is located 1.6 m in front of the target building, with respect to the similarity to
the EWT. The coordinate system of the domain has its origin in the base centre of the target
building. The Inlet Boundary Condition (IBC) is executed in advance with the Precursor Database
method, which is further described in Section 0. The imposed wind entail a reference wind velocity
inside the test section domain at building height H is 11.8 m/s. Every surface in the domain is
treated as walls with no-slip boundary conditions.

z
y

Figure 2: Test setup in EWT.

x

Figure 3: Pressure tap locations and the local
coordinate system. Horizontal lines indicate
the 9 vertical tributary areas (segments).

Figure 4: Test setup in DWT.

2.3.2 Mesh and numerical schemes

The spatial discretisation of the computational domains is performed with a hex-dominant grid. The
computational domains are separated into control volumes, itemised in Table 2. The grids are
identical in zone 2-6, whereas zone 1 is different depending on the AoA since it is rotated with the
building orientation. For AoA B0, zone 1a is not applied as a refinement area. For the remaining
wind directions (AoA B30, B45, B60 and B90), the volumetric control zone 1 is divided into two
refinement zones with additional edge refinements, in order to capture the aerodynamic
reattachment zones on the surfaces.
The target building has 15 prism layers parallel to the surfaces, with a stretching ratio of 1.05,
where the first y+ value is secured to be below 1 and hence resolve the viscous sublayer. The first
cells on the target building have a relatively flat aspect ratio of approximately 1:5, which is
considered sufficient because of the relatively simple geometry. The city and floor area have seven
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prism layers parallel to the surfaces, likewise with a stretching ratio of 1.05. The grids for the
computational domains vary between a total cell size of 11-33 mil. cells, dependent on refinement in
zone 1. The total number of faces on the target building is varying between 53,890-639,620. The
discretisation of the computational domain for AoA B0 is shown in Figure 6.
The CFD simulations are run with LES. The requirements to wind loading simulations can, in many
ways, be compared to aeroacoustic simulations. Therefore, the recommendations for LES in the Best
Practices for Direct Noise Calculations (Siemens, 2019) are followed to some extent, together with
the standard recommendations for complex turbulent flows by Star-CCM+. The segregated solver is
selected as a compromise of computational costs and accuracy over the coupled solver. The
numerical schemes adopted for the simulations are detailed in Table 3. The WALE (Nicoud &
Ducros, 1999) turbulence model is selected as the sub-grid scale model. It was tested if the accuracy
increased when employing the Dynamic Smagorinsky sub-grid scale, however, this was not directly
proven.
The simulations are resolved for 5 s in model scale before the statistics are sampled for 25 s, i.e. 6 x
10 minutes in full-scale, which is an adequate statistical ensemble with reference to AIJ (2017) and
Thordal et al. (2019)a. Depending on mesh size, the models took between 75 and 114 hours to run
with 240 cores on Skylake Xeon Gold 6148 20-core CPUs.
zone 7
zone 3

outlet

zone 2
zone 1

zone 5

zone 4

zone 6

wind

1.5H

inlet

Figure 5: Geometry and volumetric control zones of the test section domain
Table 2: Volumetric controls of the mesh size
Upstream
Downstream

Zone

Grid size

Width

Height

Zone 1 edge

min(H/960 , B/240)

-

-

-

-

Zone 1a

min(H/480 , B/120)

H + 1/6 D

min(H/240 , B/60)

H + 1/3 D

min(H/120 , B/30)

2/3 H

3B

H+D

Zone 3

min(H/60 , B/15)

to inlet boundary

½ D + 1/3 D

B + 2/3 B

Zone 2

½ D + 1/6 D

B + 1/3 B

Zone 1b

½ D + 1/6 D

1.5 H

6B

1.5 H

Zone 4

min(H/120 , B/30)

city area upstream

2/3 H

4B

2 x city average
height

Zone 5

min(H/60 , B/15)

to inlet boundary

2H

width of domain

dependent on ABL

Zone 6

min(H/15 , B/3.75)

to inlet boundary

2H

width of domain

1.5 H

Zone 7

min(H/7.5 , B/1.875)

-

-

-

-

½ D + 1/3 D
1.5 D

-6-

wind

wind

Figure 6: Discretization of the computational domain AoA B0 in the midplane and on the ground, city and target building
surfaces.
Table 3: Numerical schemes
Pressure-velocity coupling
Segregated
Spatial discretisation

bounded-central differencing scheme

Equation of state

Constant density

Turbulence sub-grid scale model

WALE sgs

Time step size

0.0005 s

Temporal discretization

2nd order implicit

2.3.3 Inlet boundary conditions

The Precursor Database Method is used to create the IBC and is composed with respect to the
guidelines as described by Thordal et al. (2019)b. The precursor model is an optimised model of the
EWT flow processing unit, where the very small roughness blocks are removed, in order to keep the
total grid size low and still match the mean velocity profile and turbulence intensity profiles. The
geometry of the precursor domain is shown in Figure 7. Every surface in the CFD model is treated
as walls with no-slip boundary conditions. The inlet has a constant velocity of 15 m/s.
The precursor domain is run in advance as a LES for 30 s with similar numerical schemes as the test
sections, specified in Table 3. The precursor simulation took 141 hours on 480 cores to run on
Skylake Xeon Gold 6148 20-core CPUs. The domain is spatially discretised with a hex-dominant
grid of 50 mil. cells, see Figure 8, where the base mesh size in front of the target building is 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 /
15. The flow is mapped and exported for each time step in a 2D plane located in x = -1.6 m, i.e. the
position of test section domain’s inlet boundary. The mesh size and structure are similar in the 2D
plane of the precursor model and the inlet plane of the test section domain, securing the flow is
transferred without artificial damping between the two simulations.
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�𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑧𝑧) and turbulence intensity 𝐼𝐼(z) in the three components,
The normalised mean wind velocity 𝑈𝑈
longitudinal u, lateral v and vertical w, are evaluated as follows:
�𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑧𝑧) =
𝑈𝑈

�(𝑧𝑧)
𝑈𝑈
;
�𝑟𝑟𝑟𝑟𝑟𝑟
𝑈𝑈

𝐼𝐼𝑢𝑢 (𝑧𝑧) =

𝜎𝜎𝑢𝑢 (𝑧𝑧)
�(𝑧𝑧)
𝑈𝑈

;

𝐼𝐼𝑣𝑣 (𝑧𝑧) =

𝜎𝜎𝑣𝑣 (𝑧𝑧)
𝜎𝜎𝑤𝑤 (𝑧𝑧)
; 𝐼𝐼𝑤𝑤 (𝑧𝑧) =
�(𝑧𝑧)
�(𝑧𝑧)
𝑈𝑈
𝑈𝑈

(1)

�𝑟𝑟𝑟𝑟𝑟𝑟 is the reference mean wind velocity at the position (x, y, z = -1.3, 0, 0.5 m) in modelWhere 𝑈𝑈
scale.

The upstream wind profiles are recorded in x = -1.3 m and compared to the EWT in Figure 9. The
profiles have a good match above 300 mm. Below this point, a smaller discrepancy in both the mean
wind velocity profile and the turbulence intensities is seen, however, this deficit will not affect the
overall load on the target building, since the surrounding city will change the lowest part of the
profiles.

sawtooth

spires

roughness blocks extended to side walls

inlet

small roughness blocks
2Dplane
outlet

barrier wall

large roughness blocks

Figure 7: Geometry of the precursor domain and the 2D plane position and coordinate system origin.

Figure 8: Spatial discretisation in the longitudinal midplane and the transverse 2D plane of the precursor domain.

Figure 9: Normalized mean wind velocity and turbulence intensity vertical profiles in x = -1.3 m.
Blue: EWT WT2, red: CFD precursor domain, pink: CFD test section domain.
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Figure 10: Power spectral densities of EWT, CFD precursor domain and CFD test section domain in position
(x, y, z = -0.7, 0, 0.45 m). Blue: EWT WT2, red: CFD precursor domain, pink: CFD test section domain.

The power spectral density in the u, v and w components are compared to the von Kármán spectra
in Figure 10 and further discussed by Thordal et al. (2019)a. The precursor domain’s spectrum in
the streamwise direction follows the EWT to a normalised frequency of 6, after which the energy
drops because of the mesh resolution. This drop-frequency corresponds to a full-scale frequency of
frequency of 0.79 Hz, which is higher than the first three modes of the target building. Hence, the
simulation should be capable of capturing the vortices that can excite the building.

2.3.4 Collecting numerical data

There exist three types of experimental wind tunnel testing techniques for studying wind effects in
high-rise buildings, which is the High-Frequency Base/Force Balance (HFBB/HFFB) method, the
High-Frequency Pressure Integration (HFPI) method and aeroelastic model testing. The two firstmentioned methods measure wind loads on a rigid model, whereas the latter approach is a so-called
fluid-structure interaction model, where the stiffness, mass and damping of the building are scaled to
model size so that it can interact with the flow and move as a full-scale structure. The HFBB
method only measures the base forces and moments and is typically used to estimate the overall
wind loads, whereas the HFPI method is used to determine cladding loads. A significant advantage
of the DWT over the EWT is the simultaneous data sampling of different flow and loading
quantities at high spatial resolution. Therefore, the DWT models are simultaneously evaluated with
the two methods that correspond to the HFBB and HFPI method. For the implementation of the
HFBB method in the DWT, the surface pressure is recorded as forces (Fx and Fy) and base moments
(Mx, My and Mz) time series, in the 9 segments that are indicated as segment tributary areas in
Figure 3, with center in the same levels as the pressure taps. This allows a more precise prediction
of the Floor-by-Floor loadings, compared to only measuring the base components of the entire
building. For the HFPI method, the surface pressure is recorded as time series in the 224 pressure
tap positions as the EWT model, where the pressure is assumed constant over a single pressure tap
tributary area, in order to have identical post-processing of the DWT model and EWT model.

3

3.1

Results and discussion

Flow field

The normalised mean wind profile and turbulence intensities of the upstream flow within the test
section domain are likewise shown in Figure 9. A good agreement is seen between the test section
and the precursor model profiles. The spectra for the test section domain are also presented in
Figure 10, where the test section and the precursor spectra coincide and the streamwise spectrum
has a similar drop-off frequency of 6 because of the identical mesh size. The main prerequisite for a
good transfer from the precursor domain to the test section domain is the similar mesh structure of
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the sampling plane and the inlet plane. Figure 9 and Figure 10 illustrate that the test section
domain is capable of loading the 2D planes correctly and that the IBC develops as intended inside
the test domain.
The flow field around the target building changes depending on wind direction. For the AoA B0 and
B90, the separation point is predefined at the leading edge, and the width/depth ratio is so small
that the flow will not reattach to the side surfaces of the building (Bruno, Salvetti, & Ricciardelli,
2014). Figure 12 shows the normalised mean wind flow field for the different AoA in z = 2/3H. The
outer flow field is clearly asymmetric for AoA B0, which is caused by a church tower upstream to
the building. The sidewalls are as expected affected by strong recirculation bubbles. For the
intermediate AoA (B30, B45 and B60), where the upstream wind flow is not perpendicular to the
front surface, the near-wall flow field becomes more complex, as the vortices need to separate and
reattach on the sidewall surfaces. For AoA B60, a small recirculation bubble at the leading edge on
the broad front wall (wall 1) occurs, where the flow is reattached to the wall close to the trailing
edge. This leads to changes in pressure values from negative to positive along the surface, which
requires a very precise numerical simulation in order to predict the same loads as the EWT. For
AoA B90, two almost symmetric recirculation bubbles occur on the sidewalls, whereas the trailing
edges are in the range of the reattachment zone of the flow. This required demanding mesh
refinements of the sidewalls to fully resolve the shear layer on the surfaces. Furthermore, the
standing vortices in the wake of the building are significantly decreased, because the narrow surface
(wall 4) is now perpendicular to the flow direction, leading to the cross-wind excitation for
dominating sway moment.

