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A B S T R A C T   

The accuracy and reliability of 3D steady RANS CFD simulations of wind flow in urban environments can be 
affected by numerical settings including the turbulence model and the imposed roughness heights. In that regard, 
various k-ε and k-ω turbulence models and roughness height (ks) values are commonly used when predicting 
wind flow in urban environments. However, it is insufficiently known to which extent the CFD results may be 
influenced by these settings when simulating wind flows in complex urban environments with large changes in 
surface roughness. This is the scope of the present paper, for which wind-tunnel (WT) measurements and CFD 
simulations were performed on a reduced-scale model (1:300) of a district of Livorno (Italy). Mean wind speed 
(U), turbulent kinetic energy (k) and turbulence dissipation rate (ε) profiles from WT measurements and CFD 
simulations were compared at 25 positions and deviations between experimental and numerical results were 
quantified by three metrics: fractional bias, correlation coefficient and fraction of data within a factor of 1.3. The 
turbulence model selection had a larger impact compared to the surface roughness selection on U, k and ε values. 
The best and worst performing turbulence models (e.g. for α ¼ 240� at 0.02 m above the bottom) showed a 
deviation in terms of correlation (0.89 and 0.61, respectively) of about 0.28. Conversely, the best and worst 
performing roughness set, (e.g. for α ¼ 240� at 0.02 m above the bottom), showed a deviation in terms of 
correlation (0.77 and 0.78, respectively) of only 0.01.   

1. Introduction 

Wind-tunnel (WT) tests and Computational Fluid Dynamics (CFD) 
are among the most common techniques used to investigate different 
urban physics and wind engineering topics: pedestrian wind comfort, 
pollutant dispersion, indoor and outdoor natural ventilation, etc. 
[1–10]. The joint use of these two techniques can lead to a better un-
derstanding of the strengths and weaknesses of both [2,3,7–9,11,12]. 
Nevertheless, the results of both techniques (i.e. WT and CFD) can be 
affected by many errors and uncertainties related to geometrical sim-
plifications, boundary conditions, turbulence models, surface roughness 
height values and numerical approaches [7,13–15]. As a matter of fact, 
several best practice guideline for CFD applications were established to 
ensure the quality of CFD simulations on wind flow in urban environ-
ments [14–17]. 

In the last decades, several types of k-ε and k-ω turbulence models, 

like the standard k-ε model (SKE) [18], the realizable k-ε model (RKE) 
[19], the Renormalization Group k-ε model (RNG) [20], the standard 
k-ω model (SKO) [21] and the Shear Stress Transport k-ω model (SST) 
[22] were employed to investigate different urban physics and wind 
engineering topics. This is demonstrated by several review papers and 
best practice guidelines (BPG) on topics such as pollutant dispersion [9, 
10,12,23–32], urban microclimate [33–39], pedestrian wind comfort 
[40–54], wind-driven rain and snow drift [55–60], wind energy [61–67] 
and wind flow over complex terrains and urban environments [68–71]. 
Furthermore, as recently reviewed by Xiao and Cinnella [72] a large 
amount of work in the last decades focused on the quantification of 
uncertainties (QU, i.e. aleatory uncertainties and epistemic and model-form 
uncertainties) in RANS simulations [73–81]. However, improving the 
predictive accuracy of turbulence models remains a main goal in CFD 
analysis [82] and controversial debates on this topic are still ongoing in 
the scientific literature [83]. Nevertheless, in keeping with the previous 
works of the authors [84–87], the investigations contained in the 
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present paper do not focus on the QU of RANS simulations on urban 
environment, rather they are aimed at investigating the sensitivity of the 
CFD results related to turbulence modeling. As stressed by several books 
and review articles dealing with the CFD technique [21,88–93] and 
recently confirmed by Khayrullina et al. [94] although some turbulence 
models may perform better than others in specific regions of the 
computational domain, none of the available turbulence models gives a 
totally accurate description of turbulence flows [91], and the best choice 
of the turbulence model is often problem specific [14]. Hence the choice 
of the best turbulence model for a given application is still an 
empirically-based process rather than a theoretically-proven demon-
stration. The lack of knowledge on the impact of turbulence models on 
the CFD results of complex urban environments still represents an “open 
question” for the scientific community. For this purpose, in the first stage 
of the present work, the impact of the selected turbulence model on the 
results of 3D steady RANS simulations of wind flow in an urban envi-
ronment is analyzed. 

Treatment of boundaries is also one of the most important modeling 
tasks in CFD [95]. RANS and LES are the most common numerical ap-
proaches adopted to investigate the surface roughness influence in 

atmospheric boundary layer (ABL) modeling [7,69,93,96–101]. In CFD 
simulations, the surface roughness is generally applied at the boundaries 
of the computational domain either in terms of “aerodynamic roughness 
length (z0)” [102,103] or “equivalent sand-grain roughness height (ks)” 
[98], where the latter is always a function of the first one for most of the 
CFD codes commonly used by the Computational Wind Engineering 
(CWE) community; both parameters can be defined as the height above 
the ground (or wall) at which the wind velocity drops to zero [104–107]. 
The aerodynamic roughness length (z0) is often used in CFD simulations 
of atmospheric boundary layer (ABL) conditions to define the inlet 
profiles, by a power law or a logarithmic law-of-the wall [108], at the 
inlet face of the computational domain. These profiles are representative 
of the roughness characteristics of the upstream terrain [109–111] not 
included in the computational domain [98]. Nevertheless, as described 
by Blocken et al. [98,112] and illustrated in Fig. 1 of the same publi-
cation, the aerodynamic roughness length (z0) as well as the equivalent 
sand-grain roughness height (ks) are also used by CFD users to reproduce 
the surface roughness within the computational domain through wall 
functions (e.g. the one proposed by Launder and Spalding [113] with 
roughness modification by Cebeci and Bradshaw [114]. Indeed, as 

Nomenclature 

Roman symbols 
Cμ, C1ε, C2ε C*2ε C3ε empirical constants in k-ε turbulence models 
Cs roughness constant 
Dω cross-diffusion term 
I turbulence intensity 
k turbulent kinetic energy 
ks equivalent sand-grain roughness height 
ks,mat equivalent sand-grain roughness height of materials 
l turbulence length scale 
P production term for k and ω 
S source term for k, ε and ω 
t time 
U mean wind speed 
Uin mean wind speed at the inlet face 
UWT mean wind speed from the WT results 
UCFD mean wind speed from the CFD results 
UWT average of the samples of mean wind speed from the WT 

results 
UCFD average of the samples of mean wind speed from the CFD 

results 
u* friction velocity 
V! wind velocity vector 
yp distance between the center point of the wall-adjacent cell 

and the wall 
yþ dimensionless wall coordinate 
Y dissipation term for k and ω 
YM dilatation dissipation term 
z vertical coordinate 
zref reference height 
z0 aerodynamic roughness length 
α reference wind direction 
ε turbulence dissipation rate 
λ characteristic length scale 
μ dynamic molecular viscosity 
μt dynamic turbulent viscosity 
ν kinematic molecular viscosity 
ρ air density 
σk, σε turbulent Prandtl numbers for k and ε 
σu, σv, σw standard deviations of the wind speed components (u, v 

and w) 
τ shear stress 
ω specific dissipation rate 

Operators 
div divergence operator 
grad gradient operator 
∂
∂z differential operator 

Acronyms 
ABL atmospheric boundary layer 
BPG best practice guidelines 
CFD computational fluid dynamics 
CR Canale Rosciano 
CWE computational wind engineering 
DICCA Department of Civil, Chemical and Environmental 

Engineering 
FAC1.3 fraction of data within a factor of 1.3 
FB fractional bias 
H height 
HPC high-performance computing 
IBL internal boundary layer 
L length 
LP piazza Luogo Pio 
MDF medium density fiberboard 
MGL mean ground level 
MSL mean sea level 
PVC polyvinyl chloride 
QU quantification of uncertainties 
R correlation coefficient 
RANS Reynolds Averaged Navier-Stokes 
RKE realizable k-ε turbulence model 
RNG renormalization Group k-ε model 
RS roughness sublayer 
SIMPLE Semi-Implicit Method for Pressure-Linked Equations 
SKE standard k-ε turbulence model 
SKO standard k- ω turbulence model 
SST Shear Stress Transport k-ω model 
UBL urban boundary layer 
UCL urban canopy layer 
W width 
WT wind tunnel  
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suggested by Blocken et al. [98,112] the domain can be subdivided into 
three main regions: the central region where the objects (e.g. the 
buildings constituting the urban district) under investigation are 
explicitly modeled, i.e. with their actual shape and size, and the up-
stream and downstream regions where conversely the obstacles (e.g. the 
surroundings) are implicitly modeled, in terms of a value for the 
roughness (i.e. z0 or ks) applied to the “bottom” of the domain through 
the above-mentioned wall functions. As the bottom is representative of 
the real Earth’s surface (e.g. grass, streets, buildings, bridges, etc.) it can 
be characterized by different surface roughness values (e.g. z0 or ks). 
However, the quantification of these latter is not a trivial issue and is 
potentially problematic [107,115]. 

