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1. Introduction 
 

Piero Pozzati, one of the founding fathers of Structural 

Design in Italy, stated in his last academic lesson ñAn 

excess of technical standards involves various 

inconveniences [é]: depletion of designerôs autonomy and 

creativity; difficulty in discerning what really matters; 

feeling of being relieved of responsibility; difficulty in 

understanding the reasoning that underly the rules; 

considering rules as algorithms the thinking is no longer 

called on to explain and justifyò (Pozzati 1992). Such a 

statement looks still topical 30 years later in general (Paya-

Zaforteza and Garlock 2021), and, in particular, twice more 

relevant to the codification of Computational Wind 

Engineering (CWE) for the evaluation of wind loads on 

structures.  

Does CWE need to face its wide and increasing use 

within the structural design practice through codification? 

Who shall be the main target of such a codification activity? 

What shall be its purpose? Does codification increase the  

 

*Corresponding author, Ph.D. Professor  

E-mail: luca.bruno@polito.it 

 

 

risk of a non-conscious and uncritical use of CWE by 

practitioners?  

The present paper attempts to answer those questions, as 

tackled by the Special Interest Group on Computational 

Wind Engineering of the Italian Association for Wind 

Engineering (ANIV-CWE, www.aniv-iawe.org/aniv-cwe). 

ANIV-CWE includes some of the most experienced Italian 

native computational wind engineers, coming from both 

academic and non-academic sectors. In particular, the paper 

develops in the wake of the support given by ANIV-CWE 

to the drafting of the informative annexes on CWE of two 

recent recommendations and standards: Annex T 

ñSimulations by Computational Fluid Dynamicsò of the 

ñGuide for the assessment of wind actions and effects on 

structuresò issued by the Advisory Committee on Technical 

Recommendations for Constructions of the Italian National 

Research Council in 2018 (CNR-DT R1-207/2018), and the 

upcoming new edition of Annex K ñDerivation of design 

parameters from wind tunnel tests and numerical 

simulationsò of Eurocode 1 - Actions on Structures - Part 1-

4: General Actions - Wind Actions (PrEN 1991-1-4:2021, 

Ricciardelli 2023), whose approved final version is 

expected to appear in 2024.  

The present paper, conceived to be equally suitable for 

both specialized and non-specialized readers, starts from the 
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analysis of the past and current CWE practice for structural 

design, and traces the evolution in time of its codification. 

Readers interested in a broader and more general overview 

of the CWE can refer to the number of excellent review 

papers published so far (e.g., Murakami 1990, 1997, 

Stathopoulos 2002, Blocken 2014, Tamura and Van Phuc 

2015, Potsis et al. 2023). Then, an overview of the guiding 

principles which inspired the drafting of the aforementioned 

informative annexes is provided, together with a summary 

of their content. Additional considerations which emerged 

in the drafting activity are reported, aiming at highlighting 

points which appear to be of particular importance or most 

open to significant developments. 

 

 
2. State of the art in CWE practice and codification 

 

As it is well-known CWE results from the convergence 

of methods and approaches from both Wind Engineering 

and Computational Fluid Dynamics (CFD). Wind 

Engineering is best defined as ñthe rational treatment of 

interactions between wind in the atmospheric boundary 

layer and man and his works on the surface of Earthò 

(Cermak 1975). CFD is a branch of fluid mechanics which 

uses numerical analysis to tackle problems involving fluid 

flows in a wide range of fields and applications. In the 

following, the abbreviation ñCFDò is used if it is adopted 

by the author of a cited/quoted study; the acronym 

ñCFD/CWEò is used if reference is made to a tool or to an 

approach equally shared between CFD and CWE; the 

abbreviation ñCWEò is used if reference is made to an issue 

that is specific to Computational Wind Engineering only. 

Recurrent problems which can be addressed using CWE can 

be generally categorised in environmental applications and 

structural applications (Potsis et al. 2023). The present 

paper is exclusively devoted to the latter and, namely, to the 

codified assessment of wind loads to be used for the safe 

design of civil structures by means of CWE. The date of 

birth of CWE as a research field is debated (Blocken 2014). 

For sure, the first International Symposium on 

Computational Wind Engineering took place in Tokyo in 

1992 thanks to the initiative of S. Murakami and co-workers 

(Murakami 1993, Potsis et al. 2023). Ever since then, 

ñCWE has undergone a successful transition from an 

emerging field into an increasingly established field in wind 

engineering researchò (Blocken 2014). Such a transition 

was made possible by the exponential growth of High-

Performance Computing facilities, as shown in Fig. 1(a) in 

terms of billions of floating-point operations per second 

(GFLOPS), and resulted in a corresponding growth of 

scientific research. Such a growth is quantitatively testified 

in Fig. 1(b) by the trend of the ratio between the number of 

papers devoted to CWE and to Wind Tunnel (WT) tests, 

published on the Journal of Wind Engineering and 

Industrial Aerodynamics (JWEIA). In the Nineties it was 

nearly nil. Today, it is around 0.6. If this trend holds, CWE 

will reach quantitative parity in scientific production in 

about twenty years. On the one hand, the common 

monotonic increase of hardware facilities and scientific 

publications suggests a strong correlation between the two  

 