3.2

External pressure on target building

The mean 𝐶𝐶𝑝𝑝̅ and fluctuating 𝐶𝐶𝑝𝑝′ pressure coefficients on the target building surfaces are evaluated
as:
𝐶𝐶𝑝𝑝̅ =

𝑝𝑝̅ − 𝑝𝑝0
√ ����
𝑝𝑝′2
; 𝐶𝐶𝑝𝑝′ =
1 � 2
1 � 2
𝜌𝜌𝑈𝑈
𝜌𝜌𝑈𝑈
2 𝐻𝐻
2 𝐻𝐻

(2)

where 𝑝𝑝̅, 𝑝𝑝′ and 𝑝𝑝0 are the mean, fluctuating and reference pressure, respectively. ρ is the air density
�𝐻𝐻 is the reference wind speed at the top of the target building in model-scale.
and 𝑈𝑈

In Figure 11 are seen the mean and fluctuating pressure coefficients on the four vertical surfaces for
AoA B0. The pressure distribution from the EWT is affected by a lower resolution of 53 pressure
taps distributed along each wall, where the CFD results have a much higher resolution of 13,250150,000 faces on each wall. The upstream and surrounding buildings create an asymmetric pressure
distribution on the target building, which is seen in the fluctuating pressure coefficients on the
sidewalls and rear side. The DWT mean pressure coefficients are in good agreement with the EWT
results, where differences in the fluctuating pressure coefficients are more pronounced.
Figure 13 shows scatter plots comparing the façade pressure coefficients from the EWT and DWT
for the five AoA. Each pressure tap is evaluated, where the EWT results are plotted along the xaxis, and the DWT results along the y-axis. For a perfect match between EWT and DWT tests, the
points in the graph would align along a 45 degrees line. The coefficient of determination R2
evaluates the similarity between the results, where 1 indicates that the two cases have identical
results. The mean and fluctuating pressure coefficients are evaluated with eq. ( 2 ). The maximum
and minimum peak pressure coefficients are evaluated with the Cook-Mayne approach to estimate
the predicted peak (Cook & Mayne, 1980). The approach samples the peaks from 10-minute
subseries in full-scale and assumes they follow a type 1 extreme value distribution (Gumbel maxima
and minima distribution) (Faber, 2012). A reduced variate constant of 1.4 was suggested by Cook &
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Mayne (1980) for structural design, corresponding to the 78%-fractile, where 22% of the occurrences
will exceed the estimated peak. The 78%-fractile can be found in terms of the mean 𝑥𝑥̅ and standard
deviation 𝜎𝜎𝑥𝑥 of the peak occurrence sample space (Kasperski, 2003):
𝐶𝐶̌𝑝𝑝.78% = 𝑥𝑥̅ − 0.6356𝜎𝜎𝑥𝑥 ; 𝐶𝐶̂𝑝𝑝.78% = 𝑥𝑥̅ + 0.6356𝜎𝜎𝑥𝑥

(3)

The minimum and maximum peak pressure coefficients are estimated with ( 3 ) for both the EWT
and DWT simulations, where no moving average have been applied. The sample space of the EWT
tests consists of 150 peak occurrences for each wind direction, whereas 6 extreme occurrences have
been applied for the DWT tests.
Most of the outliers in the scatter plots are located 5 mm above ground in model-scale (2 m above
ground in full-scale), which could be caused due to small geometric differences of the nearest
buildings or local airflows through the openings where the model is mounted to the wind tunnel
turning table. The mean pressure coefficients have a high similarity with R2 above 0.97. The
fluctuating pressure coefficients are more scattered, although the R2 coefficients are still above 0.80.
The maximum and minimum peaks are more difficult to predict with the small sample space of 6
and thus the results become more scattered, compared to the EWT results with 150 peak
occurrences. Overall, the DWT overpredicts the maximum peaks slightly, whereas the minimum
peaks are distributed more randomly with both under and over predictions.
Mean pressure coefficients 𝐶𝐶𝑝𝑝̅

DWT

EWT

Fluctuating pressure coefficients 𝐶𝐶𝑝𝑝′

Figure 11: Mean and fluctuating pressure coefficients for AoA B0. Reference orientation, see Figure 1.
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Figure 12: Normalised mean wind flow field around the different AoA in z = 2/3H.
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Figure 13: Scatter plots of the mean, fluctuating, 78%-fractile minimum and maximum pressure coefficients for each
pressure tap for five AoA.
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Figure 14: Power Spectral Density for external loading moments for AoA B0.

3.3

Response of target building

The external wind load on the target building in full-scale can be evaluated from the pressure
coefficient time series as follows:
1
� 2
𝐹𝐹(𝑡𝑡) = 𝐶𝐶𝑝𝑝 (𝑡𝑡)𝐴𝐴 𝜌𝜌𝑈𝑈
2 𝐻𝐻

(4)

�𝐻𝐻 is the reference wind speed at the top of
Where ρ is the air density, A is the tributary area and 𝑈𝑈
the target building in full-scale, which is predicted to have a mean wind velocity of 31.53 m/s.

The Mx, My and Mz loading Power Spectral Densities for AoA B0 are shown in Figure 14 together
with the read-off ordinates for the two first frequencies in each direction. The Mx moment shows a
clear peak caused by the vortex shedding of the building. Overall, a good agreement between the
EWT and the DWT results for the two sway moments is demonstrated. The DWT evaluated with
the HFPI method indicates higher energy for the high frequencies, whereas the DWT HFBB results
indicate lower energy. The discrepancy of the higher modes for the two methods coincides with the
comparison study by Dragoiescu et al. (2006). The torsional moment evaluated with the DWT
HFBB method has a deficit, compared to the EWT and the DWT HFPI method, which is caused by
the coarse tap resolution on the surfaces.
The response analysis of the target building is performed in the time domain with the Newmark
time integration approach (Newmark, 1959), where the response time series are obtained by solving
the equation of motion:
𝑴𝑴𝒘𝒘̈(𝑡𝑡) + 𝑪𝑪𝒘𝒘̇(𝑡𝑡) + 𝑲𝑲𝑲𝑲(𝑡𝑡) = 𝑭𝑭(𝑡𝑡)

(5)

where 𝑴𝑴 is the mass matrix, 𝑪𝑪 is the damping matrix and 𝑲𝑲 is the stiffness matrix of the FEmodels, elaborated in Section 2.1. 𝑭𝑭(𝑡𝑡) is the external wind loading and 𝒘𝒘(𝑡𝑡) is the response
displacement vector dependent of time. The force and moment response time series are then found
from the FE-models and the response displacement vectors. For the extreme value analysis, the
obtained response time histories are split into 10 minutes sub-series, from which maximum and
minimum peak values are extracted to perform as sample spaces. The peaks follow a type 1 extreme
value distribution (Gumbel distribution) and using the Cook-Mayne approach, explained in Section
3.2, the 78%-fractions of the maximum and minimum are estimated (Cook & Mayne, 1980)
(Kasperski, 2003). These fractiles represent the characteristic value of the wind load, which
corresponds to the Equivalent Static Wind Loads or Predicted Peak Structural Response (PPSR).
For the EWT results, the response analysis is performed for the 10 time series for each AoA,
corresponding to 150 10-minute subseries in full-scale. The 150 maximum and minimum peak
response moments compose sample spaces for extreme value analysis, which each form a statistical
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range of possible peaks. Figure 16 shows the PPSR base moments Mx, My and Mz (i.e. the 78 %fractile) and the standard deviation from the PPSR base moments. The statistical range is clearly
increased where a strong vortex shedding occurs, i.e. Mx for AoA B0 and My for AoA B90.
Figure 15 illustrates the Mx, My and Mz response time histories in full-scale for the CFD simulation
for AoA B0, where the 10-minute subseries and corresponding peaks are indicated. The 6 peaks
comprise a much smaller sample space to estimate the PPSR base moments; nonetheless, they are
believed to be Gumbel distributed like the EWT peaks; hence the Cook-Mayne approach is likewise
applied. The PPSR base moments with the HFBB and HFPI method from the CFD models are also
indicated in Figure 16, together with the statistical range from the HFPI results. The PPSR base
moments and mean base moments are listed in Table 4. The mean base moments have a close
match between the DWT and EWT results. The DWT PPSR base moments are in good agreement
with the EWT PPSR base moments for AoA B30, B45 and B60. The PPSR base moments that are
affected by vortex shedding, Mx for AoA B0 and My for AoA B90, are slightly underpredicted with
10.1 % and 19.1 %, respectively. The average differences between the PPSR base moments for the
wind directions are found to 10.5 %, 13.0 % and 12.8 % for Mx, My and Mz, respectively. The peak
range for My is generally wider and occurs due to the larger façade area, hence a larger area for the
lift force to evolve. The vortex shedding phenomenon becomes pronounced for AoA B90, which is
challenging to fully resolve in the CFD model, thus the increased discrepancy. The simulation loses
energy upstream, hence the underpredicted load. This could potentially be resolved with a denser
base mesh resolution upstream or a smaller time step in both the auxiliary domain and the test
section domain.
The torsional moment generally has a deficit when evaluated with the HFBB method, indicating
that the HFPI simplifies the wind load distribution over the building and do not intercept all local
aerodynamic loads, which in this case leads to an overestimation of the torsional moment. The
torsional PPSR base moments is overestimated for AoA B90 with 16.2 %. The flow PSD in Figure
10 has a drop-frequency of 0.79 Hz in full-scale, which is above the first torque frequency of 0.31 Hz.
Hence, the upstream mesh should be adequately refined to preserve the fluctuations at the
frequency.

Figure 15: Response base moment time histories for AoA B0 from the DWT.
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Figure 16: Predicted Peak Structural Response Mx, My and Mz base moments for the five AoA.
Table 4: Full-scale mean and Predicted Peak Structural Response base moments evaluated with the HFPI method.
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Min

Max
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𝑀𝑀

�
𝑀𝑀

𝑀𝑀𝑥𝑥
[GNm]

EWT

-0.01

-0.86

0.84

-0.10

-0.54

0.33

-0.19

-0.57

0.15

-0.24

-0.60

0.10

-0.23

-0.60

0.08

DWT

0.00

-0.77

0.81

-0.08

-0.51

0.30

-0.19

-0.57

0.17

-0.23

-0.63

0.11

-0.23

-0.64

0.05

𝑀𝑀𝑦𝑦
[GNm]

EWT

0.45

-0.18

1.23

0.39

-0.13

1.01

0.32

-0.22

0.94

0.20

-0.47

0.91

0.00

-1.26

1.22

DWT

0.45

-0.14

1.23

0.40

-0.09

0.98

0.34

-0.16

0.91

0.22

-0.43

0.88

0.00

-1.02

1.06

𝑀𝑀𝑧𝑧
[MNm]

EWT

-1.70 -45.26 40.92 12.77 -15.16 45.91

9.14 -15.99 35.46 -1.55 -47.25 39.89

0.50 -80.74 80.12

DWT

-0.28 -41.14 42.97 13.36 -18.92 48.72

9.07 -19.64 37.05 -0.43 -42.11 33.45

1.46 -93.78 89.43
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The response load in each of the 9 segments are likewise split up into 10-minute sub-series, from
which the maximum and minimum peaks are extracted for an extreme value analysis to estimated
Equivalent Static Wind Loads (i.e. the 78%-fractile). The 9 Equivalent Static Wind Loads are
smoothly distributed to each storey of 4 m, still securing the overturning moments are identical to
the Predicted Peak Structural Response base moments. The Floor-by-Floor loadings are seen in
Figure 17. Likewise, the loadings for AoA B0-B60 are showing good agreements, indicating the
DWT is capable of reflecting the EWT results. A discrepancy is observed for the AoA B90, where
the PPSR base moment is underestimated. The Floor-by-Floor loadings only have a deficit above 80
m, which indicates the deficit is caused by the upstream wind flow rather than the surrounding
buildings.
The spatial correlation of the external wind loading is investigated in order to check how well the
CFD simulation is reproducing the flow correctly along the façade. The correlation coefficients of the
external wind loading are evaluated over the 9 segment heights, concerning the top floor:
𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑖𝑖 (𝑧𝑧, 𝐹𝐹𝑖𝑖 ) =

�������������������������������������������
�𝚤𝚤 (𝑧𝑧)��𝐹𝐹𝚤𝚤 (𝐻𝐻, 𝑡𝑡) − 𝐹𝐹
�𝚤𝚤 (𝐻𝐻)�
�𝐹𝐹𝚤𝚤 (𝑧𝑧, 𝑡𝑡) − 𝐹𝐹
𝜎𝜎𝐹𝐹𝑖𝑖(𝑧𝑧,𝑡𝑡) 𝜎𝜎𝐹𝐹𝑖𝑖(𝐻𝐻,𝑡𝑡)

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖 = 𝑥𝑥, 𝑦𝑦

(6)

The correlation coefficients are shown in Figure 18 for each AoA. The DWT correlation coefficients
follow the tendency of the EWT range for AoA B0-B60, whereas the Fx correlation coefficient is
clearly shifted to a lower correlation for AoA B90. The shift could be the cause of the
underestimated PPSR My base moment.

Figure 17: Floor-by-Floor loadings for the five AoA.

Figure 18: Segment correlation coefficients of wind loading for the five AoA.
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4

Guidelines

The following guidelines focus on the standard CFD setup of a test section, where the Inlet
Boundary Conditions (IBC) are developed in advance. The revised Eurocode Part 1-1-4 Wind
Actions Third draft (2019) includes a new Annex K (EC1.4-K), which proposes guidelines for all
kinds of Computational Wind Engineering studies. Each setup is unique depending on the type of
wind problem. Therefore, the main focus of the present guidelines is to create a DWT that can
predict the surface pressure distribution and response of high-rise buildings for performance-based
design. Furthermore, the accuracy of the results is intended to be within a reasonable margin, that
is viable for commercial and engineering practice, implying that smaller discrepancies can be
accepted.
In the process of establishing DWTs as a reliable tool on equal terms with EWTs, it is necessary to
compose scale model tests. This allows real one-to-one comparisons, and the flow within the two
tunnels is directly comparable. In this way, the discrepancies between the two methods are not
scaling dependent. At present, the DWT is a strong tool in the design phase of high-rise buildings,
and has the potential in the future to be used as a method to determine the resulting Floor-by-Floor
loads equally to EWT tests. Hereafter, Computational Wind Engineering for wind load assessment
of high-rise buildings can expand and take advantage of the possibilities of running test cases of fullscale building models. This can give a unique insight into the differences between model scale and
full-scale, since this is still a quite unexplored research field within Wind Engineering.
Wind tunnel recommendations and requirements that are not only related to the numerical
approach are valuable to read before running DWT studies. Among these are the EWT
recommendations for wind tunnel studies of buildings and structures by ASCE (1982) (1996) and
AIJ (2017). Likewise, many of the DWT recommendations for pedestrian comfort contain viable
information, such as (CoL & RWDI, 2019) (Franke, Hellsten, Schlünzen, & Carissimo, 2007) and
(Tominaga, et al., 2008).
The present guidelines build on the suggested guidelines for a standard CFD setup of a Precursor
Database model, which is proposed by the authors (Thordal, Bennetsen, Capra, & Koss, 2019)b,
hereafter referred to as the Precursor Guidelines (PG). Many of the proposed settings in the PG are
applicable for the setup of the test section model and other types of IBC too, therefore it is highly
recommended to read this through.
As stated in the PG, a distinction should be made between if the CFD simulation is performed as an
independent test or is a run as a benchmark purpose of an EWT test, where it is highly
recommended to conduct a complete replica of the EWT in order to get comparable results. The
flow chart of the guidelines is shown in Figure 19.
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Figure 19: Flow chart of suggested guidelines for a standard CFD setup of a test section.