Generally, when simulating a portion of the WT test section or the 
entire WT test section (as in the present paper), two main approaches 
can be used to define the roughness within the computational domain. 
The first approach consists of assuming the WT sides and ceiling, and the 
walls of the urban model to be completely smooth (i.e. ks ¼ 0), while the 
bottom is assumed to be rough (e.g. Yoshie et al. [116]). As far as the 
roughness of the bottom is concerned, the subdivision of the domain into 
three main regions proposed by Blocken et al. [98,112] and above 
mentioned is commonly adopted. The second approach consist of 
applying the roughness of the materials of the WT boundaries and the 
walls of the urban model, commonly estimated in the ks range of 10� 4 - 
10� 6 m, at the corresponding computational domain boundaries (e.g. 
Moonen et al. [117]). Although both choices may be considered scien-
tifically valid, it is unclear how much this choice might affect the CFD 
results. Therefore, in the second stage of the present work, the impact of 
the imposed surface roughness height on the results of 3D steady RANS 
simulations of wind flow in an urban environment is analyzed. 

The present study is part of a wider research project aimed at 
investigating the uncertainties related to the wind flow modeling in 
urban areas through WT and CFD techniques. To this extent a district, 
called “Quartiere La Venezia” of Livorno city (Italy), was chosen as a case 
study. In a preliminary step, WT tests were performed at reduced scale 
(1:300) and the U and I profiles were measured at 25 positions to 
investigate the urban boundary layer (UBL) development over the urban 
district [84]. Hence, the WT results were used as a benchmark to vali-
date CFD simulations performed successively to investigate the impact 
of several numerical parameters when reproducing WT conditions in a 
reduced-scale computational domain. In that regard, the impact (on the 
results) of simplifications applied to the geometry of the urban district 
(e.g. buildings, bridges and streets) and of inflow conditions applied to 
the inlet face of the domain were analyzed [85–87]. 

The present paper continues this investigation by analyzing the 

impact of the selected turbulence models and the impact of the imposed 
surface roughness height on the numerical results, both of which are 
insufficiently known for the given type of case study (e.g. Quartiere La 
Venezia) with large changes in surface roughness. In that regard, CFD 
simulations were performed on the reduced-scale model (1:300) and 
compared to WT tests in two different stages, for three reference wind 
directions (i.e. α ¼ 240�, α ¼ 270� and α ¼ 300�) corresponding to the 
prevalent ones measured in the port of Livorno in the framework of the 
European Projects “Wind and Ports” [118] and “Wind, Ports and Sea” 
[119]. In the first stage, CFD simulations were carried out using three k-ε 
and two k-ω turbulence models: standard k-ε model (SKE), realizable k-ε 
model (RKE), Renormalization Group k-ε model (RNG), standard k-ω model 
(SKO) and Shear Stress Transport k-ω model (SST). In the second stage, 
two cases with different sets (termed standard and real material cases) of 
surface roughness heights were simulated. In the standard case a scaled 
(1:300) homogenous aerodynamic roughness length (z0) value, derived 
from the approach-flow profiles measured in the WT approximately 1 m 
upstream of the urban model, was assumed for the ground surface of the 
urban district and then converted into the corresponding equivalent 
sand-grain aerodynamic roughness height (ks). In the real material case 
the equivalent sand-grain roughness height (ks) values corresponding to 
the surface roughness of the WT materials of the scale model of the 
urban district and of the WT boundaries were used. Mean wind speed 
(U), turbulent kinetic energy (k) and turbulence dissipation rate (ε) 
profiles of CFD simulations (of both stages) and WT results were 
compared at the same 25 measuring positions mentioned above. In order 
to quantify the impact of the selected turbulence models and surface 
roughness height, three validation metrics were used: fractional bias 
(FB), correlation coefficient (R) and the fraction of data within a factor 
of 1.3 from the WT results (FAC1.3). 

The paper is organized as follows. Section 2 contains a short 
description of the selected urban area and the WT tests. In Section 3 the 
computational domain, boundary conditions and solver settings are 
described. In Sections 4 and 5 the results in terms of contours and pro-
files of U, k and ε, and validation metrics are shown. Finally, Section 6 
concludes the paper with discussion and conclusions. 

2. Wind-tunnel tests 

The historical district Quartiere La Venezia is situated close to the port 
of Livorno that was monitored in the past by means of a series of ane-
mometric and LiDAR stations installed in the framework of the European 
Projects Wind and Ports and Wind, Ports and Sea [118–123] (Fig. 1a). 
Three reference wind directions (i.e. 240�, 270� and 300�) were 

Fig. 1. District “Quartiere La Venezia”: (a) geographical location (yellow circle) inside Livorno city and indication of the measurement stations (LI03, LI04, LI06 and 
LiDAR) installed in the port of Livorno (yellow dots), (b) WT model and (c) computational grid at scale 1:300 for reference wind direction α ¼ 240�. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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considered. WT tests were performed on a reduced-scale model (1:300) 
in the closed-loop subsonic WT for aerodynamics and civil experiments 
of the Department of Civil, Chemical, and Environmental Engineering 
(DICCA) of the University of Genoa (Italy) (Fig. 1b). The WT model was 
constructed using two different materials: medium density fiberboard 
(MDF) for the ground surface and building walls and PVC foamboard 
panels for the building roofs and bridges. This information will be 

relevant in the second stage when analyzing the impact of the imposed 
surface roughness height (Section 5). Vertical U and I profiles, yaw and 
pitch angles were measured at two sets of measuring positions (Fig. 2) 
and 15 different heights above the WT floor. All measurements were 
carried out by a multihole pressure probe (Cobra probe) at a sampling 
frequency of 2 kHz with an accuracy provided by the supplier of � 0.3 
m/s for velocity (as indicated by the error bars in Figs. 11 and 17) and �

Fig. 2. Measurement positions: (a) first set 
of positions (A11 - A52) fixed on the urban 
model and placed along the water canal 
Canale Rosciano, (b) second set of positions 
(L11-5, L21-5, L31-5) fixed with respect to the 
local reference system of the WT facility. (c) 
Schematic vertical section of Canale Rosciano 
indicating the WT floor and CFD domain 
bottom corresponding to the mean sea level 
(MSL) at full scale, the WT/CFD ground cor-
responding to the mean ground level (MGL) at 
full scale, and the lowest measurement position 
both for WT and CFD at reduced scale 
(1:300) and full scale.   

Fig. 3. Computational domain and surface grid for α ¼ 270� with indication of the main boundary conditions.  
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0.5� for the angular acquisition (i.e. yaw and pitch angles). The first set 
consisting of 10 positions (A11 - A52) was fixed on the urban model (and 
then on the turning table) and chosen along the main water canal of 
Livorno city, the so-called “Canale Rosciano” (CR) (Fig. 2a). The second 
set consisted of a grid of 15 positions (L11-5, L21-5, L31-5) kept fixed with 
respect to the local reference system of the WT section (Fig. 2b). As 
illustrated in Fig. 2c, two reference levels were defined: the WT floor 
corresponding to the mean sea level (MSL) at full scale, and the WT 

ground located at 0.012 m above the WT floor and corresponding to the 
mean ground level (MGL) at full scale (Fig. 2c). The lowest measurement 
position was chosen as close as possible to the bottom and ground, at 
0.02 m above the WT floor (i.e. 6 m above the MSL at full scale) and 
0.008 m above the WT ground (i.e. 2.5 m above the MGL at full scale), in 
order to analyze possible wind effects at the level of pedestrians. All 
positions were monitored at 15 heights in the range 0.02–0.60 m above 
the WT floor (i.e. 6 – 180 m above the MSL). For the sake of simplicity, 

Fig. 4. Comparison of the two cases with different surface roughness, schematically depicted in a vertical section of the computational domain for α ¼ 240�. (a) The 
standard case, with a homogeneous roughness imposed at the “bottom” and “ground”, and zero roughness imposed at the building and bridge walls; (b) the real 
material case, with different roughness height corresponding to the WT boundaries and the materials utilized to build the urban model tested. 

Fig. 5. Comparison of the two cases with different surface roughness on the “bottom”, “ground” and building surfaces for α ¼ 240�: (a) standard case; (b) real 
material case. 
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from now onward the measurement positions will be mainly referred to 
the WT floor (and CFD bottom) at reduced scale and to MSL at the 
equivalent full scale (Fig. 2c). Measurements will be referred to the (WT 
and CFD) ground at reduced scale and to MGL at the equivalent full scale 
only when the results may be important for pedestrians. The reader can 
refer to Ricci et al. [84] for more detailed information. 

3. CFD simulations 

3.1. Computational domain and grid 

Three high-resolution computational grids were constructed for the 
CFD simulations for the three wind directions using the software Gambit 
2.4.6. These grids were also employed in previous investigations of the 
larger research project and were presented in detail in Ricci et al. 
[85–87]. The size of the computational domain was defined in order to 
reproduce as much as possible the WT boundary conditions (Fig. 3). The 
CFD bottom and the ground were consistent to the WT floor (corre-
sponding to the MSL at full scale) and WT ground (corresponding to the 
MGL at full scale), respectively (see also Fig. 2c). In that respect the size 
of the domain was L x W x H ¼ 5.5 � 1.70 � 1.35 m3, where the width 
(W) and height (H) were identical to the WT cross-section, while the 
length (L) was equal to the distance between a plane taken 1 m upstream 
of the urban model to measure the approach-flow profiles and the safety 
screen mounted at the downstream end of the WT test section (Fig. 3). 
The computational grids were generated in accordance with the BPG [8, 
14,16] and using the grid-generation technique presented by van Hooff 
and Blocken [124]. In order to maximize the numerical accuracy, similar 
or higher (i.e. 0.0033 m for the smallest and 0.05 m for the largest grid 
size) grid resolutions were applied with respect to the ones adopted in 
several previous studies in which a grid-sensitivity analysis was 
employed [48,124]. The size of the first near-wall cell was chosen equal 
to 0.0033 m in order to keep the dimensionless wall unit (yþ) value in 
the log-law range, between 30 and 300. The computational grids con-
tained 23.2 million cells for α ¼ 240�, 20.8 million cells for α ¼ 270�

(Figs. 3), and 19.9 million cells for α ¼ 300�. 