Fig. 1 Time evolution of CWE: (a) Growth of HPC 

performances and Cloud Infrastructure Services (sources 

www.top500.org and www.statista.com); (b) scientific 

production in CWE (source www.sciencedirect.com); (c) 

construction contract values in which CWE is adopted for 

the estimation of wind loads on structures (source 

Optiflow Company) 

 

 

variables. On the other hand, the exponential growth of 

HPC performances and the linear trend of scientific 

publications hints to the fact that the availability of 

computational resources is a necessary but not sufficient 

condition to obtain valuable computational results. 

 

2.1 CWE practice in structural design 
 

Data about the use of CWE in design practice are 

unpublished and difficult to access. To our best knowledge, 

the first European consulting company specializing in CWE 

was established in 1998 in France. Fig. 1(c) shows the trend 

of the range of construction contract values such a company 

consulted on in its 20+ year-long activity in the field. Three 

general remarks can be tentatively drawn from this specific 

reference. First, it confirms CWE entered the design 

practice and has evolved with a delay with respect to 

research. Second, at the early stage CWE was a solution for 

small budget projects, unable to deal with the costs of WT 

tests. Nowadays, CWE is becoming attractive for large 

projects as well. Third, the exponential growth of HPC 

resources has made it possible to deal with more and more 

demanding projects, by using larger and potentially more 

accurate computational models. 

In the authorsô opinion, the evidences and remarks 

above open the door to a conceptual issue, i.e. the 

relationship between scientific advances and design 

applications in a growing field as CWE, with special 

reference to their characteristics time scales of 

development. In particular, the CWE transfer to 

practitioners has been understandably approached with 

caution in the Wind Engineering scientific community, 

sometimes with skepticism. In 1996 Simiu and Scanlan, 

pioneers in Wind Engineering, considered CWE unable to 

face practical design problems: ñFor structural engineering 

http://www.top500.org/
http://www.sciencedirect.com/
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purposes, owing to the computational problems arising in 

large Reynolds number, turbulent, separated flows, [CWE] 

current methods are inadequate and/or prohibitively 

expensiveò (Simiu and Scanlan 1996). In the light of the 

current state of the art, such a blunt assessment has suffered 

a premature and quick aging. Five years later, another key 

figure in the field is less sharp and more open, but 

appropriately cautious: ñ[é] there seems to be an ever-

increasing confidence in the results obtained by CFD codes 

and more and more papers propagate the idea that the 

numerical wind tunnel does exist today and produces results 

ready to be used by practitioners. In the authorôs opinion 

this is at best premature and at worst dangerous with the 

exception of very limited cases [é] In spite of some 

interesting and visually impressive results produced with 

Computational Wind Engineering, the numerical wind 

tunnel is still virtual rather than real. Its potential however, 

is extremely high and its progress should be monitored 

carefullyò (Stathopoulos 2002). 

In the meantime, software development has given a 

further impulse in popularizing CWE in the market of 

engineering consulting: (i) the increasing availability of 

cloud computing, which was firstly coined in 1996 

(Regalado 2011) and boomed since 2009 (Fig. 1(a), Cloud 

Infrastructure Services in billion dollars), has made HPC 

free from physically owned in-house hardware resources; 

(ii) friendly Graphical User Interfaces have been developed 

for most CFD/CWE codes; (iii) integrated working 

environments, coupling CAD tools with CFD codes, have 

been developed and are heading toward pre- and post-

processing automation (Dorney 2003). Such developments, 

introduced first in the aerospace industry, have recently 

landed on the CWE market: nowadays it is not uncommon 

to come across advertisings of codes devoted to CWE 

promising a quick and easy modelling of the wind within 

seconds of starting the application, while others invite to 

just drag and drop the 3D drawing to receive a report with 

aerodynamic properties and flow visualizations obtained 

from a completely automated online solution. Others even 

argue that Civil Engineers and Architects will master the 

use of specific CFD software with no required previous 

CFD experience. Similar approaches to CWE practice 

dramatically collide with the beliefs of renewed and 

experienced scholars in the field: ñEspecially in the 

commercial CFD arena, user expectations are often that the 

purchase and use of a óreally good code' will remove from 

the user the obligation of ódoing his homeworkò (Roache, 

1997), ñinevitably, high quality CFD is often time 

consuming and costly. The validity of the level of expertise 

required and the time (cost) involved should be carefully 

evaluated on the basis of its purposes by comparing them 

with those of other assessment methodsò (Tominaga & 

Stathopoulos 2013), and ñThe use of CFD by designers is 

ódangerous and questionableô without óany supervision by 

wind engineering or CFD expertsò (Tamura and Phuc 

2014).  