4.1

Geometry considerations

4.1.1 Domain and target building

In the case of replicating an EWT test scenario, it is recommended to create the target building in
the test section at the same reduced scale. The suggested guidelines and mesh requirements are
based on model scale geometries and a mesh in model scale cannot directly be scaled up to full-scale,
but may require extra refinement. Hence, if the DWT is a stand-alone simulation, it is at present
recommended to create the geometry at model scale and not in full-scale.
The choice of the geometric scale is dependent on the size of the wind tunnel and the building test
case and undertakes the same considerations as for EWT testing. EC1.4-K mentions that a
geometric scale of 1:400 is typically applied for high-rise buildings. Using scaled models in a DWT
simulation allows for shorter computation time, since the time scale follows the geometric scale if the
same wind speed is applied in model and full-scale.
Franke et al. (2007), Tominaga et al. (2008) and Tamura et al. (2008) provided guidelines for the
sizing of a DWT test section domain, based on the distances between the target building and the

- 19 -

domain boundaries. Furthermore, they recommend the blockage ratio should not exceed 3 %. ASCE
(1996) states corrections are required if the blockage ratio exceeds 8 %. EC1.4-K recommends a
maximum blockage ratio of 5 %, but reliable correction can be made for ratios up to 10 %.
The target building geometry must be as true to the proposed architectural design as possible,
although, obstacles smaller than 0.5 m in full-scale are usually neglected, just as in EWT models.

4.1.2 Surrounding near field to the high-rise building

The surrounding near field must always be modelled an extent that it properly reflects its influence
on the wind loading and the interaction of the flow field development with the neighbouring urban
environment. Here, the ASCE (1996) recommends: “The degree of model detail used in these near
field, or proximity, models can be reduced with distance from the site, and block outline
representations of buildings are usually acceptable.”
Architectural True Geometry (ATG)

Target
building

Simplified Geometry (SG)

H

Block Geometry (BG)
wind

(a)

(b)
ATGmin = 3~4zh

SΔ
ẕ

h

Generic Background Roughness (GBR)

Simplified Architectural Geometry (SAG)

ATGmax = min(H,2B)

Surrounding Near Field (SNF)
300-800 m

Figure 20: Buildings and structures within the ATG range are reflected with the highest detailing level. In the SAG range,
buildings are reflected by either simplified or block geometry, depending on their height and the IWFL criterion. Objects
in the GBR range are only considered with block outline geometry when reaching or exceeding the IWFL.

Figure 20 illustrates a typical layout for the surrounding near field, suggesting suitable ranges for
model detailing of the built environment. According to the ASCE guideline for wind tunnel studies,
the scaled reproduction of all major buildings and structures is required for a distance of 300 to 800
m. The length of the surrounding near field in a wind tunnel study depends on the applied
geometric scale. With a typical turning table diameter of 2.5 m, the scale ranges from about 1:200
for lower buildings (up to 2𝑧𝑧̅ℎ ) to 1:600 for tall buildings, which has proven to provide reasonable
model dimensions and operability.

To construct the surrounding near field, two aspects should be considered; one is the distance to the
target building, and the other relates to the height of individual buildings. With respect to distance,
two sub-ranges can be defined. One reflecting Architectural True Geometry (ATG), followed by a
range with Simplified Architectural Geometry (SAG). Beyond the surrounding near field, the terrain
characteristic is reflected by a Generic Background Roughness (GBR), which is likely to be similar
to the roughness used in the flow-processing unit to model the upstream wind flow. With respect to
building heights, the level of detail is based on the Individual Wake Flow Limit (IWFL), where an
individual upstream tall building or structure creates an influencing wake flow over at least 6 times
its height (Franke, Hellsten, Schlünzen, & Carissimo, 2007). Three levels of individual object
detailing are suggested:
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1) Architectural True Geometry (ATG): The length of the ATG range lies typically between a
minimum distance (ATGmin) equivalent to 3 to 4 times of the average building height 𝑧𝑧̅ℎ ,
measured from 𝑆𝑆∆̅ , the locally averaged open space distance between target building and
neighbouring buildings. The maximum distance is equivalent to the height of, as in this case,
a high-rise building (H = ATGmax). The buildings within this distance reflect a high level of
details of the architectural design and other features of the urban environment. Obstacles
smaller than 0.5 m in full-scale can be neglected.
2) Simplified Geometry (SG): Individual buildings exceeding the IWFL should have a detailed
geometry, although bay windows, chimney stacks, balconies and other smaller architectural
features can be neglected.
3) Block Geometry (BG): Lower surrounding buildings that only contributes to the average
roughness are allowed to be modelled simplified as blocks. However, an aerodynamically
significant building shall be included if their height exceeds the IWFL (case (a) in Figure
20). Lower buildings (case (b) in Figure 20) may be included as well if their presence is
deemed relevant for the correct reflection of the mean and fluctuating characteristic of the
approaching wind.
All the above-described measures are general recommendations and decisions upon these parameters
may vary from case to case. Furthermore, modelling the full surrounding near field as Architectural
True Geometry is also a possibility, but would not be beneficial from a modelling-effort and
computation point of view.
In case the DWT is a Benchmark study of an EWT test, the detailing of the target building and
surrounding near field follows the setup strictly in the EWT, disregarding the above-given
recommendations.

4.2

Mesh considerations

The recommended mesh sizes and volumetric controls are specified in Figure 5 and Table 2.
Refinement of the inner zone around the target building (zone 1) is shape and wind angledependent; hence, it is difficult to give generic specific guidelines. Cao et al. (2019) investigated very
dense refinement resolutions on the target building in a smooth flow and concluded the
reattachment point is highly correlated to the mesh resolution. Some minimum requirements can be
followed in order to capture both small and large fluctuations around the target building:
1) It is recommended to have a minimum of 100 elements across the shortest side of the
building (AIJ, 2017) (Murakami, 1998). More elements across the width increased the
accuracy of the reattachment point in the benchmark study. Similar results were found by
Cao et al. (2019) and Yan & Li (2015).
2) The target building surfaces should have a prism layer with a stretching ratio of maximum
1.05 to ensure the solution does not oscillate (Murakami, 1998).
3) Long flat cells near the surface decrease the accuracy; therefore, the prism layer’s aspect
ratio should ideally be 1:2.
4) The non-dimensional wall distance y+ on the target building should be around 1, to ensure
good development of the boundary layer on the surfaces that are of interest for pressure
accuracy (Murakami, 1998) (Rodi, 1997). Higher values are acceptable on the surrounding
city because the buildings are not of interest for pressure. However, the first y+ values
should not lie in the buffer layer with values between 5-30 for high Reynolds numbers, as
this region is difficult to express mathematically (Wilcox, 2010).
The mesh density can gradually decrease from the target building to the base mesh. Areas between
surrounding buildings/structures must be refined, in order to capture aerodynamic interference
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effects. Likewise, areas between penetrating upstream buildings/structures and the target building
must be refined too, to capture the shedding vortices in the wake flow field from upstream buildings.
The upstream base size mesh to the target building must be a size that is small enough to resolve
the small vortices of the flow. Two parameters that influence the base size are given in the PG. The
refinement upstream to the target building must be conducted both within the auxiliary domain and
the test section. Refining upstream solely in the test section does not improve the simulation
accuracy, as the smallest vortices from the IBC are still absent in the flow.

4.3

Inflow conditions

The IBC of the test section must be created in advance to the simulation, where it is loaded in from
a database for each time step. The database consists of several files that each contain the flow field
in the three components in a 2D plane for a specific time step.
Three methods are available to construct the IBC for the test section; the Synthetic Turbulence
Generator Method, the Recycling Method and the Precursor Database Method. A detailed
description of the methods is given by Thordal et al. (2019)a. The Synthetic Turbulence Generator
Method generates the IBC computationally by satisfying the mathematical expressions of the ABL.
The method was first proposed by Smirnov et al. (2001) and has since been modified due to a
mismatch of the ABL properties. The latest promising methods are proposed by Aboshosha et al.
(2015) and Patruno and Ricci (2017). The method is the fastest and least computational heavy
because only the test section is simulated. However, according to the authors' experiences, they still
suffer from not being able to create a wind flow that is fully correlated and anisotropic as the ABL
and thus induces discrepancies. Several benchmark studies have mainly focused on obtaining
accurate pressure distribution on the target building. However, while simultaneously pursuing high
accuracy of the building response, the temporal and spatial correlation of the flow becomes essential
in reflecting the pressure field (Ricci, Patruno, Kalkman, & Blocken, 2018).
The Recycling Method was developed by Lund et al. (1998), where the main idea is to create an
auxiliary domain that recycles the flow and hence acts as an infinity long fetch. When the flow is
stable in the auxiliary domain, it is mapped and stored in a database for each time step.
Subsequently, the database is used as IBC in the test section domain. The advantage is the low
computational costs due to a small auxiliary domain, whereas the disadvantage is the setup of the
recycling procedure, since it requires scaling and decoupling of the flow when reintroducing it at the
inlet. The last available method is the Precursor Database Method, which is the most computational
expensive method, but based on the present study in Section 1-3, also the most precise up until now
in terms of predicting wind loads. The method creates the turbulent flow in the same manner as an
EWT with spires and roughness elements in an auxiliary domain, before the flow is mapped and
stored in a 2D plane database for each time step. The database is subsequently utilised in the test
section domain in the same way as the database created with the Recycling Method. A large benefit
of this method is that it can be reused for multiple test sections once it is computed and stored. The
proposed guidelines to the standard setup of a Precursor Database auxiliary domain are given in the
PG.

4.4

Time step size considerations

The time step size considerations are assessed in the PG. Details about the CFL number can
likewise be found in the PG. If the CFL numbers are too high and need to be lowered, it is
recommended to resolve the simulation for a smaller time step, where it can be considered to store
the scalars for a larger time step and thereby speed up the solving time (AIJ, 2017). If the Precursor
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Database method or Recycling Method is utilised as IBC in the test section domain, then the time
step size is predefined, since the IBC database is stored for the auxiliary domain time step size.

4.5

Numerical schemes

For the selection of spatial and temporal discretisation schemes, see the PG and the review paper by
Thordal et al. (2019)a. For wind loading simulations it is recommended to utilise 2nd order time
differencing schemes, either explicit or implicit. Bounded Central-Differencing or Central
Differencing Schemes are recommended for the spatial discretisation (Siemens, 2019). Furthermore,
it is good practice to select identical numerical schemes in the auxiliary domain and the test section
simulation, in order to not introduce any numerical errors in the interface between the simulations.
Currently, only Large Eddy Simulation can be recommended to fully resolve the flow around the
target building. Implying, Reynolds-Averaged Navier-Stokes (RANS) or Detached Eddy Simulations
(DES) are not capable of predicting the correct responses of a high-rise structure (Blocken, 2014)
(Huang, Li, & Xu, 2007) (Dagnew & Bitsuamlak, 2013).
A distinction should be made between the auxiliary domain and the test section model. Since the
test section model evaluates the pressure on the target building, the simulation is more sensitive to
small vortex structures near the building surface; hence, it is highly recommended to select the
Dynamic Smagorinsky (Germano, Piomelli, Moin, & Cabot, 1991) (Lilly, 1992) or WALE (Nicoud &
Ducros, 1999) Subgrid-scale model rather than the Standard Smagorinsky model. WALE is found as
the best compromise of speed and accuracy, since it was estimated to run 30% faster than the
Dynamic Smagorinsky model in Star-CCM+, see also PG.
The target building, surrounding buildings and ground floor must have no-slip wall boundary
conditions. The sidewalls and ceiling must have no-slip wall boundary conditions in the case of a
benchmark study, whereas slip boundary conditions can be applied for a stand-alone CFD
simulation with larger distance to the walls.

4.6

Duration of wind simulation

The requirements for the duration of the wind simulations are identical for both EWT tests and
DWT tests. The wind simulation must be sufficiently long to encompass a reliable statistical
ensemble. AIJ (2017) recommends a statistical ensemble of 5 x 10-minute in full-scale. EC1.4-K
recommends the test must be carried out for at least 6 x 10-minute in full-scale.
The DWT must run for a number of Flow-Through-Domains to stabilise the turbulent flow field
before data is sampled for statistical analysis. The requirements are assessed by Thordal et al.
(2019)a, but 2-5 Flow-Through-Domains are typically sufficient before starting sampling.