3.2. Boundary conditions 

At the inlet of the computational domain (Fig. 3), the U(z) measured 
approximately 1 m upstream of the first building of the WT model at 22 
heights from 0 to 1.35 m (the height of the cross-section) was applied 
[86]. Likewise, velocity standard deviations σu(z), σv(z) and σw(z) 
measured in the WT tests at the same 22 heights were used to calculate 
the k(z), ϵ(z) and ω(z) profiles. The k(z) profile was calculated by Eq. (1). 
The ϵ(z) and ω(z) profiles were calculated according to Eq. (2) and Eq. 
(3) [21] for CFD cases adopting the k-ε and k-ω turbulence models, 
respectively. 

kðzÞ¼
1
2

�

σ2
uðzÞþ σ2

vðzÞþ σ2
wðzÞ

�

(1)  

εðzÞ¼C0:5
μ kðzÞ

dU
dz

(2)  

ωðzÞ¼C� 0:25
μ

ffiffiffiffiffiffiffiffi
kðzÞ

p

l
(3)  

l¼Cμ
kðzÞ1:5

εðzÞ (4) 

In Eqs. (2) and (3) the model constant Cμ is equal to 0.09 and the 
turbulence length scale l is calculated in accordance with Eq. (4). At the 
bottom, ground, sides and top of the computational domain and on the 
surfaces of the obstacles (e.g. buildings and bridges) (see Fig. 3), the 
standard wall functions by Launder and Spalding [113] with roughness 
modification by Cebeci and Bradshaw [114] were employed. The 

equivalent sand-grain roughness height (ks) values were calculated in 
accordance to Blocken et al. [98,112] as ks ¼ 9.793 z0/Cs and the 
roughness constant (Cs) values were chosen equal to 2.5 and 1.0 for the 
first stage (i.e. the impact of the selected turbulence models) and second 
stage (i.e. the impact of the imposed roughness height) respectively, to 
adhere with the condition yp > ks (where yp is the distance between the 
center point of the wall-adjacent cell and the wall). Two separate sets of 
roughness height (ks) were used as explained below for the two 
above-mentioned stages (Figs. 4 and 5). 

In the first stage, where the impact of the selected turbulence models on 
the numerical results was investigated, a homogeneous aerodynamic 
roughness length (z0) value of 0.00033 m (corresponding to ks ¼ 0.0013 
m), derived from the U profile applied at the inlet face, was imposed on 
the bottom and ground of the domain (Figs. 3, 4a and 5a). ks equal to 
zero was imposed on the surface of the obstacles (i.e. buildings, and 
bridges), and on the top and sides of the computational domain (Figs. 4 
and 5). This is called the “standard” case. 

In the second stage, where the impact of the imposed surface roughness 
height was investigated, the equivalent sand-grain roughness height (ks, 

mat) values corresponding to the surface roughness of the materials of the 
urban district WT model and of the WT boundaries (e.g. turntable, floor, 
ground, top and sides) were employed in accordance with the experi-
mental values provided by Hiziroglu and Kosonkorn, and Zhong et al. 
[125,126]. In particular, ks,mat equal to 4.0 � 10� 6 m, 3.8 � 10� 6 m and 
1.0 � 10� 6 m was considered for the medium density fiberboard - MDF 
(i.e. building walls and ground surface of the urban model), for the PVC 
and for the steel (floor) surfaces of the WT, respectively (Figs. 3, 4b and 
5b). The top and sides of the computational domain, corresponding to 
the glass of the top and sides of WT test section, were assumed smooth 
with ks equal to zero. Finally, a zero static gauge pressure was imposed at 
the outlet face (Fig. 3). This is called “the real material” case. 

3.3. The turbulence models 

The CFD simulations were carried out using the 3D steady RANS 
approach with the open-source software OpenFOAM 2.3.0. In the first 
stage, when the impact of the selected turbulence models was investigated, 
the turbulence models that are most commonly used for urban wind flow 
simulations [93] were tested: the standard k-ε model (SKE) [18], realiz-
able k-ε model (RKE) [19], Renormalization Group k-ε model (RNG) [20], 
standard k-ω model (SKO) [21], and Shear Stress Transport k-ω model 
(SST) [22]. 

The above-mentioned turbulence models are based on two transport 
equations, i.e. k-ε or k-ω, and the variables of the equations are k and ε or 
ω, respectively. The standard k-ε model (SKE) proposed by Jones and 
Launder [18] is one of the most widely used and validated turbulence 
models [92]. It is robust and performs particularly well in confined flows 
where the Reynolds shear stresses are important [92]. For this purpose it 
is commonly adopted for industrial engineering applications. In 
contrast, this turbulence model generally does not perform well in un-
confined flows, with large additional strains (e.g. curved boundary 
layers, swirling flows), rotating flows and complex flows with strong 
pressure gradients [92]. Modified versions of this model are the 
Renormalization Group k-ε model (RNG) proposed by Ref. [20] and the 
realizable k-ε model (RKE) proposed by Shih et al. [19]. These two 
modified models are subjected to important limitations due to the 
isotropic eddy viscosity assumption. The governing equations of the k-ε 
turbulence models are (Eqs. (5)–(10)): 

Standard k-ε model (SKE): 

ρ ∂k
∂t
þ ρ div ðk V!Þ¼ div

�

μþ μt

σk
grad k

�

þPk � ρε � YM þ Sk (5)  

ρ ∂ε
∂t
þ ρ div ðε V!Þ¼ div

�

μþ μt

σε
grad ε

�

þC1ε
ε
k
Pk � C2ερ

ε2

k
þ Sε (6) 

Renormalization Group k-ε model (RNG): 
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ρ ∂k
∂t
þ ρ div ðk V!Þ¼ div

�

μþ μt

σk
grad k

�

þPk � ρε (7)  

ρ ∂ε
∂t
þ ρ div ðε V!Þ¼ div

�

μþ μt

σε
grad ε

�

þC1ε
ε
k
Pk � C*

2ερ ε2

k
(8) 

Realizable k-ε model (RNG): 

ρ ∂k
∂t
þ ρ div ðk V!Þ¼ div

�

μþ μt

σk
grad k

�

þPk � ρε � YM þ Sk (9)  

ρ ∂ε
∂t
þ ρ div ðε V!Þ¼ div

�

μþ μt

σε
grad ε

�

þ ρC1Sε � ρC2ε
ε2

k þ
ffiffiffiffiffi
νε
p þ Sε (10)  

where μ and μt are the molecular dynamic viscosity and the eddy or 
turbulent dynamic viscosity, respectively. Pk represents the generation 
of k due to the mean velocity gradients. Sk and Sε are source terms, and 
YM is the dilatation dissipation term. All transport equations above 
contain some constants, such as Cμ, σk, σε, C1ε, C2ε, C*2ε, which assume 
different values for different applications [18–20]. The reader is referred 
to Versteeg and Malalasekera [92] for more information about these 
constants. 

The k-ω turbulence models, such as the standard k-ω model (SKO) 
proposed by Wilcox [21] and the Shear Stress Transport k-ω model (SST) 
proposed by Menter [22] use ω as a second variable instead of ε. The 
standard k-ω model (SKO) represents a suitable choice for urban wind 
flows simulations [14]. It generally provides a qualitative satisfactory 
performance for swirling flows and in the near-wall region [92]. How-
ever, this turbulence model is prone to overpredicting the shear stresses 
of adverse-pressure-gradient boundary layers and it has issues with 
freestream conditions [90,92]. The model is also extremely sensitive to 
inlet boundary conditions as opposed to the k-ε models [92]. The Shear 
Stress Transport k-ω model (SST) represents an enhancement of the 
standard k-ω (SKO) model and aims at reducing or removing some de-
ficiencies of the latter, such as the sensitivity to freestream turbulence 
levels [89]. The main advantage of this turbulence model is that it can be 
applied to the viscous sublayer without further modification [92]; 
however, it can be deficient in predicting the wake region in the 
boundary layer [92]. The governing equations of the k-ω turbulence 
models are (Eqs. (11)–(14)): 

Standard k-ω model (SKO): 

ρ ∂k
∂t
þ ρ div ðk V!Þ¼ div

�

μþ μt

σk
grad k

�

þPk � Yk þ Sk (11)  

ρ ∂ω
∂t
þ ρ div ðω V!Þ¼ div

�

μþ μt

σω
grad ω

�

þPω � Yω þ Sω (12) 

Shear Stress Transport k-ω model (SST): 

ρ ∂k
∂t
þ ρ div ðk V!Þ¼ div

�

μþ μt

σk
grad k

�

þPk � Yk þ Sk (13)  

ρ ∂ω
∂t
þ ρ div ðω V!Þ¼ div

�

μþ μt

σω
grad ω

�

þPω � YωþDω þ Sω (14)  

where Pω represent the rate of production of k and the generation of ω, 
respectively; Yk and Yω represent the dissipation of k and ω due to the 
turbulence; Dω is the cross-diffusion term. The reader is referred to 
Versteeg and Malalasekera [92] for further information about the 
constants. 