In short, according to the authors, a twofold critical 

condition arises. On the one hand, the CWE quick evolution 

makes it difficult to set permanent limits to its applicability. 

On the other hand, even the conspicuous consolidated 

scientific and technical know-how of CWE risks to be 

overturned and overtaken by the current headlong rush of 

an unregulated CWE market.  

 
2.2 CWE in guidelines and codes 
 

The issue raised in the previous section is clearly 

relevant not only to design practice, but also to CWE 

codification. We tentatively identify three main approaches 

to CWE codification among the past and present attempts. 

In the first approach, standards and codes simply do not 

mention CFD/CWE. For instance, the superseded ASCE 7-

10 (ASCE 7-10 2010) specified that ñpermitted proceduresò 

for wind action evaluation were the calculation procedures 

provided by the code itself and WT tests, while no mention 

to CFD was done. Conversely, an entire chapter of the same 

standard is devoted to specifications for WT procedures. 

Analogously, other codes do not address the issue of using  

CFD/CWE for structural design: NTC-2018 in force in Italy 

does not cite at all CFD/CWE; the Eurocode currently in 

force (EN 1991-1-4 2005, clause 1.5) generically states that 

ñproperly validated numerical methods may be used to 

obtain load and response information, using appropriate 

models of the structure and of the natural windò and refers 

to National Annexes for further guidance; the superseded 

CNR-DT 207/2008 advises the use of CFD for determining 

wind conditions at construction site only, while no reference 

is made to its use for the determination of wind actions. It 

has to be noted that, much more recently, an analogous but 

more explicit distinction between studies for wind 

conditions and structural loads evaluation is given in the 

position paper issued by the UK Wind Engineering Society 

(Cammelli et al. 2022). 

In keeping CWE aside, codes and standards have been 

probably inspired by prudence, to avoid legitimation and 

popularization of a not yet established approach. 

Nevertheless, the opposite effect took place in design 

practice: let us call it the ñCWE wild westò. It lasted until 

15 years ago. It was superseded by a kind of ñlaw and 

orderò approach in 2005 and 2009, when two standards set 

stringent rules about CWE, with different and, say, partially 

contradictory outcomes. On the one hand, the ISO 

4354:2009 standard explicitly prohibits the use of CFD for 

the wind-resistant design: the standard identifies CFD as a 

promising tool, but ñwith the current state of development 

of CFD techniques, such methods are not able to fully 

reproduce the fluctuating flow characteristics required to 

obtain the appropriate fractile of the extreme value 

distribution of pressure coefficients, or the correct 

correlations between fluctuating pressure coefficients over 

the surface to give large area (or global) force or moment 

coefficientsò. For these reasons the standard does not 

recommend the use of CFD for force and pressure 

coefficient determination. It states in any case that if CFD is 

used to the scope, its applications must obey to the same 

requirements specified for the WT practice, in terms of 

accurate wind environment reproduction and result analysis 

techniques. On the other hand, the guidelines issued by the 

Architectural Institute of Japan (AIJ-GWL 2005, Tamura et 

al 2008) encourage the use of numerical approaches: ñCFD 
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can predict wind flows around buildings and structures 

under conditions very close to the actual state, and can 

therefore be used for almost part of wind-resistant designò. 

The guidelines however set stringent prescriptions on the 

computational models to be used in terms of proper 

turbulence modelling and computational parameters, and 

provide a number of CFD validation results. An analogous 

approach is adopted by the French National Annex to 

Eurocode 1 (NF EN 1991-1-4/NA:2008-03, in French): it 

describes both WT tests and CWE as methods to estimate 

the wind-induced loads on structures, and critically 

discusses which modelling approaches are suitable or not 

for the computational simulation of averaged and peak 

loads. More recently, the second modification of the 

Russian Code (Mod2-SP20.13330.2016 2019, Belostotsky 

et al 2019) legitimates the use of CFD without any specific 

instructions for use : ñfor structures with increased level of 

responsibility [é] aerodynamic coefficients are [é] based 

on the results of 1) physical (experimental) modelling - tests 

in wind tunnels (appendices G and I); 2) mathematical 

(numerical) modelling of wind aerodynamics based on 

numerical schemes for solution of three-dimensional 

equations of motion of liquid and gas with adequate 

turbulence models implemented in modern advanced 

verified licensed software systems of computational fluid 

dynamicsò. 

In the Authorsô opinion, both the codification 

approaches reviewed in subsection 2.2 have drawbacks. On 

the one hand, the lack of codification is a dangerous open 

door to unregulated market players, as testified in 

subsection 2.1. On the other hand, a prescriptive, 

incremental, uneven approach to CWE codification grows 

old too fast due to its rapid evolution. In other terms, the 

characteristic time of codification is too long compared to 

the CWE evolution time, intended both as computational 

resources availability and scientific progress. Remarkably, 

an analogous issue was raised by Ballio and Solari (1988) 

three years after the issue of the born-old Italian 

Recommendations about the action of wind on 

constructions (CNR 10012/85). They remarked that ñThis 

development [ed: of the Wind Tunnel tests] has called for a 

rapid bringing into line at the standards level: the leading 

nations in this sector already consider the drawing up of 

specific regulations [ed: reference to ASCE 1985]ò. 