4.7

Quality assurance

4.7.1 Flow field

The flow field through the test section and hence around the investigated building is highly
dependent on the IBC; hence, reference is made to the quality assurance section of the IBC in the
PG.
The mean wind velocity in the streamwise direction and turbulence intensity in the three
components must reflect the desired ABL terrain category. The wind profiles must have a
reasonable match from the ground surface and up to a level above the high-rise building height H.
The profiles must be reproduced up to at least 1.5H according to EC1.4-K. Furthermore, the flow
field must be homogenous in a reasonable lateral distance from the target building.
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The PSD of the upstream wind flow must be evaluated, in order to secure the energy is distributed
similar to the natural ABL, but also to secure the energy is maintained for the high frequencies in
the CFD simulation. The EC1.4-K states inaccuracy for the low frequencies is acceptable, whereas
the high-frequency components must be properly reproduced. The spectra must fit beyond the
frequency of the first modes before it collapses. If the energy-drop is below the building natural
frequencies, it cannot be expected that the upstream flow contains the necessary energy to produce
the excitations of the building. The better the grid resolution, the higher the frequencies which can
be resolved in the spectra. The classic and modified von Kármán spectra for the three components
are widely used as an approximation of PDS (Thordal, Bennetsen, & Koss, 2019)a. According to
Paepe et al. (2016) is the Kaimal (1972) spectrum a better approximation of the PDS below 50 m in
full-scale, where the Eurocode (2005) and the von Kármán approximations can be applied above 50
m.
The simulated streamwise integral length scale 𝐿𝐿𝑢𝑢.𝑠𝑠𝑠𝑠𝑠𝑠 must be as close as possible to the estimated
full-scale integral length scale 𝐿𝐿𝑢𝑢.𝑓𝑓𝑓𝑓 estimated with Eurocode, ESDU, etc., regardless of if the wind
load assessment is carried out in a DWT or an EWT. Cook (1985) suggested the two geometric
scales must not deviate more than 3 for global forces and moments assessments, and 2 for
assessments of local pressures on façade and roof cladding elements.

4.7.2 Façade pressure distribution on target building

If the DWT simulation is for benchmark testing of EWT data, the aim is to reproduce a façade
pressure distribution on the target building that is similar to the EWT results. Quality checks of the
pressure distribution are essential, including the moments of their distribution functions (mean,
variance, skewness), their fluctuation distribution over frequency (power spectrum), etc.
Furthermore, the pressure characteristics are highly dependent on the pressure tap location on the
building and are typically non-Gaussian distributed. Hence, the maximum and minimum peaks
should also be evaluated either as the absolute peak or as a fractile from extreme value analysis.
The coefficient of determination R2 can give a clear indication of the consistency between the DWT
and EWT results. In Table 5, a quality ranking for the R2-value is suggested which can be applied
for evaluating the consistency of facade pressures from the EWT and DWT simulations presented in
this paper. Outliers in scatter plots must be investigated separately, in order to trace the origin.
An acceptable consistency in the pressure coefficient distributions on the target building is a good
starting point for a good match in the peak responses of the target building. Even with high
consistency in the local wind pressure, equally high consistency of peak responses cannot always be
expected due to the complexity of aerodynamic admittance, possible insufficient correlation of vortex
shedding etc.
Table 5: Indication of consistency between EWT and DWT
façade pressures with the coefficient of determination R2
R2
Level of consistency
< 0.7

Poor consistency

0.7 - 0.8

On the right path, but still work to be done

0.8 - 0.9

Acceptable consistency

0.9 - 0.95

Satisfying consistency

> 0.95

High consistency
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4.7.3 Response of target building

If the CFD simulation is for benchmark purposes, the recording of the wind loading must be
consistent in the DWT and the EWT. If the HFPI method is utilised in the EWT test, it is
recommended to collect façade pressure time series from the DWT at the same locations on the
building surfaces as the EWT. Furthermore, it is recommended to also collect wind loading data for
the full area of the surfaces with the HFBB method, in order to evaluate the building response with
the HFPI and HFBB methods for the same simulation. Standard practice for EWT tests is to
perform a HFBB test for the overall wind loads, followed by a HFPI test for the façade pressures.
Benchmark studies between the HFBB and HFPI methods have shown the two methods can deviate
if the HFPI pressure taps and corresponding tributary areas are not distributed carefully
(Dragoiescu, Garber, & Kumar, 2006) (Dragoiescu, Garber, & Kumar, 2009).
If the CFD simulation is for benchmarking purpose, every element in the EWT and DWT test must
be implemented identically, in order to have directly comparable results. The data collection and
reference pressure position must be sampled and located equally. The response analysis must be
carried out identically for the EWT and DWT tests. Mixing HFBB and HFPI methods and/or postprocessing response analyses can introduce differences that are not related to the actual wind load
assessment. Furthermore, wind loads on non-sharp-edged building shapes can be Reynolds
dependent, which can introduce differences in the aerodynamic admittance; therefore, it is
recommended to run the EWT and DWT for the same inlet velocity.
The base moment PDSs are highly dependent on the natural frequency of the building and the
upstream base mesh size. For benchmarking purpose, it is important to check that the base moment
PDSs from the EWT and DWT are in agreement.

5

Conclusion

The standard tall CAARC building has been tested with a complex surrounding city in both an
EWT and a DWT for five AoA. The DWTs are executed as LES with a Precursor Database
auxiliary domain to create the IBC. The following main conclusions can be drawn from the
benchmark study:









The test section simulations were capable of transferring the wind field from the Precursor
Database model, while preserving the energy of the flow.
The mean wind flow field around the CAARC building was observed to be asymmetric due
to a church tower upstream to the target building. Furthermore, the AoA B90 showed the
mean reattachment point of the flow on the sidewalls was close to the trailing edge, requiring
demanding mesh refinement on the target building surfaces.
The façade pressure coefficients showed good agreements for all wind directions. The mean
façade pressure coefficients had high consistency with a coefficient of determination R2 above
0.97. The fluctuating façade pressure coefficients had small deficits and a coefficient of
determination R2 above 0.80. The DWT slightly overpredicted the maximum pressure
coefficients, whereas the minimum pressure coefficient deficits were more randomly
distributed.
The Predicted Peak Structural Responses of the building were overall in good agreement
between the EWT and the DWT, with average differences of 10.5 %, 13.0 % and 12.8 % for
Mx, My and Mz base moments, respectively.
The HFPI and HFBB method showed a large difference in the torsional Predicted Peak
Structural Responses, indicating the HFPI method does not cover all aerodynamic effects on
the surfaces.
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The Floor-by-Floor loadings were compared for the EWT and DWT, where good agreements
were seen for AoA B0-B60. For AoA B90, the DWT underpredicted the crosswind Floor-byFloor loadings above 80 m, which was caused by the underpredicted response base moment.

To the authors’ knowledge, there are currently only a few studies presenting Predicted Peak
Structural Response base moments and façade pressures within similar levels of consistency as
presented by this paper. The CFD wind loading comparison study by Holmes and Tse (2014)
reported deviations between experimental and numerical results up to 30 %. Latest studies by
Elshaer et al. (2016) and by Ricci et al. (2018) showed encouraging results, although still with
deviations up to 20-30 %. Hence, with a deficit down to 10-13 % on average in the Predicted Peak
Structural Responses, the present research is considered to be a milestone within Computational
Wind Engineering for the benchmark of wind loading on a sharp-edged body.
Finally, guidelines were suggested for a standard CFD setup for wind load assessment, covering
geometric considerations, mesh refinement requirements and considerations, selection of numerical
schemes and a self-quality assurance checklist of the test results. The suggested guidelines are based
on the benchmark of a sharp-edged high-rise building; hence, future work is required in order to
perform blind tests on other shapes by employing the guidelines. The suggested guidelines are viable
for industrial and engineering practice and are designed for practical applications; hence, the
suggested guidelines are expected to be utilised within Computational Wind Engineering for wind
load assessment of high-rise buildings in the future.
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Response of a chamfered and a rounded corner high-rise building is examined with LES
7 wind angles of attack are tested with an Experimental and a Digital Wind Tunnel
Average deviations of 11-15 % for Mx and My and 15-22 % for Mz peak wind loadings
Mean, fluctuating, minimum and maximum surface pressure coefficients are evaluated

Abstract
Wind load assessment of the standard tall CAARC high-rise building with Large Eddy Simulation
has recently shown to be applicable, where deviations between experimental and digital results were
in average 10-13 % for the peak wind loads. The present study performs CFD blind tests of the
CAARC building with chamfered and rounded corner modifications, in order to investigate how
accurate CFD simulations are without prior knowledge of experimental wind tunnel results. The
high-rise buildings are examined for the surface pressure distribution, the peak predicted structural
responses and the Floor-by-Floor loadings. The setup for the numerical simulations is based on a set
of recommendations developed from the aforementioned study. The CFD simulations are performed
as replicas of experimental wind tunnel tests, to secure directly comparable test setup and postprocessing procedures. The mean surface pressures on both high-rise buildings had a high
consistency with experimental results. Furthermore, the minimum and maximum peak surface
pressure coefficients showed prominent good agreements. The chamfered high-rise building had
average deviations of 14.92, 14.08 and 22.07 % for the Mx, My and Mz base peak moments, where
discrepancies of 12.56, 11.58 and 15.51 % for Mx, My and Mz were found for the rounded corner highrise building.