3.4. Other computational settings 

All simulations were performed using second-order discretization 
schemes for the convective and viscous terms of the governing equa-
tions. The SIMPLE algorithm was adopted to couple pressure and ve-
locity fields [127]. All the variables of interest (i.e. U, k and ε) were 

monitored for a large amount of iterations: about 30,000 and 75,000 
iterations for the k-ε and k-ω turbulence models, respectively. The re-
siduals reached the following minimum values for all the CFD simula-
tions performed: 10� 8 for the three velocity components and 10� 7 for 
the k, ε and ω rate. All CFD simulations were performed on a High 
Performance Computing (HPC) system at the University of Genoa using 
a cluster node with 64 cores with 256 GB of RAM running in parallel at 
1.4 GHz. 

4. Impact of the selected turbulence models 

4.1. Contours of U, k and ε 

Vertical sections were preliminarily made along several planes 
passing through the lines L1, L2 and L3 of the computational domain 
(see Fig. 2b) and for all reference wind directions considered, in order to 
better understand the performance (in terms of U, k and ε) of the five 
selected turbulence models. As opposed to α ¼ 240� and α ¼ 270�, since 
the wind flow showed larger separation zones mainly for α ¼ 300�, 
contours of U/Uin,0.6m, k/u*2 and ελ/u*3 ratios made along the vertical 
section L1 are reported in Figs. 6–9. 

In Fig. 6, the U/Uin,0.6m is defined as the local U divided by the inlet 
Uin at a reference height 0.6 m above the bottom (i.e. 180 m above the 
MSL at full scale) which corresponds to the highest measurement posi-
tion in the WT above the floor. Despite the observed differences in terms 
of U/Uin,0.6 values between the k-ω and k-ε turbulence models, all these 
models except the SKO (Fig. 6e) provided a similar qualitative wind-flow 
pattern both in the Urban Canopy Layer (UCL) and the Roughness 
Sublayer (RS) [128,129]. Indeed, differences are found between the 
performance of the SKO model and the other turbulence models, both in 
the higher and lower parts of the RS (Fig. 6). The different performance 
of each turbulence model became clearer in Fig. 7, through the zoom 
views of Fig. 6 at LP (left side figures) and CR (right side figures). As an 
example, a point is chosen for a quantitative comparison among tur-
bulence models at the pedestrian level (i.e. at 1.75 m above the ground 
surface). Deviations of about 10% are found at LP between the largest 
U/Uin,0.6 (i.e. RNG, 0.247) and the smallest one (i.e. SKE, 0.221). Bigger 
deviations are found at the selected point inside CR, where the U/Uin,0.6 
of the SST (0.198) is found to be about 40% larger than RNG (0.121). 

Figs. 8 and 9 showed the contours of k/u*2 and ελ/u*3, where u* 
(0.89 m/s) is the friction velocity of the logarithmic Uin applied at the 
inlet face and λ represents a characteristic length scale taken equal to the 
height (H ¼ 1.35 m) of the computational domain. Note that, for the SKO 
and SST models, the ε values were calculated using the following 
equation [21]: 

ε¼Cμkω (15) 

While the k-ε turbulence models showed a comparable level of k 
(Fig. 8b,c,d) and ε (Fig. 9b,c,d) at the building edges where the sepa-
ration of the flow occurred, the k-ω models showed a different perfor-
mance (Fig. 8e and f and 9e,f). Compared to the k-ε models, the SKO 
model overestimated both k and ε over the entire RS (Figs. 8e and 9e); 
conversely, the SST model showed lower k/u*2 values and a comparable 
ελ/u*3 values with respect to the k-ε models in the separation zones 
(Figs. 8f and 9f). 

In Fig. 10 contours of U/Uin,0.02m, defined as the local U divided by 
the inlet U at a reference height of 0.02 m above the bottom are dis-
played (see also Fig. 2c). As all k-ε turbulence models and the SST model 
are found to exhibit similar qualitative wind-flow patterns whereas 
differences (in terms of U/Uin,0.02m, k/u*2 and ελ/u*3) are found when 
adopting the SKO model (see Figs. 6–9), only the results of the SKE, SKO 
and SKE-SKO are compared in Fig. 10 in order to highlight the most 
relevant differences between the SKO turbulence model and all the other 
ones. For all reference wind directions (Fig. 10a–i), SKO predicted 
higher U/Uin,0.02 values compared to SKE at CR and LP (Fig. 10c,f,i). The 
same trend is also found upstream and downstream of the urban district 
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where the SKE-SKO showed peaks of about - 0.40. Furthermore, for α ¼
300� (Fig. 10g–i), since CR and LP are almost perpendicular to the 
approach-flow direction, extensive leeward zones are found at these two 
places. In that regard, different wakes produced by the buildings sur-
rounding CR and LP, and downstream of the urban district are shown by 
Fig. 10g–i. The above-mentioned high U/Uin,0.02 and U/Uin,0.6 values, 
visible in both horizontal and vertical planes for the SKO model, may be 
explained by the deficiency [90,92] of this turbulence model in over-
predicting the U and then the shear stresses (τ), i.e. τ ¼ μt ð∂U =∂zÞ, of 
the adverse-pressure-gradient boundary layers immediately below the 
canopy (i.e. inside the UCL) where the shear stress is much greater than 
that above the canopy (above the UCL) [130–132]. 

4.2. Vertical profiles of U, k and ε 

Profiles of U, k and ε are systematically compared at 25 measuring 
positions (A and L) and 15 heights, from 0.02 to 0.6 m above the bottom 
(i.e. 6 – 180 m above the MSL at full scale) as previously described in 
Section 2 and indicated in Fig. 2. As an example, a comparison between 
the CFD results obtained using the above-mentioned five turbulence 
models and the WT results, at positions A22 - A52 placed in the middle of 
CR, is shown in Figs. 11–13. 

In Figs. 11–13, the U/Uin,0.6m, k/u*2 and ελ/u*3 are displayed, 
respectively. In general, similar U/Uin,0.6m values inside CR (from posi-
tions A22 to A52, at 0 � z/zref � 0.2) are found for all turbulence models 
analyzed, consistently to the WT results. Conversely, different de-
velopments of k/u*2 and ελ/u*3 profiles are found along the water canal 
CR. 

For the reference wind direction α ¼ 240� (Figs. 11a, 12a and 13a), 
all turbulence models showed almost the same qualitative performance 

except the SKO model, especially above the UCL (i.e. at 0.2 � z/zref �

1.0). With increasing height (i.e. for z/zref � 0.2) the wind flow is pro-
gressively less affected by the building roofs and the SKO profiles 
converged towards profiles similar to other turbulence models (beyond 
the normalization of Fig. 11). As already stressed in Section 4.1, this is 
due to the tendency of the SKO in overpredicting the shear stresses (i.e. 
the mean velocities) of adverse-pressure-gradient boundary layers [90, 
92] in the upper part of the UCL, immediately above the building roofs. 
This is clearly visible at positions A42 and A52 of Figs. 12a and 13a, 
where the k/u*2 and ελ/u*3 profiles by the SKO model showed larger 
overestimations with respect to the WT data and other turbulence 
models in flow separation zones (i.e. at z/zref � 0.17). Similar observa-
tions can be made for the wind directions α ¼ 270� and α ¼ 300�. In the 
lower part of the profiles (below z/zref � 0.10), all selected turbulence 
models showed a similar qualitative performance, as the canyoning ef-
fects caused by the geometrical features of the urban district are domi-
nant in this layer [85,86]. 

For the reference wind direction α ¼ 270� (Fig. 11b) the canyoning 
effects and the extensive leeward zones along CR (see also Fig. 10c–d) 
caused discrepancies in terms of U/Uin,0.6m between CFD and WT data 
mostly inside the UCL (i.e. z/zref � 0.2). In this region, all selected tur-
bulence models, except the k-ω ones, had a similar qualitative perfor-
mance and showed an underestimation (in terms of U/Uin,0.6 and k/u*2) 
with respect to WT data (Figs. 11b and 12b). Conversely, all selected 
turbulence models showed an unsatisfactory agreement with the WT 
data and a different performance in terms of ελ/u*3 inside the UCL (i.e. 0 
� z/zref � 0.2) (Fig. 13b). In particular, larger values of ελ/u*3 by the 
SKO model, with respect other models, are found at z/zref � 0.17, (i.e. 
about mean building height) at the positions A32 (i.e. ελ/u*3 � 1330) 
and A52 (i.e. ελ/u*3� 929). 

Fig. 6. Contours of wind speed ratio (U/Uin,0.6m) in the plane L1 – L1’ (a) for α ¼ 300�. Comparison among five turbulence models: (b) RKE, (c) SKE, (d) RNG, (e) SKO 
and (f) SST. Canale Rosciano and Piazza Luogo Pio are respectively indicated by “CR” and “LP” in the figures. 