In the light of the synthetic observation above, the 

ANIV-CWE group decided first to undertake a third path, a 

performance-based, informative approach, that grounded in 

2018 the new Annex T of CNR-DT R1-207/2018, and 

recently the Annex K in PrEN 1991-1-4:2021. These 

informative annexes are generally intended to secure a 

correct and timely technology transfer between the CWE 

scientific community and the structural designers. In other 

words, such documents have been primarily conceived in 

order to (i) allow structural designers to be aware of the 

fundamental principles of CWE; (ii) codify performance-

based good practices for the use of CWE; (iii) warn 

designers against common misuses of CWE. 

Even more recently, the update of ASCE 7 currently in 

force (ASCE 7-22 2022) has echoed the proposed 

performance-based approach of Annex T-CNR-DT R1-

207/2018. Indeed, in chapter 31 ñWind Tunnel Procedureò 

permission is given to use results from numerical wind 

tunnel procedures (i.e., the use of CWE), on the condition 

that such procedures are verified and validated with respect 

to a physical wind tunnel test, and subjected to an 

independent peer review. 

 

 

3. Fundamental principles for CWE codification 
 

In the following, the main underlying concepts that 

ground the Annex T in CNR-DT R1-207/2018 and K in 

PrEN 1991-1-4:2021 are listed and briefly commented. 

P1. CWE doesnôt match CFD. Computational Wind 

Engineering is the discipline that applies Computational 

Fluid Dynamics to either environmental or structural Wind 

Engineering, bringing together concepts and methods of 

both fields. Consequently, CWE does not coincide with 

CFD; indeed, nearly 25 years ago Murakami (1998) already 

emphasized some of the peculiarities and specific 

difficulties of CWE. In this regard, it is crucial to stress that 

a CFD expert is not necessarily a CWE expert too; 

therefore, specific guidelines for CWE are necessary. 

P2. A universal CWE model does not exist. Any 

computational model is approximated, based on validity 

assumptions that are suitable for some problems but are not 

for others. Every model should reproduce with proper 

accuracy all the significant features of the physical 

phenomenon relevant to the application of interest. It 

follows that the label ñCWEò refers to an approach which 

needs proper case-by-case specification and it is no way 

assimilable to a universal and univocal tool able to predict 

wind loads thanks to the so-called ñvirtual wind tunnelò as 

intended in commercials. 

P3. Setting the class of problem first. A direct 

consequence of the point above is that the identification of 

the class of problem which the specific application belongs 

to is pivotal, as emphasized for instance by Castro and 

Graham (1999): ñwithout a sound understanding of the fluid 

mechanics appropriate to the particular problem being 

attacked, [é] great caution is required in using CFD as an 

integral part of the design processò. The class of problem 

results from the a priori qualitative prediction of: (i) the 

incoming wind features at the project site; (ii) the 

aerodynamic behavior of the structure; (iii) the structural 

type; (iv) the focus of the analysis; (v) the design stage to 

which the analysis relates. The concept of class of problem 

is further discussed in Section 5.2. 

P4. Validate first. A fundamental principle of most 

codes and standards about CWE is that any computational 

model must be validated against experiments or high-

fidelity computational simulations selected from 

scientifically and technically qualified sources. This goes 

against ñthe concept of a numerical wind tunnel generating 

quantitatively meaningful design data without careful case-

related experimental validationò, about which Leschziner 

(1990) was already doubting ñit is at all a sensible objective 

to pursueò. Validation plays a crucial role, and tightly 

relates to the class of problem. Indeed, the validation of a 

numerical model is mandatory for the class of problem to 
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which the application belongs to, but it is not necessarily 

requested for every single application. On the other hand, 

the use of a verified code (see, e.g., Roache 1997, and 

Oberkampf et al 2004) is a necessary but not a sufficient 

condition for the reliability of a computational analysis of 

an engineering problem. The validation requirements in 

Annex T of CNR-DT R1-207/2018 and Annex K of PrEN 

1991-1-4:2021 will be discussed in Section 5.2. 

P5. Designer, CWE Specialist, Skilled Controller. 

Interdisciplinary scientific and technical skills in both CFD 

and Wind Engineering, as well as long term professional 

experience are required to be in charge of CWE 

simulations. This is necessary to guarantee the control of 

the setup conditions, computational model and results 

obtained, analogously to what is expected for the manager 

of WT tests. The mere availability of CFD/CWE software 

and being familiar with its user-interface do not qualify for 

carrying out the task. The person who fulfills the 

requirements above is called CWE Specialist. Usually, the 

structural Designer does not have the specific competences 

required to play the role of CWE Specialist. The informative 

Annexes in CNR-DT R1-207/2018 and PrEN 1991-1-

4:2021 neither aspire nor suffice to train a CWE Specialist. 