1

Introduction

Tall buildings are affected by strong winds that can be mitigated by optimising for an aerodynamic
shape. According to Xie (2014), there exist two types of aerodynamic optimisation: Aerodynamic
modification and aerodynamic design. Here, aerodynamic modifications mitigate the wind loads by
introducing corner modifications, where the dimension of the corner modification should be at least
10 % of the building width to have an impact. By using Experimental Wind Tunnel (EWT) tests,
corner modifications have been proven to mitigate the wind loads; however, mainly a substantial
reduction is seen for the along-wind loads (Xie, 2014) (Kareem, Kijewski, & Tamura, 1999). The
modified corners change the separation point at the leading edges and narrow the front face
Abbreviations: EWT, Experimental Wind Tunnel; CAARC, Commonwealth Adcisory Aeronautical Research Council;
CWE, Computational Wind Engineering; CFD, Computational Fluid Dynamics; RANS, Reynolds-Average Navier Stokes;
LES, Large Eddy Simulation; DWT, Digital Wind Tunnel; AoA, Angle of Attack; HFPI, High-Frequency Pressure
Integration; CFL, Courant-Friedrichs-Lewy (number); PPSR, Peak Predicted Structural Response
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subjected to high pressure. Moreover, the shear layer reattachment is relocated with corner
modification, which also narrows the wake flow region (Tamura & Miyagi, 1999) (Kawai, 1998)
(Tamura & Miyagi, 1999). Consequently, both phenomena mitigate the along-wind load.
Aerodynamic design integrates the architectural design into the wind load optimisation by
modifying the building along the elevation with tapering, stepping, twisting, openings/gaps or
sculptured top. The variation of the cross-section along the height implies different vortex shedding
frequencies and thus reduces correlation and synchronised fluctuating wind loads. The aerodynamic
optimisation is proven with EWT tests to mitigate both the along-wind and across-wind response
(Kareem, Kijewski, & Tamura, 1999) (Xie, 2014).
Several research studies have investigated the aerodynamic modification optimisation in the EWT.
Kwok (1988) tested the effect of chamfered and slotted corners on the standard tall Commonwealth
Advisory Aeronautical Research Council (CAARC) building for the overall wind loads. Jamieson et
al. (1992) investigated the surface pressure distribution on the CAARC building with chamfered and
rounded corners. Tamura & Miyagi (1999) studied the effect of chamfered and rounded corners on a
square cylinder for the overall wind loads. Likewise, Li et al. (2018) tested a chamfered and rounded
corner square high-rise building, where they also investigated the surface pressure distribution.
Kawai (1998) examined the effect of chamfered, recessed and rounded corners on both a squared and
rectangular cross-section. Carassale et al. (2014) investigated the influence of rounded corners on a
square cross-section with a force balance.
Additionally, the aerodynamic design approach has also been examined several times in the EWT.
Dutton & Isyumov (1990) and Miyashita et al. (1993) investigated the effect of horizontal gaps
through the building with a force balance model. Cooper et al. (1997) studied the impact of tapering
on the response with an aeroelastic model. Kim & Kanda (2010)a (2010)b studied the effect of
stepping and tapering on rigid models, where they investigated both the response and façade
pressures. Finally, a comprehensive comparison study was performed by Tanaka et al. (2012), who
tested multiple configurations of both aerodynamic modifications and aerodynamic designs.
With the rise of interest for Computational Wind Engineering (CWE) and using numerical
approaches as Computational Fluid Dynamics (CFD), wind load mitigation have been further
explored. It allows observing the interaction of airflow with the measures to mitigate wind load and
structural response, which is educational even for experienced wind engineers. Several studies have
been performed using Reynolds-Average Navier Stokes (RANS) models to investigate the along-wind
load, among other by Mooneghi & Kargarmoakhar (2016), Ambreen & Kim (2018) and Sharma et
al. (2018). Meng et al. (2018) investigated different RANS turbulence model and concluded the
Realisable k-ε and SST models perform best at predicting the surface pressure. However, as RANS
models are stationary simulations, the dominating across-wind load for high-rise buildings can not
be simulated. Tamura et al. (1998) were some of the first to perform a 3D Large Eddy Simulation
(LES) on a squared cross-section with rounded and chamfered corners, which gave substantiate
insight into the wind effects for the aerodynamic modification. The aforementioned comprehensive
EWT study by Tanaka et al. was extended and compared with a recessed corner modified model
and a stepped and a twisted aerodynamic design model with the Precursor Database method as
inflow (Tanaka, et al., 2013). They compared the pressure distribution of the four numerical models
with the EWT results, which were found to be in a good agreement with deviations of
approximately 10 %. Furthermore, they addressed some of the aerodynamic phenomena, which can
be visualised with CFD. Shang et al. (2019) also investigated the wind flow phenomena for
chamfered corners and identified a so-called corner-bubble, which recirculates the wind flow around
the corner modification and thereby mitigates the wind load.
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Alminhana et al. (2018) investigated the chamfered and recessed corner modifications of the
CAARC by using a LES model with a synthetic inlet. They compared the pressure distribution at
stagnation height 2/3H and likewise showed good agreements between the experimental and
numerical results. With the prevalence of artificial intelligence, Bernardini et al. (2015) and Elshaer
et al. (2016) (2017) used surrogate models that were connected to CFD simulations to search for the
most optimal solution of the design for the lowest wind loads. Using CWE for wind load mitigation
assessment, mainly the drag and lift forces have been of interest. A few investigated the pressure
distribution, and to the authors' knowledge, only Elshaer et al. (2017) investigated the response of a
high-rise building with aerodynamic optimisation, although, not as a benchmark study of EWT
results.
The sharp-edged CAARC high-rise building has recently been investigated by the authors, where
five wind angles of attack were benchmarked for the prediction of peak wind loads (Thordal,
Bennetsen, Capra, & Koss, 2020). The study showed a deviation between EWT and Digital Wind
Tunnel (DWT) results of 10-13% of the peak loads. The results are seen as the latest state of the art
within CWE wind load assessment, as similar works have deviations up to 20-30% on the peak wind
loads (Elshaer, Aboshosha, Bitsuamlak, Damatty, & Dagnew, 2016) (Ricci, Patruno, Kalkman, &
Blocken, 2018).
The critical experimental wind engineer would claim that it is easy to benchmark an EWT test with
CFD simulations when the EWT results are known in advance, so the CFD results can be tweaked
until they match the EWT results. To evaluate this claim, guidelines for numerical simulation
suggested by Thordal et al. (2020) are employed on a chamfered and a rounded corner high-rise
building and executed as blind tests. This means the geometry, mesh and numerical schemes have
only been set up once, and not subsequently optimised to ensure the characteristics of a blind test,
for each wind angle of attack. In this way, the results are transparent and contribute to the latest
state of the art within CWE of wind load assessment. The present study aims at proving that CFD
can predict peak structural wind loads on other shapes than sharp-edged geometries with acceptable
accuracy, i.e. similar to the results on sharp-edged bodies. The research uses the same geometry of
the domain and surrounding city, inflow, mesh settings and numerical schemes as the study of the
initial CAARC building. The geometry of target building and spatial discretisation near it is
changed for the present study. Therefore, only a short but comprehensive method description is
given in Section 2. Section 3 discusses the results of the chamfered and rounded corner high-rise
buildings and compares the results to the sharp-edged CAARC building from (Thordal, Bennetsen,
Capra, & Koss, 2020).

2

Method

2.1

Building test case

The two buildings have the same dimensions as the CAARC building, which is 30 m (D) x 45 m (B)
x 180 m (H). The corner modification is 20 % of the depth for both buildings, yielding 6 m cut-off of
the (C) chamfered building and a radius of 6 m for the (R) rounded building, as shown in Figure 1.
The responses of the buildings are analysed with two types of Finite Element (FE)-models, one for
the sway moments and one or the torsional moment. Both FE-models have nine nodes with degrees
of freedom, placed in the same heights as the pressure taps. The first two frequencies for the sway
moments are 𝑓𝑓𝑥𝑥,𝑦𝑦 = [0.15, 0.95]𝐻𝐻𝐻𝐻 and for the torsional moment 𝑓𝑓𝑧𝑧 = [0.31, 0.95]𝐻𝐻𝐻𝐻. In order to
investigate the high-rise buildings for realistic surroundings, the buildings are located in central
Copenhagen as a hypothetical situation, where 400 m of surrounding near field is included. The
buildings are tested for seven wind Angles of Attack (AoA), which covers every wind phenomena
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due to the double symmetric geometry. The near field surroundings are not rotated with the
building, meaning the building is always tested for winds coming from the north. The building
orientations are seen in Figure 2.
The EWT and DWT are performed for a geometry scale of 1:400, resulting in a 0.45 m tall test
model. The buildings are considered for a full-scale velocity of 31.53 m/s in a 50-years storm.

Figure 1: Dimensions of the chamfered and rounded corner high-rise buildings.
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Figure 2: Orientations of building for the wind angles of attack.

2.2

Experimental Wind Tunnel description

The EWT tests are performed in an open-circuit wind tunnel at FORCE Technology in Denmark
(Hansen & Sørensen, 1985). The wind tunnel is 1.8 m high, 2.6 m wide and 20.4 m long, where the
flow processing unit is 14.8 m and the test section is 5.6 m long. The two models are created of
plexiglass, where the chamfered model is laser cut and subsequently collected with glue, whereas the
rounded model is heat-bent to secure smoothly rounded corners. The experimental models are tested
with the High-Frequency Pressure Integration (HFPI) method with 256 pressure taps that
simultaneously measures the pressure on the surface with 1500 Hz. The experimental model and the
pressure taps locations are seen in Figure 3a,c and Figure 4a,c. The corner modifications have three
pressure taps to observe the aerodynamic phenomena. Each pressure tap has a tributary area, over
which the pressure is assumed constant.
The experimental wind tunnel tests are performed for reference wind velocities of 10 and 15 m/s for
the chamfered corner model. The rounded corner model is more inclined to be Reynolds number
dependent; therefore, the model is tested for 10, 12.5 and 15 m/s. The tests are run for 2 min in
model scale for each wind direction. The resulting velocity scales for the two models yield to 240 and
360 minutes long time histories in full-scale for the chamfered corner model and 240, 300 and 360
minutes long series for the rounded corner model, respectively.
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a)

b)

c)

Figure 3: Chamfered corner model. a) experimental setup, b) digital setup and c) pressure tap locations
and local coordinate system.

a)

b)

c)

Figure 4: Rounded corner model. a) experimental setup, b) digital setup and c) pressure tap locations
and local coordinate system.

2.3

Digital Wind Tunnel descriptions

The DWT simulation is conducted using LES, where the inflow is conducted with the Precursor
Database method (Thordal, Bennetsen, Capra, & Koss, 2019). Hence, a precursor domain is
compiled to create the approaching wind flow in a test section domain. Each wind direction must be
tested as an individual test section domains, leaving in total seven test sections. The CFD
simulations are executed in the commercial CFD software Star-CCM+ by Siemens.

2.3.1 Geometry and boundary conditions

The size of the test section domains follow the size of the EWT test section, i.e. 1.8 m high, 2.6 m
wide and 5.6 m long. The target building is located 1.6 m downstream of the inlet plane. The
surrounding city is based on the EWT surrounding city geometry and follows the suggested
guidelines by Thordal et al. (2020). The surrounding city and test section size are modelled identical
to the CAARC building tests from the same reference, where only the target building is replaced.
Figure 3b and Figure 4b show close-ups of the target buildings. The test section domain of B0-C is
seen in Figure 5, and the center of origin is in the target building base center.
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Every surface has no-slip boundary conditions. The inlet boundary condition is conducted in
advance in an auxiliary domain with the Precursor Database method (Thordal, Bennetsen, Capra, &
Koss, 2020). The turbulent boundary layer reflecting the atmospheric boundary layer is generated as
a replica of the flow-processing unit of the EWT. The approaching wind flow is mapped and stored
in a 2D plane for each time step as the velocity with its three components. Subsequently, the flow is
introduced as inlet boundary conditions in the test section domain, where the inlet is updated for
each time step. The Precursor Database domain has a constant inlet of 15 m/s, resulting in a
reference wind velocity at the target building height of 11.8 m/s. The precursor model is seen in
Figure 6.
target building
inlet

outlet

surrounding city

Figure 5: Test section domain for chamfered corner building AoA B0-C.

sawtooth

spires

roughness blocks extended to side walls

inlet

small roughness blocks
2Dplane
outlet

barrier wall

large roughness blocks

Figure 6: Precursor Database domain and the 2D plane position. (Thordal, Bennetsen, Capra, & Koss, 2020)

2.3.2 Mesh and numerical schemes

Both the precursor domain and the test section domains are spatially discretised with hex-dominant
grids. The test section domains discretisations follow the recommendations by Thordal et al. (2020).
The discretisation for configuration B0-C is seen in Figure 7. The target buildings are refined
differently, depending on their corner geometry and the AoA, in order to resolve the shear layer
properly. The grids near the target buildings for B0-C and B75-R are seen in Figure 8. The target
buildings have 10 prism layers with a stretching ratio of 1.05, recommended by Murakami (1998).
The first cells aspect ratios in the corner refinement zones are ranging between 1:4.5 and 1:6.4, and
are 1:9 on the flat surfaces. The aspect ratios are too high according to the suggestions by Thordal
et al. (2020); however, this is a compromise between adequate refinement mesh and keeping the
CFL numbers low. The grids of the test section domains range between 18.4 and 31.9 mil. cells.
The discretisation of the precursor domain is seen in Figure 9. The approaching flow in the wind
tunnel center is refined as a “tunnel”, which 1 m wide, to reduce the number of cells. The base mesh
size upstream is 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 /15 and is extended up to 1.5H. The total cell size is 50.0 mil. cells.
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Figure 7: Test section domain spatial discretisation in midplane and transverse plan for B0-C.

Figure 8: Mesh discretisation near target buildings for chamfered model B0-C and rounded
model B75-R. See building orientation in Figure 2.

Figure 9: Spatial discretisation in the longitudinal midplane and the transverse 2D plane of the precursor domain.

The precursor domain and test section domains are performed with LES and the WALE sub-grid
scale model (Nicoud & Ducros, 1999). The simulations are resolved with the segregated solver in
Star-CCM+, which is a SIMPLE-like solver. The bounded central differencing scheme is chosen as
the spatial discretisation method. A 2nd-order implicit scheme is chosen for temporal discretisation,
with a sample frequency of 2000 Hz. The simulations are executed for 29 s in model scale, where the
statistics are sampled after 5 s. The 24 s in model scale corresponds to 61 minutes in full-scale. The
surface pressure on the target building is recorded as time series at 256 discrete points corresponding
to the pressure tap locations on the model in the EWT, in order to be consistent between the EWT
and DWT tests.
The precursor model took 141 hours to run on 480 cores, while the test section domains took
between 140 and 243 hours with 160 cores, all executed on Skylake Xeon Gold 6148 20-core CPUs.

3

Results and discussion

3.1

Flow field

The normalised mean wind velocity and turbulence intensity in the longitudinal u, lateral v and
vertical w component are evaluated as follows:
�𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑧𝑧) =
𝑈𝑈

�(𝑧𝑧)
𝑈𝑈
;
�𝑟𝑟𝑟𝑟𝑟𝑟
𝑈𝑈

𝐼𝐼𝑢𝑢 (𝑧𝑧) =

𝜎𝜎𝑢𝑢 (𝑧𝑧)
�(𝑧𝑧)
𝑈𝑈

;

𝐼𝐼𝑣𝑣 (𝑧𝑧) =
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𝜎𝜎𝑣𝑣 (𝑧𝑧)
𝜎𝜎𝑤𝑤 (𝑧𝑧)
; 𝐼𝐼𝑤𝑤 (𝑧𝑧) =
�
�(𝑧𝑧)
𝑈𝑈(𝑧𝑧)
𝑈𝑈

(1)

Where Ū(z) is the mean velocity in height z, σ is the corresponding standard deviation of the
velocity and Ūref is the reference mean wind velocity in 0.5 m height. The upstream wind flow is
measured 1.3 m upstream to the origin of the target building in both the EWT and DWTs, which
corresponds to 0.3 m downstream of the 2D plane in the precursor database model. The EWT,
precursor model and test section model for B0-R are seen in Figure 10. The DWT models’
normalised wind profile slightly underpredicts below 350 mm, entailing a discrepancy in the
turbulence intensities. However, the agreement between the EWT and DWT models is considered
adequate for the investigation.
The power spectral densities of the three flow components are evaluated if they follow the original
and modified von Kármán spectra:

𝑆𝑆𝑢𝑢 (𝑓𝑓) =

𝐿𝐿
4𝜎𝜎𝑢𝑢2 �𝑢𝑢
𝑈𝑈

5
2 6

𝑓𝑓𝐿𝐿
�1 + 70.8 � �𝑢𝑢 � �
𝑈𝑈

; 𝑆𝑆𝑖𝑖 (𝑓𝑓) =

2𝑓𝑓𝐿𝐿 2
𝐿𝐿
4𝜎𝜎𝑖𝑖2 �𝑖𝑖 �1 + 188.4 � � 𝑖𝑖 � �
𝑈𝑈
𝑈𝑈
11

2𝑓𝑓𝐿𝐿 2 6
�1 + 70.8 � � 𝑖𝑖 � �
𝑈𝑈

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖 = 𝑣𝑣 𝑜𝑜𝑜𝑜 𝑤𝑤

(2)

Where Lu, Lv and Lw are the integral length scales and Ū is the mean velocity. The power spectral
densities are shown with the von Kármán spectra in Figure 11. The EWT flow has a good
agreement with the von Kármán spectra. Likewise, the DWT has a good agreement to the EWT
flow and von Kármán spectra up to a non-dimensional frequency of 6, before the energy drops due
to the mesh density. The non-dimensional frequency of 6 corresponds to a full-scale frequency of
0.79 Hz, which is higher than the first three modes; hence the upstream flow should be able to
resolve the vortices that have the same frequencies as the high-rise buildings.