A. Ricci et al.                                                                                                                                                                                                                                    



Building and Environment 171 (2020) 106617

9

For the reference wind direction α ¼ 300� (Figs. 11c, 12c and 13c), 
the development of U/Uin,0.6, k/u*2 and ελ/u*3 profiles along CR is 
qualitatively similar to that discussed for α ¼ 270�, but with a less 
satisfactory agreement with WT data. Indeed, all selected turbulence 
models showed even larger discrepancies with respect to WT data inside 
the UCL since none of the two-equation models (coupled to the 3D 
steady RANS approach) is generally able to predict the flow separation 
and flow reversal that likely occurred here (Figs. 6–10) [90]. Indeed, the 
large separations in the lower part of the RS (i.e. 0 � z/zref � 0.2), caused 

by the buildings, increased the UCL height and the unsteadiness of the 
flow also in the higher part of the RS, as clearly visible through the 
fluctuations of k/u*2 profiles in Fig. 12c. 

The results found for the wind directions α ¼ 270� and α ¼ 300�
confirmed the deficiency of the 3D steady RANS approach in predicting 
the complexity of impinging, separation and reversal flows around and/ 
or downstream bluff bodies (e.g. buildings and bridges), regardless of 
the turbulence models adopted [133]. Conversely, a satisfactory agree-
ment with the WT data is found in the higher part of the RS (i.e. 0.2 �

Fig. 7. Contours of wind speed ratio (U/Uin,0.6m) in the plane L1 – L1’ (a) for α ¼ 300�. Comparison among five turbulence models: (b) RKE, (c) SKE, (d) RNG, (e) SKO 
and (f) SST inside Canale Rosciano (CR) and Piazza Luogo Pio (LP). The red cross indicates the values at pedestrian level (i.e. 1.75 m above the ground surface). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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z/zref � 1.0), where the k-ε models predicted the flow development 
better than the k-ω ones (Figs. 11–13). 

4.3. Deviations caused by turbulence models 

Three validation metrics are used to quantify the impact of the selected 
turbulence models: fractional bias (FB), correlation coefficient (R) and the 
fraction of data within a factor of 1.3 (FAC1.3) [134,135]. The statistical 
performance of every turbulence model (i.e. SKE, RKE, RNG, SKO and 
SST) is evaluated with respect to the WT results in terms of U values at 
all measurement positions A and L (see Fig. 2). The following equations 
are used: 

FB¼ 2
ðUWT � UCFDÞ

ðUWT � UCFDÞ
(16)  

R¼
ðUWT � UWTÞ⋅ðUCFD � UCFDÞ

ðσWT ⋅σCFDÞ
(17)  

1
1:3
� 0:77 �

UCFD

UWT
� 1:3 (18)  

Here UWT is the average of the samples of U from the WT results, UCFD is 
the average of the samples of U from the CFD simulations using the 
selected turbulence models, and σ is the standard deviation over a spe-
cific dataset. The ideal values corresponding to perfect agreement be-
tween CFD and WT results are FB ¼ 0, R ¼ 1 and FAC1.3 ¼ 1. The 
statistical performance of every turbulence model is calculated in hori-
zontal planes α ¼ 240�, α ¼ 270� and α ¼ 300�, at 25 measurement 
positions (A and L) and two different reference heights, z ¼ 0.02 m 
above the bottom (i.e. 6 m above the MSL at full scale) and z ¼ 0.10 m 
above the bottom (i.e. 30 m above the MSL at full scale) (see also 
Fig. 2c). Validation metrics referring to the aforementioned reference 

heights and wind directions are reported in Tables 1–3. The ratios U/ 
Uin,0.02 and U/Uin,0.10 are graphically displayed in Figs. 14 and 15, 
respectively. The U values at the measurements positions (A and L) are 
normalized by the inlet U at the reference heights 0.02 m and 0.1 m 
above the bottom both for WT and CFD. 

For the reference wind direction α ¼ 240� and the reference height z 
¼ 0.02 m (Table 1a and Fig. 14a), FB values showed overestimations of 
CFD data with respect to WT data. Lower FB values are found for SKE 
(� 0.02), RKE (� 0.02), RNG (� 0.04) and SST (� 0.04) models with 
respect to SKO (� 0.13). Indeed, as the approach-flow direction is almost 
aligned with the entrance of CR and LP and only limited wake flow re-
gions are found inside the district (see also Fig. 10a,b,c), all k-ε turbu-
lence models properly predict the wind-flow pattern as opposed to the 
SKO model which is well-known for overpredicting (proven also by the 
negative sign of FB) U in adverse-pressure-gradient boundary layers [90, 
92]. This is also confirmed by the FAC1.3 which highlighted a worse 
performance of SKO (0.78) and SST (0.61) compared to SKE, RNG and 
RKE (0.89) at the positions A22, A33, L22 and L25, at free-shear and 
speed-up regions (Fig. 2a and b and 14a), where especially the SST 
model predictions deteriorated [92]. For this wind direction a general 
picture about the performance of the selected turbulence models is 
furnished by the R which showed higher values for SKE (0.81) and RKE 
(0.79) than RNG (0.73), SKO (0.74) and SST (0.72). It provided an 
indication about the better tendency of the SKE and RKE in describing 
the whole wind-flow pattern at the level of pedestrians (Table 2a). 

For α ¼ 240� and the reference height z ¼ 0.1 m (Table 1b and 
Fig. 14a) the CFD results produced by SKE, RKE, RNG and SST models 
showed a satisfactory agreement with WT data for all the validation 
metrics considered, as opposed to SKO. The higher FB value (� 0.14) of 
the SKO model, resulting in a wider dispersion of the samples around the 
diagonal (i.e. the WT data), confirmed the tendency of this turbulence 
model in overpredicting U and shear stresses of adverse-pressure gra-
dients here caused by the building roofs [90,92]. 

Fig. 8. Contours of turbulent kinetic energy ratio (k/u*2) in the plane L1 – L1’ (a) for α ¼ 300�. Comparison among five turbulence models: (b) RKE, (c) SKE, (d) RNG, 
(e) SKO and (f) SST. Canale Rosciano and Piazza Luogo Pio are respectively indicated by “CR” and “LP” in the figures. 
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For α ¼ 270� and the reference height z ¼ 0.02 m (Table 2a and 
Fig. 14b) as opposed to what observed for α ¼ 240�, the SKE, RKE, RNG 
and SST showed worse FB values (0.23–0.25) than SKO (0.09). This is 
mainly due to the presence of larger wake regions along CR and at LP 
(with respect to those found for α ¼ 240�) where the SKO model is well- 
known for having a better performance compared to the other selected 

turbulence models in predicting possible swirling flows near-wall re-
gions [92]. Conversely, the SST showed some deficiencies in predicting 
the wake flow region in the boundary layer [92]. Indeed, this tendency is 
clearly visible in Fig. 9b and confirmed by the FAC1.3 of Table 2a, where 
the SST model showed a worse performance (0.37) compared to SKO 
(0.47), RKE (0.47), RNG (0.53) and SKO (0.47). However, although a 

Fig. 10. Contours of wind speed ratio (U/Uin,0.02m): comparison between SKE (first column), SKO (second column) and SKE-SKO (third column) results for (a, b, c) α 
¼ 240�, (d, e, f) α ¼ 270� and (g, h, i) α ¼ 300�. Horizontal sections are at 0.02 m above the bottom (i.e. 6 m above the MSL at full scale). Canale Rosciano and Piazza 
Luogo Pio are respectively indicated by “CR” and “LP” in the figures. 

Fig. 9. Contours of turbulence dissipation rate ratio (ελ/u*3) in the plane L1 – L1’ (a) for α ¼ 300�. Comparison among five turbulence models: (b) RKE, (c) SKE, (d) 
RNG, (e) SKO and (f) SST. Canale Rosciano and Piazza Luogo Pio are respectively indicated by “CR” and “LP” in the figures. 
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Fig. 11. Comparison of the normalized vertical mean wind speed (U/Uin,0.6) profiles at the positions A22 - A52 with the WT profiles for (a) α ¼ 240�, (b) α ¼ 270� and 
(c) α ¼ 300�, for RKE, SKE, RNG, SKO, SST. The inlet profile (black dashed line) and the accuracy of the multihole pressure probe (i.e. the error bar) are also shown 
for comparison. 
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better R is found for the k-ε (0.80–0.82) models than the k-ω (0.73) ones, 
the FAC1.3 showed an unsatisfactory agreement between CFD and WT 
as displayed by the large number of samples (i.e. 33 out of 100, at 11 
positions: A22 - A31 A32 - A41 - A42 - A51 - A52 - L11 - L15 - L32 - L34) 
showing important underestimations in terms of U/UCFD with respect to 
U/UWT (Fig. 14b). It confirmed once again the limitations of the 3D 
steady RANS approach in predicting separation and reversal flow 
regions. 