As already declared, the Annexes above are intended to 

allow the structural Designer (or, more in general, the final 

customer of a CWE study) to be aware of operational 

procedures for the most recurrent CWE simulations and to 

dialogue and interact in an informed manner with the CWE 

Specialist. Finally, another CWE Specialist without conflict 

of interest is recommended to be entrusted by the customer 

to act as Skilled Controller in order to perform an 

independent control in case of particularly demanding 

design cases (see Section 5.3). 

 

 

4. Computational model 
 

Central in a CWE study is the setup of the 

computational model. In the following, the structure 

adopted for its description in Annex T of CNR-DT R1-

207/2018 and Annex K of PrEN 1991-1-4:2021 is 

summarized. 

For the purpose of exposition, it is useful to consider the 

computational model as the combination of numerous 

interacting components, whose efficacy can be evaluated 

only by considering the model behavior as a whole. Each of 

the adopted components inevitably introduces errors, 

generally defined as the difference between the results 

obtained by the component application and a reference 

exact solution.  

It is useful to subdivide components into two categories: 

the modelling approach and the numerical approach. The 

first one collects components which directly impact the 

physical phenomena that the simulation will/will not be able 

to reproduce and are, essentially, modelling choices 

corresponding to hypotheses and approximations introduced 

in order to build the model. 

The second one collects approximations needed to 

discretize and solve the equations which govern the model  

 

Fig. 2 Scheme of the components of a CFD/CWE model 

 

 

Fig. 3 Scheme of the main components and their 

interrelations affecting the overall model efficiency 

 

 

behavior, e.g., the equation describing the fluid flow 

(Hirsch 2007, Moukalled et al. 2016, Versteeg et al. 2007) 

and, possibly, the structural motion. A schematic and non-

exhaustive view of the main components belonging to each 

of the aforementioned categories is shown in Fig. 2. 

In essence, setting up a computational model requires to 

combine components from both the modelling and 

numerical approach, aiming at optimizing the model 

efficiency, intended as the ratio between the accuracy of the 

obtained results and the computational costs. A schematic 

overview of the main components is sketched in Fig. 3, 

highlighting that the model efficiency arises from 

interrelations rather than from a chain of sequential choices.  

It shall be noticed again that, as no universal optimal 

model exists for CWE, such optimization must be 

performed considering the class of problem to which the 

case under consideration belongs. In fact, within the same 

computational model, the accuracy of different quantities 

can greatly vary, ranging from very high to extremely poor. 

A typical example is represented by global along-wind 

forces, which are often well-described also by poorly 

performing models and relatively insensitive to the 

components adopted for the numerical approach. 

Conversely, the local peak pressures distribution useful for 

cladding design is usually characterized by low accuracy if  
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inadequate models are used, and might prove sensitive to 

components of both the modelling and numerical approach 

(see, for instance, Xing et al. 2022). 

Unfortunately, as already stated, the accuracy of the 

simulation depends not only on the selected components 

themselves, so to say singularly taken, but also, to a large 

extent, on their interrelation and compatibility.  

A single guiding principle is suggested for the model 

specification: each component shall be selected aiming at 

evening up the introduced errors with respect to all the 

others components, in such a way that the overall 

committed error is compatible with the class of problem 

under investigation.  

It must be noticed that such guiding principle 

encapsulates the ontological interdisciplinary nature of 

CWE, in which the modelling approach and the numerical 

approach represent the roots of the discipline into CFD, 

while the class of problem represents its branches extending 

toward Wind Engineering. 

Summarising, discrepancies between different models 

and between models and reality shall be considered as 

unavoidable in CWE applications, and controlling and 

managing such uncertainties considering their effect with 

respect to applications is a matter exclusive to CWE, which 

cannot be directly inferred by the knowledge of CFD and 

Wind Engineering singularly considered.   

Without aiming at a thorough treatment, a brief and not 

exhaustive description of some of the most important 

components contributing to the definition of the modelling 

and numerical approach is provided below. 

 

4.1 Turbulence models and boundary conditions 
 

Turbulence and its modelling surely represents a critical  

 

 

point for any CWE study, and it is probably the aspect 

which disorients the most non-specialists. It is an aspect of 

the analyses to which all choices are tightly related to. The 

turbulence model, i.e., the component of the modelling 

approach used to represent the effects of turbulence, is 

characterized by an extremely wide range of options which 

differ between each other in qualitative terms.  

Firstly, it is important to highlight that the majority of 

structures relevant for CWE applications are immersed in 

turbulent flows (Holmes et al. 1990), in which velocity and 

pressure randomly fluctuate in space and time.  