Figure 10: Normalised velocity wind profile and the turbulence intensity profiles of EWT,
precursor model and test section B0-R.

Figure 11: Power spectral density of the EWT, precursor model and test section B0-R.
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Figure 12: Average CFL number in near flow region of the high-rise buildings in z=2/3H for AoA B0.

Figure 13: Mean wind velocity near wall 2 for AoA B0 in z=2/3H, showing the separation of the flow at the modified
corners.

Figure 14: Instant wind velocity near target buildings for AoA B0 in z=2/3H, showing the shedding vortices and
wake flow.

The first non-dimensional wall distance y+ is on average between 1-2 on the target building. The low
y+ values ensure that the first cells are within the viscous sublayer and that the boundary develops
properly (Murakami, 1998) (Rodi, 1997). The near flow field around the target buildings has CFL
number above the recommended value of 1, as seen in Figure 12. The CFL numbers are especially
high in the edge refinement zones. However, based on earlier experience, it is chosen to have high
CFL numbers as a compromise between securing a small y+ value and a mesh that is adequately
small to predict the overall wind loads and surface pressures. For higher accuracy of the flow
resolution, the time step should have been lowered to secure smaller CFL numbers.
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The mean wind flows near wall 2 are shown for the two buildings in Figure 13, see building
orientation in Figure 2. The chamfered corner introduces two separation points and creates a cornerbubble and a recirculation bubble along the side, as discussed in the introduction. It entails a
complex flow where two shear layers mix along wall 2. For the rounded corner, the wind flow
magnitude becomes larger, as the rounded corner delays the flow separation by guiding the wind
flow smoothly around the sides of the building. Furthermore, it only produces one separation point,
recirculation zone and shear layer, which makes the flow less complex, although a rounded corner is
more Reynolds number dependent and hence relocates the separation point depending on wind
speed. Figure 14 shows the velocity for the same time step, where the flow upstream to the buildings
are similar. The shedding vortices are visible and show that the flow is not reattached to the
sidewalls for this AoA.

3.2

External pressure on building

The pressure coefficient time series in the pressure taps evaluated as follows:
𝐶𝐶𝑝𝑝 (𝑡𝑡) =

𝑝𝑝(𝑡𝑡)

1 � 2
𝜌𝜌𝑈𝑈
2 𝐻𝐻

(3)

where p(t) is the pressure time series ρ is the air density, and ŪH is the reference wind velocity at
the top of the target building in model-scale. The mean, fluctuating, and extreme façade pressure
coefficients are evaluated from the time series in eq. ( 3 ) with the approaches described by Thordal
et al. (2020) that use the Cook & Mayne (1980) method to estimate the 78%-fractile minimum and
maximum peaks. The mean, fluctuating, minimum and maximum façade pressure coefficients on the
target buildings are evaluated in scatterplots, in order to observe the consistency between the EWT
and DWT results. The scatter plots are shown in Figure 15, Figure 16 and Figure 17, where the wall
numbering is found in Figure 2. Each pressure tap is plotted along the x- and y-axis for the EWT
and DWT results, respectively. The agreement between the two methods is evaluated with the
coefficient of determination R2, where the degree of consistency is assessed with respect to the
suggested guidelines by Thordal et al. (2020). Overall, the mean pressure coefficients have a
satisfying or high consistency, with R2 values above 0.9, except for test case B0-C. The fluctuating
pressure coefficients are dependent on the wind direction, as the R2 coefficients vary between 0.33
and 0.89. The two test configurations AoA of B0 and B15 have poor consistencies with R2 of 0.33 to
0.68, where the remaining AoA general have values above 0.72. Although the fluctuating pressure
coefficients general do not provide satisfactory results, the minimum and maximum show prominent
good agreements. The maximum façade pressure coefficient all have a satisfactory consistency with
R2 coefficients above 0.92. The minimum pressure coefficients have an acceptable agreement with
values above 0.8, except test configuration B0-C, B15-R and B90-C. Comparing the façade pressure
coefficients to the CAARC building results in (Thordal, Bennetsen, Capra, & Koss, 2020), the mean
and fluctuating pressure coefficients are deteriorated, as the CAARC building have R2 coefficients
above 0.97 and 0.8, respectively.
Considering the present study is a blind test, meaning no optimisation of mesh and numerical
schemes have been performed, the pressure coefficients have good agreements with only a few
outliers. These would require extra attention with mesh refinements and potentially a smaller time
step, to obtain a more accurate prediction of the façade loads.
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Figure 15: Scatter plots of the mean, fluctuating, 78%-fractile minimum and maximum pressure coefficients for AoA
B0, B15 and B30.
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Figure 16: Scatter plots of the mean, fluctuating, 78%-fractile minimum and maximum pressure coefficients for AoA
B45, B60 and B75.
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Figure 17: Scatter plots of the mean, fluctuating, 78%-fractile minimum and maximum pressure coefficients for AoA
B90.

3.3

Response of target building

The pressure coefficient time series from eq. ( 3 ) are transformed into full-scale wind loading time
series 𝑭𝑭(𝑡𝑡), by combining them with the tributary areas and the reference pressure in full-scale. The
response analyses of the buildings are executed in the time domain with the Newmark (1959) time
integration approach. With the FE-models described in Section 2.1 and the mass 𝑴𝑴, stiffness 𝑲𝑲 and
damping 𝑪𝑪 matrices of the system and the full-scale wind loading time series 𝑭𝑭(𝑡𝑡), the equation of
motion is solved to find the displacement vector 𝒘𝒘(𝑡𝑡) that is dependent on time:
𝑴𝑴𝒘𝒘̈(𝑡𝑡) + 𝑪𝑪𝒘𝒘̇(𝑡𝑡) + 𝑲𝑲𝑲𝑲(𝑡𝑡) = 𝑭𝑭(𝑡𝑡)

(4)

The response wind loads, including both mean, background and resonance components, can then be
found from the displacement vectors. The Peak Predicted Structural Responses (PPSR) are found as
the 78%-fractile of the minimum and maximum peak, estimated with the Cook & Mayne (1980)
approach. The response analysis procedure and peak estimation are identical to the post-processing
of the CAARC building analysed by the authors, Thordal et al. (2020).
The EWT tests are performed for 600 and 900 min in full-scale for the chamfered and rounded
building, entailing the PPSRs are determined from a sample space of 60 and 90 peaks from 60 and
90 x 10-minute subseries. The DWT tests are executed for 60 min in full-scale, yielding a sample
space of 6 peaks from 6 x 10-minute subseries. The difference in the sample spaces can have an
impact on the confidence interval in the estimation of the 78%-fractile. The mean and PPSR base
moments are seen in Figure 18 for the chamfered corner high-rise building and in Figure 19 for the
rounded corner high-rise building. The three sample spaces, including the 60, 90 and 6 peaks, form
peak ranges that are seen in the figures.
For the chamfered corner high-rise building, the PPSR Mx and My determined with the DWTs are
all within the EWT peak range. The DWT results follow the EWT tests for AoA B15, B30, B45,
B60 and B75. The PPSR My for AoA B90 was expected to underpredict, as this was also the case
for the CAARC building (Thordal, Bennetsen, Capra, & Koss, 2020). The AoA B0 test case
overpredicts the PPSR Mx and My, which is consistent with the overprediction of the negative
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pressures on the side surfaces, as seen in Figure 15. The DWT tests significantly overpredict the
torsional PPSR maximum moments, whereas the minimum moments are within the EWT peak
range and close to the EWT PPSR base moments. Consequently, the mean torsional moments are
also slightly overpredicted, with a noticeable difference for AoA B75. The DWT peak ranges for the
torsional moment have large spans, compared to the two overturning moments, implying the results
are wider distributed. Lastly, the high over predictions of the fluctuating façade pressure coefficients
carried torsional moments to the building, which result in discrepancies of the PPSR torsional base
moments. Only the test case B45-C, which does not overpredict the fluctuating pressure coefficients,
have PPSR base torsional moments that are in good agreement with the EWT results. The
chamfered corner high-rise building has an average difference between the EWT and DWT PPSR
base moments of 14.92, 14.08 and 22.07 % for Mx, My and Mz, respectively.
For the rounded corner high-rise building, the DWT results have good agreements with the EWT
results for both the PPSR overturning moments and the torsional moments, with only the AoA B0
being significantly underestimated for the Mx and My moments. Furthermore, the peak ranges from
the DWT tests are within the peak ranges from the EWT tests. The DWT PPSR torsional moments
have a noticeable good agreement with the EWT results, compared to the chamfered corner highrise building. The EWT and DWT have an average deviation on the PPSR base moments of 12.56,
11.58 and 15.51 %, concluding that the suggested guidelines for wind load assessment by Thordal et
al. (2020) are applicable on the rounded corner high-rise building.
In conclusion, the two types of high-rise buildings estimate the PPSR base moments with good
agreement to the EWT, with a maximum average difference of 15 % for the overturning moments.
The rounded corner high-rise building performs better than the chamfered corner high-rise building.
The reason is expected to be because the chamfered corner introduces two separation points,
recirculation zones and shear layers, carrying a complex flow along the sidewall, as visible in Figure
13, where the rounded corner produces a single separation point and recirculation bubble.
The CAARC building study by the authors (Thordal, Bennetsen, Capra, & Koss, 2020) had a
deviation of 10.5 %, 13.0 % and 12.8 % for the PPSR Mx, My and Mz base moments, respectively,
entailing the two modified corner high-rise buildings have slightly higher deviations. However,
comparing the results to similar studies that investigated the response of a high-rise building
(Elshaer, Aboshosha, Bitsuamlak, Damatty, & Dagnew, 2016) (Ricci, Patruno, Kalkman, &
Blocken, 2018), the results are significantly improved and show a big potential for CWE for wind
loading.
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Figure 18: Peak predicted structural response base moments for the chamfered corner high-rise building.
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Figure 19: Peak predicted structural response base moments for the rounded corner high-rise building.

- 16 -

Figure 20: Floor-by-floor loadings for the chamfered corner high-rise building.

Figure 21: Floor-by-floor loading for the rounded corner high-rise building.

Figure 22: Correlation coefficient of the chamfered corner high-rise building.

Figure 23: Correlation coefficient of the rounded corner high-rise building.
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The displacement vectors are further utilised to obtain the Floor-by-Floor loadings. The Cook &
Mayne (1980) approach is likewise applied to estimate the 78%-fractile of the Fx and Fy loads in the
nine nodes of degrees of freedom. From these 78%-fractiles, the loads are smoothly distributed to
each floor covering 4 m, securing the loads are equal to the overall PPSR base moment. The Floorby-Floor loadings for the chamfered and rounded corner high-rise building are seen in Figure 20 and
Figure 21, respectively. The Floor-by-Floor loadings directly reflect the PPSR base moments,
entailing the DWT loads are in good agreements with the EWT loads. The chamfered corner highrise building Floor-by-Floor loads are overpredicted for AoA B0 and underpredicted for AoA B90.
Likewise, the Floor-by-Floor loading for the rounded corner high-rise building is underpredicted for
AoA B0. These observations are consistent with the PPSR base moments.
The correlation of the wind loading time series 𝑭𝑭(𝑡𝑡) relates the wind pressure along the height of the
buildings. The correlation coefficients are calculated concerning the uppermost floor load as:
𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑖𝑖 (𝑧𝑧, 𝐹𝐹𝑖𝑖 ) =

�������������������������������������������
�𝚤𝚤 (𝑧𝑧)��𝐹𝐹𝚤𝚤 (𝐻𝐻, 𝑡𝑡) − 𝐹𝐹
�𝚤𝚤 (𝐻𝐻)�
�𝐹𝐹𝚤𝚤 (𝑧𝑧, 𝑡𝑡) − 𝐹𝐹
𝜎𝜎𝐹𝐹𝑖𝑖(𝑧𝑧,𝑡𝑡) 𝜎𝜎𝐹𝐹𝑖𝑖(𝐻𝐻,𝑡𝑡)

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖 = 𝑥𝑥, 𝑦𝑦

(5)

where 𝐹𝐹𝑖𝑖 (𝑧𝑧, 𝑡𝑡) is the wind loading time series in the nine heights z and 𝜎𝜎𝐹𝐹𝑖𝑖(𝑧𝑧,𝑡𝑡) is the standard
deviation of the wind loading time series. The correlation coefficients are seen in Figure 22 and
Figure 23 for the chamfered and rounded corner high-rise buildings, respectively. In general, the
DWT correlation coefficients have a high consistency to the EWT correlation coefficients, which
shows that the CFD simulations are capable of simulating wind flows that are correctly correlated.
The B0-C test case has an underestimated correlation compared to the EWT results; however, the
correlation coefficients are consistent with the PPSR responses and Floor-by-Floor loadings for the
specific test case, and support that B0-C requires further investigation.