For α ¼ 270� and the reference height z ¼ 0.1 m (Table 2b and 
Fig. 15b), as opposed to the above-mentioned results for z ¼ 0.02 m, the 
FB values showed a better agreement between the SKE (0.00), RKE 
(� 0.01), RNG (0.02), SST (� 0.05) models and WT data, with respect to 
the SKO model for which a large deviation (� 0.18) is found. The worse 
FB value of the SKO model is justified by its poor performance in 
adverse-pressure-gradients regions, as already observed earlier. Albeit 
the FAC1.3 showed all samples within the error of � 30%, again the 

Fig. 12. Comparison of the normalized turbulent kinetic energy (k/u*2) profiles at the positions A22 - A52 with the WT profiles for (a) α ¼ 240�, (b) α ¼ 270� and (c) 
α ¼ 300�, for RKE, SKE, RNG, SKO, SST. 
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worst agreement (but generally satisfactory) in terms of R with WT data 
is found for the SST model (0.90). Conversely, comparable R values are 
found for SKO (0.97), RKE (0.95), RNG (0.95) and SKO (0.96). 

For the reference wind direction α ¼ 300�, all metrics (FB, R and 
FAC1.3) showed results comparable to those found for α ¼ 270�, both for 
the reference height z ¼ 0.02 m (Table 3a and Fig. 14c) and z ¼ 0.1 m 
(Table 3b and Fig. 15c). However, since the approach-flow direction α ¼
300� is found to be almost perpendicular to CR and LP, larger leeward 
zones (compared to those observed for α ¼ 240� and α ¼ 270�) are found 

inside the whole urban district (see also Fig. 10). Indeed, at z ¼ 0.02 m, 
the FB value of SKO (0.13) showed a much better performance compared 
to the other models, as confirmation of its better ability in predicting 
swirling flows near-wall regions [92]. Conversely, at z ¼ 0.10 m (i.e. in 
the upper part of the UCL), a better prediction of the adverse-pressure 
gradients is provided by the SKE, RKE, RNG and SST, which showed 
better FB values (i.e. � 0.03, � 0.04, � 0.05 and � 0.03, respectively) 
compared to the SKO one (� 0.20). The R and FAC1.3, at z ¼ 0.02 m and 
z ¼ 0.10 m, are found to be not fully descriptive for the present wind 

Fig. 13. Comparison of the normalized turbulence dissipation rate (ελ/u*3) profiles at the positions A22 - A52 with the WT profiles for (a) α ¼ 240�, (b) α ¼ 270� and 
(c) α ¼ 300�, for RKE, SKE, RNG, SKO, SST. 
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direction. As for α ¼ 270�, it is clear that beyond the performance of the 
selected turbulence models, the 3D steady RANS approach is found less 
reliable when estimating extensive leeward zones. 

Overall, although all k-ε turbulence models showed consistently 
better performance than the k-ω models for all wind directions analyzed, 

no turbulence model is found to be fully reliable to describe the 
complexity of the urban wind flows, as also stressed by many authors 
[21,88–93]. As far as the k-ε turbulence models are concerned, while the 
SKE and RKE showed the best agreement with WT data, conversely, the 
SKO model showed the worst one, at 0.02 m and 0.10 m above the 

Fig. 15. Comparison of CFD and WT results in terms of wind speed ratio (U/Uin,0.6) at the monitored positions (A and L) for: (a) α ¼ 240�, (b) α ¼ 270�, (c) α ¼ 300�

at height z ¼ 0.1 m above the bottom (i.e. 30 m above the MSL at full scale). Dashed black lines correspond to 10% and 30% errors, as indicated. Samples showing an 
error larger than 30% are highlighted by a gray texture and listed in the right side of each graph. 

Fig. 14. Comparison of CFD and WT results in terms of wind speed ratio (U/Uin,0.02) at the monitored positions (A and L) for: (a) α ¼ 240�, (b) α ¼ 270�, (c) α ¼ 300�

at height z ¼ 0.02 m above the bottom (i.e. 6 m above the MSL at full scale). Dashed black lines correspond to 10% and 30% errors, as indicated. Samples showing an 
error larger than 30% are highlighted by a gray texture and listed in the right side of each graph. 

Table 1 
Statistical performance of CFD cases with the five turbulence models, for α ¼
240�, at 25 measurement positions (A and L) and two reference heights: (a) z ¼
0.02 m and (b) z ¼ 0.1 m above the bottom (i.e. 6 m and 30 m above the MSL at 
full scale, respectively). Also indicated are the number of measurement positions 
(samples) that are not occupied by the urban model and are therefore available 
for statistical analysis (note that this depends on the wind direction as positions L 
are fixed with respect to the WT). The ideal values corresponding to perfect 
agreement between CFD and WT results are indicated in the last column of the 
table.  

(a) z ¼
0.02 m 

SKE vs 
WT 

RKE vs 
WT 

RNG vs 
WT 

SKO vs 
WT 

SST vs 
WT 

ideal 
values 

FB -0.02 -0.02 -0.04 -0.13 -0.04 0 
R 0.81 0.79 0.73 0.74 0.72 1 
FAC1.3 0.89 0.89 0.89 0.78 0.61 1 
samples 18 18 18 18 18 25  

(b) z ¼ 0.1 
m 

SKE vs 
WT 

RKE vs 
WT 

RNG vs 
WT 

SKO vs 
WT 

SST vs 
WT 

ideal 
values 

FB -0.04 -0.05 -0.04 -0.14 -0.06 0 
R 0.88 0.89 0.88 0.73 0.74 1 
FAC1.3 1.0 1.0 1.0 0.83 0.96 1 
samples 25 25 25 25 25 25  

Table 2 
Statistical performance of CFD cases with the five turbulence models, for α ¼
270�, at 25 measurement positions (A and L) and two reference heights: (a) z ¼
0.02 m and (b) z ¼ 0.1 m above the bottom (i.e. 6 m and 30 m above the MSL at 
full scale, respectively). Also indicated are the number of measurement positions 
(samples) that are not occupied by the urban model and are therefore available 
for statistical analysis (note that this depends on the wind direction as positions L 
are fixed with respect to the WT). The ideal values corresponding to perfect 
agreement between CFD and WT results are indicated in the last column of the 
table.  

(a) z ¼ 0.02 
m 

SKE vs 
WT 

RKE vs 
WT 

RNG vs 
WT 

SKO vs 
WT 

SST vs 
WT 

ideal 
values 

FB 0.25 0.25 0.24 0.09 0.23 0 
R 0.82 0.80 0.80 0.73 0.73 1 
FAC1.3 0.47 0.47 0.53 0.47 0.37 1 
samples 20 20 20 20 20 25  

(b) z ¼ 0.1 
m 

SKE vs 
WT 

RKE vs 
WT 

RNG vs 
WT 

SKO vs 
WT 

SST vs 
WT 

ideal 
values 

FB 0.00 -0.01 0.02 -0.18 -0.05 0 
R 0.97 0.95 0.95 0.96 0.90 1 
FAC1.3 1.0 1.0 1.0 0.79 0.92 1 
samples 25 25 25 25 25 25  
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bottom for all wind directions considered. Nonetheless, it is not a trivial 
issue to clearly and unambiguously define which one should be defini-
tively used for this kind of investigations. 

The above-mentioned results are in line with those of Kosutova et al. 
[136] who adopted the FB and FAC1.25 when analyzing deviations 
between CFD and WT results for non-isothermal mixing ventilation in a 
generic enclosure, and Antoniou et al. [137] who performed CFD and 
WT analyses on a real compact urban area. In the present study, the CFD 
data (in terms of U/Uin,0.02 and U/Uin,0.1) are found to be generally 
within 20–30% of the corresponding WT data when adopting the 
best-performing turbulence model for α ¼ 240�. Higher deviations (of 
about 60–70%) between CFD and WT are found for α ¼ 270� and α ¼
300� when large leeward zones scarcely predictable by the 3D steady 
RANS approach are observed. 

Therefore, on the basis of several considerations indicated below, the 
RKE model was adopted for the next stage (i.e. the impact of the imposed 
surface roughness height):  

� The SKO model showed the worst agreement with the WT data 
mostly in the upper part of the UCL and in the higher part of the RS 
for all wind directions analyzed;  
� The SKE and RKE models generally showed the best agreement with 

the WT data both inside the UCL and in the higher part of the RS for 
all wind directions analyzed. 

In addition, this choice is supported by recent CFD studies of wind 
flows in urban environments and by a review of RANS turbulence model 
performance:  

� Several considerations about the usage of k-ε turbulence models 
made in the recent review provided by Blocken [93];  
� The results of previous publications dealing with similar topics, for 

which the 3D steady RANS approach and the RKE model were 
adopted (e.g. [39,138–143]). 

5. Impact of the imposed surface roughness height 

5.1. Contours of wind speed ratio 

Contours of U of the standard case (i.e. when applying a homoge-
neous roughness height, ks, on the ground surface corresponding to the 
aerodynamic roughness length, z0, based on which the inlet profiles are 
calculated), the real material case (i.e. when using the aerodynamic 
roughness heights, ks,mat, values corresponding to the surface roughness 
of the WT materials) and the differences between are compared in 
Fig. 16 through horizontal sections made at 0.02 m above the bottom (i. 
e. 6 m above the MSL at full scale). The contours are normalized with 
respect to the inlet U at the same reference height z ¼ 0.02 m above the 
bottom for both CFD cases. 

In Fig. 16a–c (α ¼ 240�) it can be noticed that, since the ancient 
fortress of Livorno (called “Fortezza Antica”) and the bridge of “Viale 
della Cinta Esterna” (indicated in the figures by “F” and “bridge” 
respectively) impede the flow funneling along CR and LP, the CFD cases 
showed similar U/Uin,0.02 inside the district of Quartiere La Venezia 
(Fig. 16c). Higher U/Uin,0.02 of the real material case, compared to the 
standard case, are found upstream at the entrance of CR and on the right 
side of the computational domain as displayed in Fig. 16c. 