Such fluctuations, which can be though as caused by the 

presence of eddies, are known to deeply affect the flow 

field organization in the proximity of immersed bodies 

(e.g., Bearman and Morel 1983, Noda et al. 2003). Such 

eddies are characterized by a wide range of characteristic 

dimensions, denoted as scales. For CWE applications, the 

largest ones have scale in the order of 100-200 m (Solari 

1993), while the scale of the smallest ones is dictated by the 

mechanism governing energy dissipation into heat (less 

than 1 mm). Such subdivision in large scales and small 

scales is conventional and qualitative in nature and, in 

reality, a continuous cascading of large scales into small 

scales is observed (Pope 2000).  

Navier-Stokes equations are able to fully represent all 

the scales present in a turbulent flow and their interaction.  

When numerical simulations are performed aiming at 

simulating all scales they are called Direct Numerical 

Simulations (DNS). 

As it is well-known, explicitly modelling all scales is 

impossible in the design practice, due to the unaffordable 

computational burden deriving from the high resolution (in 

space and time) needed to resolve the small scales. 

Unfortunately, the effect of the small scales on the large  

  
(a) (b) 

  

(c) (d) 

Fig. 4 Vortex shedding past a square cylinder: instantaneous magnitude of the pressure gradient simulated by (a) DNS (after 

Trias et al. 2015); (b) LES (after Cao and Tamura 2016); (c) URANS k-e RNG; (d) URANS k-e STD 
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Fig. 5 Discretization methods of the Navier Stokes 

equations (a) and turbulence approaches (b). Statistics over 

the most common academic and commercial CFD/CWE 

codes (source https://www.cfd-online.com/Wiki/Codes, 

ensemble cardinality: 132 codes) 

 

 

ones is not negligible, so that their effect must be 

approximated using a turbulence model (Wilcox 1998). 

Such an approximation usually consists in the introduction 

of the so-called flow ñturbulent viscosityò in addition to 

fluid viscosity, accounting for the mixing effect operated by 

turbulence. 

Turbulence models can be broadly subdivided into two 

categories: scale-resolving and non scale-resolving. Scale-

resolving models aim at explicitly simulating scales which 

can be well-resolved by the adopted time and space grid 

(see Section 4.3) and approximate the effect of smaller 

ones, usually by means of the aforementioned turbulent 

viscosity. A well-known and widely adopted typology of 

models falling into this category is represented by Large 

Eddy Simulation (LES). Conversely, non scale-resolving 

models aim at simulating explicitly only the mean flow, 

which can also be non-stationary. In such a case the mean 

shall be intended in the Favre-averaging sense. Such models 

aim at approximating the effect of all scales of turbulence 

on the mean flow. Well-known and widely adopted 

typologies of models falling into this category are 

represented by steady Reynolds-Averaged-Navier-Stokes 

(RANS) and their Unsteady counterpart (URANS). The 

flow around an elongated prism of square cross-section 

simulated using various turbulence models is reported in 

Fig. 4, in which the qualitative difference between DNS 

(Fig. 4(a)), scale-resolving (Fig. 4b) and non scale-

resolving models (Fig. 4(c) and 4(d)), can be easily 

observed. Notice that the standard k-e model (URANS k-e 
STD) predicts a steady flow, while the real flow is clearly 

unsteady, as captured by the other models.  

Finally, we mention the existence of hybrid models, 

characterized by intermediate behaviours between the two 

aforementioned main categories (Menter 2010), usually 

conceived in order to address particular shortcomings of 

either of them, targeting particular applications. 

It is also worth mentioning that, due to the extremely 

high computational requirements involved by the turbulence 

modelling in the proximity of solid walls, ad hoc 

complementary models are locally used both in scale-

resolving and non scale-resolving models (e.g., wall-

functions or damping-functions approaches). 

The turbulence model choice must be adequate for the 

class of problem under investigation and poses severe 

restrictions to the choice of all the other model components  

 

Fig. 6 Spatial (a) and temporal (b) discretization schemes. 

Statistics over the most common academic and 

commercial CFD codes (source https://www.cfd-

online.com/Wiki/Codes, ensemble cardinality: 132 

codes) 

 

 

in order to ensure their mutual compatibility. 

Unfortunately, none of the available turbulence models 

can be considered truly superior to all the others, as all of 

them represent a different balance between accuracy of the 

simulation and computational cost, suitable for particular 

classes of problem. Notice also that results must be 

expected to vary considerably, even when using models 

falling into the same category, often showing qualitatively 

different predictions. 

Another aspect which deserves careful consideration is 

the definition of inflow boundary conditions (b.c.). On such 

regard, it must be reminded that civil structures are usually 

immersed in the Atmospheric Boundary Layer (ABL), 

which is characterized by variations of the mean velocity 

and turbulence properties along the vertical direction. 