4

Conclusions

The authors have recently published suggested guidelines towards a standard CFD setup for wind
load assessment, based on benchmark tests of the sharp-edged CAARC building (Thordal,
Bennetsen, Capra, & Koss, 2020). In the present study, a chamfered and a rounded corner high-rise
building have been blindly tested with LES simulations, as a part of benchmarking how accurate
CFD simulations are to EWT tests for buildings with modified corners. The following conclusions
can be drawn:






The DWT mean wind profile, turbulence intensity profiles and power spectral densities were
in good agreements with the EWT results. The DWT streamwise component of the power
spectral density coincided with the EWT spectrum up until a frequency of 0.79 Hz in fullscale, which was higher than the first three fundamental modes of the high-rise buildings.
The mean, fluctuating, minimum and maximum façade pressure coefficients were presented
in scatterplots. The determination of coefficient R2 showed satisfying or high consistency for
the mean pressure coefficients, with values above 0.9, except for chamfered corner high-rise
building for AoA B0. The fluctuating pressure coefficients showed a wide variation of
consistency, with R2 coefficients varying between 0.33 and 0.89. On the contrary, the
maximum and minimum façade pressure coefficients showed very good agreements with R2
coefficients above 0.8 and 0.92, respectively.
The EWT and DWT Peak Predicted Structural Response base moments were in good
agreements, with average deviations of 14.92, 14.08 and 22.07 % for Mx, My and Mz for the
chamfered corner high-rise building and 12.56, 11.58 and 15.51 % for Mx, My and Mz for the
rounded corner high-rise building.
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The DWT Floor-by-Floor loadings were in good agreement with the EWT results. The B0-C,
B90-C and B0-R test cases showed discrepancies, which were consistent with the PPSR base
moment results. Deviations of the AoA B90 test cases were expected, due to deficits of the
CAARC building for the given wind direction. The discrepancies of the AoA B0 test cases
are expected to be caused by too high CFL numbers, entailing the flow is not properly
resolved near the modified corners. A smaller time step should have been applied to address
this error.
The spatial correlation coefficients of the DWTs were overall consistent with the EWT
results. This showed the simulations were capable of simulating a correctly correlated wind
flow.

Overall, the two modified corner high-rise buildings show decent results with a few cases that
require extra work. The present study shows that CFD simulations are capable of predicting the
peak responses of a high-rise building with high accuracy for most wind angles of attack. The wind
directions with the front wall perpendicular to the wind flow still requires further research, in order
to correctly simulate the peak predicted structural response wind loads and façade loads. However,
the authors believed that this error could be resolved with a smaller time step that reduces the CFL
numbers, and potentially also a smaller upstream base mesh that includes smaller approaching
vortices.
Finally, the present study demonstrates that the suggested standard CFD guidelines by Thordal et
al. (2020) are applicable for non-sharp-edged high-rise buildings. Hence, the suggested guidelines
stand as a useful tool that can benefit wind engineers to ensure better and more accurate CWE wind
loading simulations. In addition to this, the implication will also allow us to observe the invisible
wind flow from accurate numerical simulations so that we, in the end, can learn and develop as
engineers.
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ABSTRACT: The Precursor Database Method can be utilised to produce turbulent inlet
boundary conditions for a LES that determines the wind loads on a high-rise building. The
Precursor Database Method is an embedded method within Computational Wind Engineering
(CWE), however, it is often a minor subtask in a study and the quality assurance is not
comprehensive. Three precursor models are assessed and validated with an experimental wind
tunnel. The paper is concluded with guidelines for a standard CFD setup of a Precursor Database
model that clarifies the considerations of geometry, discretisation and the utilisation.
KEYWORDS: Atmospheric boundary layer (ABL), Computational Fluid Dynamics (CFD),
Large Eddy Simulation (LES), precursor model, Inlet Boundary Conditions (IBC)
1 INTRODUCTION
Over the last decades, the interest of utilising Computational Fluid Dynamics (CFD) to estimate
wind loads for a structural purpose is significantly increased with easier access to highperformance computational power. Within Computational Wind Engineering (CWE), guidelines
for standard setups already exist for pedestrian comfort, such as the COST [1]. For a structural
purpose, the setup gets significantly more complex and only AIJ has published a guideline [2],
unfortunately, this has only been published in Japanese. A CFD guideline in English, which
describes a standard setup for structural purpose with peak loads estimation, is in high demand to
ensure streamlined modelling approaches and overall quality of the outcome.
For the determination of wind loads on complex structures, wind tunnel tests are an embedded
method. Wind tunnels simulate an Atmospheric Boundary Layer (ABL) by mean of spires and
roughness elements in a flow processing unit, before the flow is manifested on a scaled model in
the following test section. The most straightforward approach to determine wind loads by
utilising CFD is to replicate the wind tunnel methods through a Digital Wind Tunnel (DWT). In
this way, results from an Experimental Wind Tunnels (EWT) and from a CFD simulation are
directly comparable both in time and space and do not require scaling. In both an EWT and a
DWT is it required to generate the upstream wind flow to the target building that reflects the
ABL. 4 methods are generally available to construct the turbulent inflow condition, (1) The
Wind Tunnel Replica Method, (2) The Recycling Method, (3) The Precursor Database Method
and (4) The Synthetic Turbulence Generator Method. The methods are detailed described in [3].
Utilising the Precursor Database Method, the flow processing unit and the test section are
divided into two simulations. The flow processing unit is created as an auxiliary domain, where
the upstream wind flow is generated and mapped in a 2D plane for each time step. The 2D planes
are subsequently employed as Inlet Boundary Condition (IBC) in the test domain. The method is
commonly used in Asia with large success, among others in [4] [5] and by AIJ [2].
The auxiliary domain is usually just a subtask in a larger study and information regarding the
setup procedures are not comprehensive. Information is not elucidated regarding the IBC
implementation on the test section, and subsequently, if the turbulent flow is consistent and

develops as an ABL inside the test domain. Unfortunately, it turns the IBC into a black box,
where the setup is not visible to the readers. The authors find an apparent and clear research on
the Precursor Database Method in demand. The objective of the present work is to create a
standard setup, that encompasses how to employ the Precursor Database Method while assuring
the flow develops as intended inside the test section domain. The guidelines are for commercial
and industry employment, in order to facilitate the prediction of the overall wind loads of highrise buildings. Especially in the iterative design phase, a DWT can eliminate some of the EWTs
and make the design phase a more integrated part of the conceptual design.
2 METHOD
Experimental Wind Tunnel description
The EWT test was performed in an Eiffel type wind tunnel affiliated to The Technical University
of Denmark, named WT2. The wind tunnel has a cross section of 2.6 x 1.8 m and a total length
of 20.4 m. The wind tunnel consists of a 14.8 m long flow processing unit with spires and
roughness elements, followed by a 5.6 m long test section with a 2.2 m turning table. The wind
tunnel allows a geometric scale between 1:100 and 1:400. The wind flow was recorded for 30 s
with a cobra probe in two horizontal profiles and three vertical profiles in position x = -1.3 m.
Digital Wind Tunnel descriptions
Setup of precursor models
Two types of precursor models are utilised in the present work: the precursor model employed in
the studies by Yoshikawa & T. Tamura [4] [5], and a newly developed precursor model that is
developed as an exact replica of WT2, referred to as “Tokyo” and “WT2” respectively. The
original geometry of the Tokyo model was utilised, due to its relative simplicity. The WT2
model was tested for 11 geometric modifications and 20 different grids. It was observed that
small modifications of the roughness elements created significant differences in the flow pattern,
implying instructive insight in the setup. The optimal modification of WT2 is further elaborated.
The commercial software Star-ccm+ is utilised as CFD tool in the present work.
Geometry and boundary conditions
The precursor model geometries are represented in Figure 1 and the geometric properties are
given in Table 1. The 2D plane position for mapping the wind flow is marked in each precursor
model in Figure 1. The Tokyo model has a simple geometry with 4 thin spires and two types of
roughness blocks, which are extended to the side walls. The WT2 models have a more complex
geometry. An exact replica precursor model of the EWT is named “WT2 exact”. The model (and
EWT) has three broad spires, a bedplate, teeth at sidewalls near the inlet, three types of large
roughness blocks and countless of small roughness blocks. An optimised precursor model of
WT2 is named “WT2 opt”. The small roughness blocks are removed except for the last 1.1 m
upstream to the 2D plane. Furthermore, the larger roughness blocks are extended to the side
walls, as in the Tokyo model, to prevent speed-up.
Table 1: Geometric properties of precursor database models
Position of
Width
Height
Length
2D plane
Tokyo
2.6 m
1.8 m
20.25 m
x=0m
WT2 exact
2.6 m
1.8 m
16.1 m
x = -1.6 m
WT2 opt
2.6 m
1.8 m
16.1 m
x = -1.6 m

Height of roughness blocks
0.1275 m / 0.05625 m
0.3 m / 0.2 m / 0.1 m / 0.024 m
0.3 m / 0.2 m / 0.1 m / 0.024 m

Blockage ratio
from spires
8.5 %
31.9 %
31.9 %

WT2 opt

WT2 exact

Tokyo
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Figure 1. Geometries of the precursor models

The DWTs have inlets to the left, pressure outlets to the right, and have no-slip wall condition on
all surfaces. The DWTs have IBCs with a constant velocity of 15 m/s. See Figure 1.
Mesh and numerical schemes
Figure 2 includes an overview of the grid discretization methods of the models. The WT2
modifications have been tested with both polyhedral meshes and hex-dominant meshes. The
selected precursor models have hex-dominant grids. The models have a dense discretization near
the ground and a coarser discretization in the upper region above the target building. The WT2
exact model has a very dense discretisation on the small roughness elements, securing the flow is
fully resolved. The base mesh size is held similar in the precursor models, allowing comparison
of the results to be independent on mesh size discrepancies.
The numerical schemes and settings of the CFD simulation are listed in Table 2. Each
simulation was resolved for 5 s, before the statistical sampling for at least 20 s in model scale,
i.e. 50 minutes in full-scale for a geometric scale of 1:400.
Table 2. Numerical settings in the LES
Parameter
Type
Pressure-velocity coupling
Segregated
Spatial discretization
Convection, bounded-central
Temporal discretization
2nd-order implicit
Time step size
0.0005 s
Subgrid-Scale turbulence model WALE sgs
Equation of state
Constant density

Tokyo
WT2 exact
WT2 opt

Mesh size: 28.57 mil. cells, type: Hex dominant grid
Prism layer: 5 layers with stretching ratio 1.05 on all surfaces
Total prism layer thickness: 1.25 mm ~ average y+ = 2.5
Grid size on 2D plane in building height (z = 0.45 m): 12.5 mm
Mesh subdivided into 3 layers, to z = 0.8 m and z = 1.2 m

Mesh size: 71.37 mil. cells, type: Hex dominant grid
Prism layer: 5 layers only on roughness elements and ground. Stretching ratio 1.05
Total prism layer thickness: 3 mm ~ average y+ = 6.1
Grid size on 2D plane in building height (z = 0.45 m): 15 mm
Mesh subdivided into 4 layers, to z = 0.05 m, z = 0.24 m and z = 0.8 m
Cells across small roughness cubes: 7 cells

Mesh size: 30.11 mil. cells, type: Hex dominant grid
Prism layer: 5 layers only on roughness elements and ground. Stretching ratio 1.1
Total prism layer thickness: 3.75 mm ~ average y+ = 6.5
Grid size on 2D plane in building height (z = 0.45 m): 15 mm
Mesh subdivided into 3 layers, to z = 0.2 m and z = 0.7 m
Cells across small roughness cubes: 4 cells

WT2 opt

WT2 exact

Tokyo

Figure 2: Mesh properties for precursor models. Longitudinal midplane and transverse plane in 2D plane position.