In Fig. 16g–i (α ¼ 270�), the real material case showed higher U/ 
Uin,0.02 than standard case, mostly at LP, upstream and downstream of 
the district (Fig. 16f). For this wind direction, the fortress is no more an 
obstacle for the flow funneling along CR and LP, but the surrounding 
buildings in the northwestern part of the district created some distur-
bance to the flow. This is displayed in Fig. 16f, where the standard case 
showed higher (of about þ 0.4) U/Uin,0.02 values than real material case 
in the middle of the CR. 

In Fig. 16g–i (α ¼ 300�), various “pressure short-circuiting” phe-
nomena, usually a source of pedestrian discomfort [144,145], can be 
observed through passages between buildings both at LP and along CR. 
Maximum deviations of about � 0.40 between the standard and the real 
material cases are found in three different zones: between two buildings 
of LP, at the upstream part of CR, and downstream of the district on the 
right side of the computational domain. 

5.2. Vertical profiles of U, k and ε 

The same procedure used in Section 4.2 is adopted here to compare 
CFD and WT results in terms of U profiles at several positions (A22 - A52) 
chosen in the middle of CR (see also Fig. 2). Fig. 17 displays the ratio U/ 
Uin,0.6, corresponding to the U normalized with respect to the inlet U 
value at z ¼ 0.6 m (i.e. 180 m AMSL at full scale). 

For the reference wind direction α ¼ 240� (Fig. 17a), both CFD cases 
showed a qualitative satisfactory agreement with the WT results and 
almost the same performance at the four selected positions (A22 - A52) 
both inside the UCL (i.e. 0 � z/zref � 0.2) and in the higher part of the RS 

Table 3 
Statistical performance of CFD cases adopting with the turbulence models, for α 
¼ 300�, at 25 measurement positions (A and L) and two reference heights: (a) z 
¼ 0.02 m and (b) z ¼ 0.1 m above the bottom (i.e. 6 m and 30 m above the MSL at 
full scale, respectively). Also indicated are the number of measurement positions 
(samples) that are not occupied by the urban model and are therefore available 
for statistical analysis (note that this depends on the wind direction as positions L 
are fixed with respect to the WT). The ideal values corresponding to perfect 
agreement between CFD and WT results are indicated in the last column of the 
table.  

(a) z ¼ 0.02 
m 

SKE vs 
WT 

RKE vs 
WT 

RNG vs 
WT 

SKO vs 
WT 

SST vs 
WT 

ideal 
values 

FB 0.28 0.31 0.27 0.13 0.19 0 
R 0.56 0.54 0.53 0.57 0.60 1 
FAC1.3 0.53 0.41 0.47 0.35 0.41 1 
samples 17 17 17 17 17 25  

(b) z ¼ 0.1 
m 

SKE vs 
WT 

RKE vs 
WT 

RNG vs 
WT 

SKO vs 
WT 

SST vs 
WT 

ideal 
values 

FB -0.03 -0.04 -0.05 -0.20 -0.03 0 
R 0.85 0.75 0.76 0.82 0.66 1 
FAC1.3 1.0 0.96 0.92 0.71 0.71 1 
samples 25 25 25 25 25 25  

Table 4 
Validation metrics calculated for standard and real material cases with the RKE 
turbulence model α ¼ 240�, α ¼ 270�, α ¼ 300� at 25 measurement positions (A 
and L) and at a reference height of z ¼ 0.02 m above the bottom (i.e. 6 m above 
the MSL at full scale). Also indicated are the number of measurement positions 
(samples) that are not occupied by the urban model and are therefore available 
for statistical analysis (note that this depends on the wind direction as positions L 
are fixed with respect to the WT). The ideal values corresponding to perfect 
agreement between CFD and WT results are indicated in the last column of the 
table.  

α ¼ 240� , z ¼ 0.02 m standard vs WT real material vs WT ideal values 

FB -0.04 -0.10 0 
R 0.77 0.78 1 
FAC1.3 0.89 0.89 1 
samples 18 18 25  

α ¼ 270� , z ¼ 0.02 m standard vs WT real material vs WT ideal values 

FB 0.25 0.19 0 
R 0.79 0.85 1 
FAC1.3 0.47 0.37 1 
samples 20 20 25  

α ¼ 300�, z ¼ 0.02 m standard vs WT real material vs WT ideal values 

FB 0.30 0.11 0 
R 0.53 0.54 1 
FAC1.3 0.47 0.41 1 
samples 17 17 25  
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(i.e. z/zref � 0.2). However, higher U/Uin,0.6 (quantified in Section 5.3) of 
real material case compared to standard case are found near the ground 
due to the smaller roughness values of the real material case imposed on 
the bottom. 

For the reference wind directions α ¼ 270� and α ¼ 300� (Fig. 17b 
and c), larger discrepancies between CFD (both cases) and WT results 
are observed also in this stage. These discrepancies are mainly caused by 
the canyoning effects and the local-scale forcing effects due to the ge-
ometry features of the urban district [85] and not ascribable to the use of 
two different sets of surface roughness. However, small discrepancies 
between standard case and real material case are found both for α ¼ 270�

and α ¼ 300� inside the UCL (i.e. at z/zref � 0.2). This is likely due to the 
different speed up (or speed down) that the U/Uin,0.6 profiles of two CFD 
cases experienced upstream CR. Nevertheless, in order to clarify this 
aspect and better understand the performance of the two CFD cases, six 
positions upstream of the district (P1 – P6) are monitored at 20 heights, 
from 0 to 0.6 m above the bottom (i.e. 0–180 m AMSL at full scale) for α 
¼ 270� (Figs. 18–21). Fig. 18 clearly showed the different streamwise 
development of the U/Uin,0.6 profile for the two CFD cases when the 
wind can flow freely through the upstream part of the computational 
domain. From position P2 to position P6, the discrepancy between the 
two CFD cases becomes more pronounced mostly in the lower part (i.e. 
at z/zref � 0.1) of the profiles, where the results for real material case 
clearly showed the development of an Internal Boundary Layer (IBL). 
This IBL development is attributed to the inconsistency between the 
roughness height (i.e. ks ¼ 1.3 � 10� 3 m, z0 ¼ 3.3 � 10� 4 m) of the 
logarithmic mean velocity profile applied at the inlet face and the 
roughness height (i.e. ks ¼ 1.0 � 10� 6 m: steel of the WT floor) applied at 
the bottom of the domain upstream of the urban model (see Figs. 4 and 
5). In contrast, for the standard case, where the roughness height of the 
inlet profile is the same imposed on the bottom of the domain (i.e. ks ¼

1.3 � 10� 3 m, see Figs. 4 and 5), a perfect overlap between the inlet 
wind speed and local wind speed profiles is found at positions P1 to P6 
(Fig. 20). In contrast, large streamwise gradients of the k/u*2 and ελ/u*3 

profiles are observed in Figs. 20 and 21 for both CFD cases. This aspect is 
well-known in the literature as the “horizontal homogeneity problem” in 
the vertical U, k and ε profiles and can be minimized by various remedial 
measures, such as reducing the upstream domain length [8,98,112]. 
However, this particular measure is not a suitable option for the present 
study, since the upstream distance is imposed as the distance between 
the approach-flow profiles measured in the WT (the inlet face in the 
domain) and the first building of the urban district (see also Section 3.2). 

Overall, as stressed in Section 5.1, the specific morphology of the 
urban district and its orientation with respect to the approach-flow di-
rection affected the flow funneling inside the district. In that regard, 

smaller discrepancies in terms of U/Uin,0.6 are found along CR (i.e. at 
positions A22 - A52) compared to those found in the upstream (i.e. at 
positions P1 – P6) and downstream parts of the district for α ¼ 270�

(Figs. 12b and 14). 

5.3. Deviations caused by the imposed surface roughness height 

In order to quantify the impact of the imposed surface roughness height 
on wind-flow patterns in the urban district the three validation metrics 
already introduced in the previous stage (FB, R and FAC1.3) are also 
used in the current stage. Based on the results of Section 5.2, since the 
vertical U/Uin,0.6, k/u*2 and ελ//u*3 profiles showed to be sensitive to 
different roughness heights mainly close to the bottom (i.e. at z/zref �

0.1), only the lowest measurement position (i.e. z ¼ 0.02 m) is consid-
ered for the statistical analysis. Hence, the statistical performance of the 
standard case and real material case is calculated in the horizontal plane 
for the three wind directions, 25 measuring positions (A and L) and a 
reference height of z ¼ 0.02 m above the bottom (i.e. 6 m above the MSL 
at full scale). The ratio U/Uin,0.02 is graphically displayed in Fig. 22. The 
U values at the measurements positions (A and L) are normalized by the 
inlet U taken at the reference height 0.02 m above the bottom both for 
WT and CFD. 