Depending on the adopted turbulence model, the 

specification of the incoming turbulence can change 

considerably. In the case of non scale-resolving models, the 

boundary conditions for the turbulent variables must be 

assigned based on the vertical profiles for the turbulence-

related bulk quantities (e.g., turbulence intensity and 

integral length scale, Richards, 2019). In the case of scale-

resolving models, unsteady random fields of the velocity 

fluctuations expected on site due to turbulence must be 

explicitly generated. Various techniques are available to this 

purpose, which can be mainly classified into the categories 

of ñprecursor simulations/recycling methodsò and 

ñsynthetic generationò (Wu 2017, Thordal et al. 2019). Both 

categories are applicable to CWE and might be used to 

generate appropriate turbulent inflow conditions. 

 

4.2 Discretization methods and numerical schemes 
 

As it is well-known, the exact solution of the (integro)-

differential equations governing the wind flow around a 

structure cannot be analytically obtained. 

It is therefore necessary to discretize the problem to 

obtain an approximation in terms of algebraic equations that 

can be solved numerically by using a computational 

approach. CFD codes can be based on different 

discretization methods of the Navier Stokes equations 

(without considering here Lattice-Boltzmann approaches): 

we can mention the Finite Volume Method, the Finite 

Element Method, the Finite Difference Method (e.g., Peyret 

and Taylor 1983), and the Spectral Methods (e.g., Canuto et  

https://www.cfd-online.com/Wiki/Codes
https://www.cfd-online.com/Wiki/Codes
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Fig. 7 Computational grid around a rectangular cylinder in 

the transverse plane: whole computational domain (a) 

without or (b) with incoming turbulence; (c) close-up view 

around the leading edges; (d) further zoom around the 

upper leading edge. Fig. (a), (c), (d) after Bruno et al. 

(2010) 

 

 

al. 1988). For CWE applications, the Finite Volume Method 

is widely used and implemented in most of the numerical 

codes currently available for industrial simulations, as 

shown from the statistics in Fig. 5(a), where the 

discretization methods of the Navier Stokes equations used 

by the most common academic and commercial CFD/CWE 

codes are summarized. As can be seen in Fig. 5(a), more 

than 50% of the considered codes adopt a Finite Volume 

Method. The Finite Element Method is also widely used, 

whereas Spectral Elements and Finite Difference methods 

have at the state of the art a limited diffusion. As for 

turbulence approaches discussed in Section 4.1, RANS is 

the most common approach (approximately one-half of the 

considered codes), followed by LES and DNS (Fig. 5(b)). 

In order to translate the (integro)-differential operators 

of the Navier-Stokes equations into an algebraic form, 

numerical approximation schemes are used. Such schemes 

introduce a discretization error (Ferziger and Peric 1996), 

understood as the difference between the exact solution of 

the aforementioned equations and its algebraic counterpart. 

The main CFD/CWE codes offer several alternative 

schemes, the accuracy of which varies with the geometry of 

the cells, the type of grid (structured or unstructured, 

uniform or non-uniform), and the dimensionality of the 

space domain.  

Different approximation schemes can be employed, and 

the choice among them has to be performed according to 

the characteristics of the problem under consideration. In 

general, it is advisable to use schemes characterized by 

second-order accuracy or higher, with regard to both spatial 

and temporal derivatives, and indeed these are usually 

adopted by codes (see Fig. 6). Indeed, it is found that more 

than 90% of the codes have second-order-accurate spatial 

discretization schemes (or, sometimes, third-order), and the 

second-order accuracy is also the most common choice 

when dealing with the implicit time-advancing scheme, 

even if the explicit scheme is also available in about one-

quarter of the codes. 

It is worth mentioning that the introduction of the 

discretization error can also be seen as a fictitious 

modification of the underlaying governing equations. Such 

modification, depending on the adopted schemes, can lead 

to the introduction of fictitious dispersion or diffusion 

terms, which are of particular importance for CWE 

computations and often denoted as ñnumerical viscosityò. In 

particular, attention shall be paid to the discretization of 

convective terms in the balance equations, aiming to obtain 

a good compromise between low numerical viscosity and 

solution stability. 

 

4.3 Computational grids in time and space 
 

The Finite Volume Method, as well as most alternative 

methods, requires the discretization of spatial and time 

domains. The spatial domain is discretized through a finite 

number of elementary sub-domains commonly called cells. 

The time domain is discretized using a finite number of 

times separated by elementary time intervals commonly 

called time steps. The set of cells defines the grid in space 

(namely, the mesh), while the union of the grid in space and 

of the time discretization defines the computational grid. 

The grid determines the spatial and temporal resolution of 

the computational simulation. 

The choice of the computational grid is a crucial step in 

the context of CFD/CWE simulations, and naturally 

associated with the three- or two-dimensional geometry of 

the spatial domain (see subsection 5.2). As a matter of fact, 

such a choice strongly affects the main properties of the 

computational solution for Wind Engineering applications 

in terms of stability, accuracy, and computational costs. 