Figure 3. Mean velocity in the transverse direction of the precursor models.
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Horizontal profiles

WT2 opt

WT2 exact

Tokyo

Vertical profiles

Figure 4: Normalized mean velocity and turbulence intensity profiles in x = -1.3 m in WT2 and in x = 0 m in Tokyo

3 RESULTS AND DISCUSSIONS
The mean wind velocity throughout the DWTs is shown in Figure 3 in transverse planes. The
Tokyo model has a more homogeneous wind flow in the lateral direction, whereas an arch in the
WT2 models indicates speed-up near the side walls. The normalized mean wind velocity profile
and the turbulence intensity profiles are evaluated as:
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Where Ūref is the mean wind velocity at the reference position (x, y, z = -1.3, 0, 0.5 m).
In Figure 4 are the profiles compared 0.3 m downstream the 2D plane position. The profiles
from the Tokyo model matches with the center line of the EWT Tokyo, whereas the turbulence
intensities are generally lower than the EWT WT2. Unfortunately, no horizontal profiles from

the EWT Tokyo models were available, hence the Tokyo model was compared to EWT WT2.
The horizontal profiles show a homogenous flow across the tunnel and close to the walls.
The many modifications and mesh refinements of the WT2 precursor models were a result of
a detected large discrepancy in the turbulence intensity. Coarse meshes of the WT2 exact model
entailed that the wind flow did not capture the fluctuations from the smallest roughness elements
of 0.024 m. It is assumed that the SGS model overcompensated by creating unphysical
turbulence and large speed-ups near the side walls. To handle this error, the smallest roughness
elements either must be fully resolved by mesh refinement or removed to some extent. The
outcome of these two options is the WT2 exact model with 71 mil. cells and the WT2 opt with
only 30 mil. cells. Evaluating the mean wind velocity in Figure 3 and the profiles in Figure 4, the
wind flow within the two models are very similar and reflect the EWT profiles. The WT2 exact
turbulence intensity in the flow direction has a 5% lower intensity than the WT2 opt up until 0.3
m height. The deficit will not have an effect if the target building is tested with surrounding
buildings. Furthermore, the profiles lowest part does not significantly contribute to the overall
wind loads. This substantiates the WT2 opt model is capable of capturing the wind flow with
only half the number of cells.
Figure 5 shows the Power Density Spectra (PDS) of the WT2 precursor models together with
the von Kármán spectrum for the u, v and w components as given in [3]. The numerical spectra
for the streamwise component match the EWT spectrum up to a non-dimensional frequency of 1,
before the energy is no longer maintained. Since this limit is highly correlated to the base mesh
size, the drop emerges for the same frequency due to the identical size.

Figure 5: Power density spectra of EWT, WT2 exact and WT2 opt in position (x, y, z = -0.7, 0, 0.45 m).

4 GUIDELINES
The following guidelines are for the purpose of composing a Precursor Database model, that
subsequently can be utilised as IBC for wind load assessment studies. The proposed standard
CFD setup aims to attain a sufficiently accurate solution that is viable for commercial and
industrial employment. It is important to distinguish whether the DWT is conducted for a
benchmark purpose of an EWT or as a stand-alone computational simulation. For benchmark
studies of an EWT, it is crucial to replicate the statistical properties of the boundary layer,
particularly the fluctuating pressure components, to attain decent results. Whereas, if no EWT
results are available, the DWT results can only be justified to mathematical expressions of the
ABL described by ESDU, Eurocode etc.
Geometry considerations
Wind tunnels that reflect the ABL with spires and roughness elements are developed in the
1960s and advanced since. These methods are still very useful in composing a precursor model
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and can be worth studying. Especially [6] for the design of spires and [7] for the arrangement of
roughness elements.
If the DWT is a stand-alone simulation, it is recommended to follow the guidelines for
blockage ratio, distances to walls etc. as prescribed in pedestrian comfort guidelines, such as [1].
Contrary, if the DWT is for a benchmark purpose, the geometry should be reproduced as similar
to the EWT as possible. In this way, the guidelines for blocking ratio, the model size, scaling
laws etc. are identical to the EWT guidelines. If the initial wind tunnel geometry is complex, the
flow creation will be complex too. Thus, the small details require special focus in terms of
resolving and meshing. The more modifications of the original geometry, the more discrepancies
between the two geometries and ultimately the results can be very different from the anticipated.
Regardless of the simulation purpose, the production of a homogenous wind flow across the
tunnel is essential in a reasonable distance from the center. Roughness elements can be extended
to side walls to obstruct the flow from speeding up, thereby stabilizing the velocity profile across
the tunnel. Furthermore, small roughness elements must either be fully resolved by grid
refinements or removed to some extent. Removing the small elements requires quality checks to
identify if this enforces a change in the profiles.
Mesh considerations
It is recommended to have a dense grid near the ground and around the roughness blocks, which
gradually gets coarser with the resolving of the velocity gradient in the boundary layer. The
smallest roughness elements should be resolved with 7-10 grids over an edge, so that the small
structures of the vortices can be captured and resolved. The transition from a dense to a coarser
mesh must be positioned above the height of the target building, otherwise, a smooth mesh
gradient should be ensured. If the mesh is fairly coarse, the mesh transition filters out the small
vortices that are computed, hence the turbulence level drops. The transition in a hex-dominant
(octree or trimmed mesh type) is reflected in the turbulence intensity profiles as an undesirable
bump to a lower intensity. The transition is not as noticeable when a polyhedral mesh is utilised,
but should still be taken care of.
A low prism layer stretching ratio on the ground and roughness elements is important to
secure the boundary layer is fully resolved and that the solution does not oscillate. A ratio of 1.05
is optimum but also requires an equivalent small base mesh, in order to create a smooth
transition from the prism layer to the base mesh. A ratio up to 1.1 can be selected for a smoother
transition. Contemporary it is important to secure a y+ value below 5, preferably around 1,
enabling the solution to prescribe the log law. On the remaining boundary walls, it is
recommended not to apply prism layers, enabling the wall to have large y+ values above 30,
where the logarithmic law is automatically selected for the wall treatment and reduces the overall
cell count.
The base mesh in front of the target building should be small enough to resolve the
fluctuations of the flow. The base upstream mesh should be considered for two parameters:
1) To resolve a vortex properly, at least 20 cells are needed. The correlation between the target
model frequency and the upstream mesh size is described as follows by Capra et al. [8]:
,  =


20 

(2)

where U is the local wind velocity and ∆y is the local cell size in the transverse direction.
2) The PDS collapses when the mesh becomes too coarse. The required mesh size is highly
correlated to the fundamental frequency of a target high-rise building, since the PDS in the
streamwise direction should follow the von Kármán spectrum up to at least this frequency.
The drop of the PDS is further elaborated by Thordal et al. [3].

Time step size considerations
The time step size is an important factor for a sufficiently resolved and stable solution of a CFD
model. However, other aspects for high-rise wind load assessments should also be considered:
1) In order to maintain convergence at each time step, the CFL number (Courant-FriedrichsLewy) should be considered:
 =

 


(3)

where U is the local wind velocity, ∆x is the local cell size in the flow direction and ∆t is the
time step size. The CFL number should be less than 1 for explicit methods, where larger
values can be tolerated for implicit methods, however, this can introduce artificial damping.
2) The time step size is also dependent on the mesh size. If the mesh is coarser than the time
step and the CFL number is much lower than 1, it implies that the mesh cannot resolve
smaller fluctuations than the mesh. Hence, to utilise a smaller time step and get a finer
solution, a smaller grid size is also required.
3) For a structural purpose, it is relevant to consider which time steps size that is required for
the determination of the building response. If the simulation is run for a benchmark purpose,
the temporal discretisation should be at least the same frequency as the EWT sample
frequency.
Numerical schemes
It is highly recommended to select Large Eddy Simulation (LES) as turbulence model. A
transient solution is essential to compute peak loads on a building. Earlier studies which have
utilised hybrid turbulence models have not shown sufficiently accurate results, where the smallscale structures of vortices are sufficiently resolved [9]. In both time and space discretisation, it
is recommended to utilise 2nd-order or higher order discretisation schemes. For implicit time
discretisation schemes should the under-relaxation factors be fitted for stable convergence of the
residuals. Explicit time discretisation schemes are favourable to select, since they are often faster
than implicit schemes and equivalent stable for the required small time steps.
For the most optimal flow resolution, the Dynamic Smagorinsky SGS model [10] [11] or the
WALE SGS model [12] can be selected. The WALE SGS model is estimated to be up to 30%
faster than the Dynamic Smagorinsky SGS model in Star-ccm+. Alternatively, the Standard
Smagorinsky SGS model can be selected with a Smagorinsky constant of Cs = 0.1~0.2.
However, the Standard Smagorinsky SGS model is more sensitive due to the single flow
dependent constant.
In order to develop a turbulent boundary layer, the roughness elements and ground must have
a no-slip wall boundary condition. It was tested which effect the boundary conditions, slip or noslip, on the side walls and ceiling influenced to the flow. In the Tokyo model where the flow is
homogenous in the lateral direction without geometric modifications, this did not affect the core
flow significantly. Conversely, for the WT2 models, the boundary conditions had a large impact
on the core flow, as the speed-up along the side walls was enhanced for a slip boundary
condition.
AIJ [2] recommends slip boundary conditions on the side walls and ceiling, to extend the area
towards the boundaries where a proper wind flow is built. However, by choosing a no-slip
condition on the walls, a more realistic imitation is built of the true wind flow within the wind
tunnel. Hence, for a benchmark purpose, no-slip boundary conditions must be selected on all
surfaces.
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Quality assurance
It is important to check that the turbulent boundary layer is developing properly inside the
precursor model and is divergent-free. The simulation should be resolved with a minimum of 3-5
flow-through-domains, depending on time step, grid resolution etc., before the flow statistics can
be sampled and evaluated. Thordal et al. [3] discussed the necessary duration of the simulation
and concluded that AIJ’s [2] recommendation of utilising the average of 5 peaks from 5
independent runs of 10 minutes in full-scale is viable.
Speed-up areas along the side walls in a wind tunnel are a common error. It should be secured
in the CFD model that the flow has homogeneity in an acceptable lateral distance from the
center. Unfortunately, the flow is often only checked at the building position, leaving potential
unnoticed errors in the simulation.
The mean velocity profile and the turbulence intensity profiles in the three components are the
most essential checks to perform for validation, but also the PDS, the correlation and the
coherence of the flow are important to investigate for a high-quality turbulent boundary layer.
The mathematical expressions of the ABL key parameters are further elaborated in [3].
If the precursor model is a benchmark study of an EWT, the flow key parameters must match
the flow of the EWT. If the upstream flow in the precursor model differs from the EWT flow,
large deviations can be expected of the measured pressures on the building. In troubleshooting
situations of a precursor model, this is the place to start. A high-quality match of the pressures on
the building lies in a match of the upstream wind profiles.
Transfer from precursor model to test section model
Mapping the flow
The wind flow must be mapped in a 2D plane as the velocity in the three components and saved
in a database for each time step. This will maintain the anisotropic flow and structures of the
vortices when importing the flow into the test domain. The 2D plane should be positioned away
from the outlet plane, so that no numerical outlet boundary conditions influence the flow.
Considerations of the mesh density at the 2D plane should be made; coarse mesh implies lower
accuracy of the flow in the test domain, whereas a dense mesh increases the mapping time of the
IBC significantly. See Section 4.2 for optimal grid size.
Importing the flow
The flow in the precursor model is accumulated in each cell on a 2D grid. When the flow is
imported into the test section domain, the flow in the 2D grid must be interpolated to the grid on
the inlet plane of the test section. It is highly recommended to have a one-to-one mapping of the
flow data between the 2D plane in the precursor model and the inlet plane on the test section
domain, to ensure not introducing damping of the flow. The interpolation between the two grids
should be performed with a higher order interpolation method such as the Least Square method,
rather than a linear.
Quality assurance of the transfer
A useful quality assurance of the transfer is to create a full DWT that contains both the flow
processing unit and the test section. Inside the full DWT, the flow should be mapped in the 2D
plane and the pressure should be measured on the target building. Subsequently, a separate test
section with the exact same mesh settings can be tested, where the IBC is the mapped flow from
the full DWT. In this way, the two simulations should have very identical results of the statistical
properties of the upstream flow and the pressures on the target building.

5 CONCLUSION
Three precursor database models have been presented and evaluated if they match the turbulent
boundary layer within an EWT. The WT2 exact model showed that the smallest roughness
blocks must be discretized into a very dense mesh, in order to capture the turbulent flow that is
created. Conversely, for utilizing a coarser mesh, the small roughness elements can be removed
and the total mesh size can be kept low. The WT2 opt model showed correspondingly results that
were in agreement with the EWT, with a total grid size under half the size of WT2 exact.
The paper also introduced guidelines on how to set up a Precursor Database model that is
viable for an industrial perspective. The guideline encompasses important considerations in the
choice of geometry, mesh generation and numerical models. Finally, it also elaborates how to
create the database and employ it in the test section domain.
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The interest of Computational Wind Engineering to estimate wind loads for structural design of high-rise buildings has signiﬁcantly increased with easier access to
High-Performance Computing. In this project, the approach of replicating an experimental wind tunnel with Computational Fluid Dynamics (CFD) performing Large
Eddy Simulation was adopted.
The Precursor Database method was applied, using 13 different precursor domains.
The CAARC building was investigated for ﬁve wind angles of attack in both experimental and digital wind tunnel tests. Good agreements were found in average with
10-13 % deviation of the peak structural response base moments.
Guidelines to standard CFD setups of the inﬂow and test section domain were suggested. The guidelines were applied on the CAARC building with chamfered and
rounded corners for seven wind angles of attack. The simulations were performed
as blind tests to demonstrate a transparent study. Encouraging agreements were
found, however with slightly decreased accuracy indicating further research for
wind directions perpendicular to the windward face. Lastly, the suggested guidelines were tested on two additional projects.
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