The computational grid shall be generated to ensure 

sufficient spatial and temporal resolution and to reproduce 

the turbulence scales that, in accordance with the turbulence 

model adopted, are relevant for the phenomenon under 

investigation. In addition, grid requirements introduced by 

particular components of the computational model shall be 

accounted for (e.g., requirements involved by wall-

functions or damping-functions). 

Particular attention shall be paid to the discretization of 

the regions of the computational domain where the flow is 

expected to be characterized by large gradients of the flow 

variables. In particular, the discretization error tends to 

increase when large gradients are present, so that evening 

them up requires to increase the grid density in such zones, 

according to the general principle reported in Section 4. For 

instance, mesh refinements in the boundary layer region 

near solid walls, close to possible separation points (e.g., 

near edges) and in the wakes have to be properly 

considered. We notice that, while in the first case the 

directionality of the expected flow variations conveniently  
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Fig. 8 Effects of grid quality on the instantaneous wind 

flow and around a square cylinder and on the induced lift 

coefficient: (a) reference solution (DNS after Trias et al. 

2015), and (b) the one obtained with an orthogonal and (c) 

a skewed grid (URANS k- e RNG after Bruno and Oberto 

2022) 

 

 

allows using stretched grids, leading to boundary layer 

cells, isotropic refinements are more suitable for the latter 

case (Spalart 2001). As an example, Fig. 7 shows a grid 

with an adequate discretization of the mentioned zones and 

with high cell quality. In the considered case, a body-fitted, 

structured grid layer is generated at the wall, with a nearly 

constant grid spacing normal to the cylinder wall able to 

correctly resolve wall turbulence (Fig. 7(d)). Then, an 

unstructured quadrilateral grid is used in the remaining part 

of the transverse plane of the cylinder to obtain an effective 

cell distribution on the basis of the expected flow 

phenomena to be simulated (Fig. 7(c)). Upstream of the 

investigated body, the computational grid should be fine 

enough to accurately transport turbulence from the inflow 

boundary to the object of the study, without numerical 

effects. In case of smooth incoming flow, a grid as in Fig. 

7(a) is fine enough; on the contrary, in case of scale-

resolving turbulence models and turbulent incoming flow a 

grid as in Fig. 7(b) is necessary. 

The computational grid shall also be realized to 

guarantee cells with sufficient geometrical quality, 

quantified by appropriate metrics, to avoid loss in 

simulation accuracy and stability. In particular, it is good 

practice to avoid as much as possible distorted and/or 

highly stretched cells. Indeed, possible sources of errors are 

the grid refinement/coarsening rate, the lack of cell 

orthogonality, and the cell skewness, which is defined as the 

distance between the midpoint of the cell face and the 

intersection between the same face and the segment linking 

the adjacent cell centers. 

An example of the treacherous effects of localized 

poorly shaped (skewed) cells around a bluff body is given 

in Fig. 8. In spite of an acceptable qualitative description of 

the vortex shedding, the lift force fluctuations are 

dramatically and unsafely underestimated by a factor 10: 

ñthe greatest disaster one can encounter in computation 

[...] are results that are simultaneously good enough to be  

 

Fig. 9 Recommended schematic workflow of a CWE study 

 

 

believable but bad enough to cause troubleò (Ferziger 

1993). 

We finally remark that one of the workhorses of 

numerical analysis for the assessment of the numerical 

solution quality, i.e., grid independence study, sometimes 

appears to be of limited help. First, the computational costs 

required to rigorously perform global multi-levels, 

systematic and uniform mesh refinements over the whole 

domain are usually prohibitive in 3D domains. Indeed, a 

single global mesh refinement level in 3D increases the 

number of volume elements by a factor of eight, the cost of 

the solution increases with the square of the number of 

degrees of freedom (Thompson and Thompson 2017) and 

the grid independence study becomes practically 

intractable. Thus, systematic but local mesh refinement is 

usually more economical and as effective as global mesh 

refinement.  Second, such refinements can conflict with 

the mesh requirements involved by turbulence treatments at 

solid walls (e.g., wall-functions). Overall, solution 

verification is necessary before model validation 

(Oberkampf and Trucano 2002). In other words, proving a 

solution to be mesh independent is an important indication 

for the CWE Specialist, but should never be used for the 

purpose of validation. From this point of view, in order to 

avoid misconceptions, it would probably be more 

appropriate to state that the CWE Specialist is required to 

ensure that results of interest do not significantly vary with 

the mesh size, rather than requiring a mesh independence 

which, literally taken, is extremely difficult to be reached 

and even more difficult to be correctly assessed. 

 

 

5. CWE instruction for use 

 

In the previous sections the main CWE principles are set 

out in general terms (Section 3), and the components of the 

computational model are discussed (Section 4). In the 

following, some key passages of a typical CWE study are 

detailed in term of required performances and exemplified with 

respect to real world design cases. In particular, the workflow 

recommended within a CWE study is schematized in Fig. 9. In 

the following, its main steps are discussed and examples 

considering real world application are given. 