For the reference wind direction of α ¼ 240� (Table 4a and Fig. 22a), 
while the R and FAC1.3 indicated almost the same performance of two 
CFD cases with respect the WT one, the FB values showed consistently 
overestimations of the real material case compared to the standard one 
and WT data as well. This is actually in line with what is observed in 
Section 5.2, according to which the real material case with a smaller 
roughness value imposed on the bottom showed higher speed-up regions 
than the standard case where the flow is undisturbed (see also Figs. 16, 
18 and 19). However, this (excepted) trend is not discernible anymore in 
α ¼ 270� (Table 4b and Fig. 22b) and α ¼ 300� (Table 4c and Fig. 22c) 
for which extensive leeward zones are observed along CR and LP. For 
both directions the standard case showed a larger FB values (i.e. 0.25 and 
0.30 for α ¼ 270� and α ¼ 300�, respectively) than the real material case 
(i.e. 0.19 and 0.11 for α ¼ 270� and α ¼ 300�, respectively), which 
indicated a wider dispersion of samples (i.e. larger underestimations 
and/or overestimations) around the diagonal. Nevertheless, the 
dispersion is found to be much more pronounced for α ¼ 300� as stated 
by the abrupt drop in terms of R for both CFD cases (i.e. 0.53 and 0.54 for 
the standard and real material case, respectively). As a consequence, also 
the FAC1.3 showed for both wind directions (270 and 300) an unsatis-
factory agreement of CFD with WT. 

Although the metrics R and FAC1.3 are not of great help in under-
standing possible deviations (if any) due to different sets of surface 

Fig. 16. Contours of wind speed ratio (U/ 
Uin,0.02): comparison between standard, real 
material and standard – real material cases 
with the RKE turbulence model for (a, b, c) α 
¼ 240�, (d, e, f) α ¼ 270� and (g, h, i) α ¼
300� in horizontal plane at 0.02 m above the 
bottom (i.e. 6 m above the MSL at full scale). 
The ancient fortress of Livorno, called For-
tezza Antica, Canale Rosciano, Piazza Luogo 
Pio and the bridge of Viale della Cinta Esterna 
are indicated by “F”, “CR”, “LP”, and 
“bridge” in the figures, respectively.   
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roughness imposed on the bottom, especially for α ¼ 270� and α ¼ 300�, 
the real material case showed generally a slight better performance 
compared to the standard case. 

6. Discussion and conclusions 

In the present paper the impact of the selected turbulence models (first 

stage) and the impact of the imposed surface roughness height (second 
stage) on the U, k and ε results are investigated, when predicting urban 
wind flows in complex urban environments with large changes in sur-
face roughness were investigated. 3D steady RANS CFD simulations 
were performed for the urban district called Quartiere la Venezia in 
Livorno city (Italy), for three reference wind directions (i.e. α ¼ 240�, α 
¼ 270� and α ¼ 300�) and for the same reduced-scale model (1:300) of 

Fig. 17. Comparison of the normalized vertical mean wind speed (U/Uin,0.6) profiles for standard and real material cases with the RKE turbulence model and the WT 
profiles at the positions A22 - A52 for (a) α ¼ 240�, (b) α ¼ 270� and (c) α ¼ 300�. The inlet profile (black dashed line) and the accuracy of the multihole pressure 
probe (i.e. the error bar) are also shown for comparison. 
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Fig. 19. Comparison of normalized vertical mean wind speed (U/Uin,0.6) profiles for standard and real material cases with the RKE turbulence model and the WT 
profiles at the positions P1–P6 (see also Fig. 18) α ¼ 270�. The inlet profile (black dashed line) is also shown for comparison. 

Fig. 18. Location of the measurements positions (P1 – P6) superimposed on contours of wind speed ratio (U/Uin,0.02) obtained from (a) CFD case 1 and (b) CFD case 2 
with the RKE turbulence model for α ¼ 270� at height z ¼ 0.02 m above the bottom (i.e. 6 m above the MSL at full scale). 
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previously performed WT tests. For both stages, CFD and WT results (in 
terms of U) were compared at 25 measuring positions for 15 heights and 
for all wind directions analyzed. In order to quantify the agreement 
between CFD and WT results, three validation metrics (FB, R, and 
FAC1.3) were used for all wind directions considered, at two reference 
heights z ¼ 0.02 m and z ¼ 0.10 m above the bottom (i.e. 6 m above the 
MSL at full scale) in the first stage, and only one (z ¼ 0.02 m) at the 
second stage. 

Several limitations of the present study should be noted:  

� Geometrical simplifications were adopted for the buildings and 
bridges of the computational grid. In particular, flat roofs were used 
instead of pitched ones, and rectangular bridge decks were modeled 
instead of complex bridge decks. However, the effect of geometrical 

simplifications was discussed in Ricci et al. [85] and the most 
detailed geometrical model (i.e. the approximated model) which was 
found to outperform the simplified geometrical model (i.e. the 
simplified model), was adopted also for the further investigations.  
� The inflow profiles (U, k, ε and ω) imposed on the inlet face of the 

computational domains were representative of three prevailing wind 
directions (i.e. α ¼ 240�, α ¼ 270� and α ¼ 300�) and no other 
reference wind directions were investigated. The impact of inflow 
conditions, when adopting two different sets of equations (i.e. set 1 
and set 2) to define the U, k and ε profiles at the inlet face of the 
domain, was analyzed in Ricci et al. [86]. The analyses showed that 
the CFD case adopting the set of inlet profiles (i.e. set 1) based on the 
WT measurements of the approaching profiles gave a better agree-
ment with WT data (in terms of U, k, yaw and pitch angles) especially 

Fig. 20. Comparison of normalized vertical turbulent kinetic energy (k/u*2) profiles for standard and real material cases with the RKE turbulence model and the WT 
profiles at the positions P1–P6 (see also Fig. 18) for α ¼ 270�. The inlet profile (black dashed line) is also shown for comparison. 
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above the UCL. Inside the UCL the local-scale forcing effects (e.g. the 
buildings) were dominant over any other possible phenomenon. 
Therefore, the best-performing set of inlet profiles (i.e. set 1) was 
used for further investigations.  
� The 3D steady RANS approach was adopted although it is well- 

known to exhibit some serious deficiencies (e.g. when predicting 
flow separation and flow reversal zones). However, the use of a more 
sophisticated numerical approach such as large-eddy simulation 
(LES) would require not only a finer computational grid but also 
small time steps (usually in the order of 1 � 10� 5 s) to correctly 
simulate different spatial and temporal scales of the wind flow. All 
these settings make the CFD simulation more time consuming. 

In spite of these limitations, the 3D steady RANS simulations per-
formed for Quartiere La Venezia showed quite important results from the 
engineering point of view. As far as the impact of the selected turbulence 
models is concerned, three k-ԑ (SKE, RKE and RNG) and two k-ω (SKO, 
SST) turbulence models were tested. The comparison of contours (in 
terms of U/Uin0.02, U/Uin0.6, k/u*2, ελ/u*3) made along horizontal (at z 
¼ 0.02 m) and vertical (along L1) planes showed a clear sensitivity to the 
selected turbulence model. Discrepancies between the k-ԑ models and 
the k-ω ones were found throughout the whole the urban district, i.e., in 
the upstream and downstream regions and also in the central region at 
the monitored places CR and LP. Contours made in the vertical plane L1 
and vertical profiles showed that turbulence models may strongly affect 
the ABL development, mainly above the UCL, where “artificial” large 

Fig. 21. Comparison of normalized vertical turbulence dissipation rate (ελ/u*3) profiles for standard and real material cases with the RKE turbulence model and the 
WT profiles at the positions P1–P6 (see also Fig. 18) for α ¼ 270�. The inlet profile (black dashed line) is also shown for comparison. 
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overestimations arose for the SKO model. Conversely, beyond small 
discrepancies (also confirmed by the metrics), the selected turbulence 
models had a similar performance inside the UCL (i.e. at z/zref � 0.2), 
where the local-scale forcing effects caused by the geometry of buildings 
and bridges were dominant over any other effect, in line with observa-
tions previously made in other publications [71,146,147,85–87]. 
Overall, although the SKE and RKE models generally showed a better 
agreement with WT data (compared to other models) for all wind di-
rections, no turbulence model was found to be fully reliable to describe 
the complexity of the urban wind flow. Nevertheless, on the basis of the 
present results and supported by previously published steady RANS CFD 
simulations by other researchers on wind flow in urban areas (e.g. [39, 
138–143,148]), the RKE model was selected for the second stage of the 
present study. 

As far as the impact of the imposed surface roughness height is con-
cerned, two cases were analyzed. First, the standard case for which a 
homogeneous roughness height, ks, (corresponding to the aerodynamic 
roughness length, z0, value based on which the inlet profiles were 
calculated) applied at the bottom of the whole domain. Second, the real 
material case for which the roughness height (ks,mat) values corre-
sponding to the surface roughness of the WT materials were employed. 
Comparison of contours (in terms of U/Uin0.02) and profiles (in terms of 
U/Uin0.6, k/u*2, ελ/u*3) showed that the effects of surface roughness 
were much more pronounced in the upstream and downstream regions 
of the computational domain near the bottom of the domain. As also 
observed in the previous stage (i.e. the impact of the selected turbulence 
models) of this paper, this was probably due to the local-scale forcing 
effects caused by the geometry of buildings and bridges inside the UCL 
(i.e. at z/zref � 0.2) [85–87]. Above z ¼ 0.02 m, the U/Uin0.6 profiles 
were found to be perfectly overlapping at each measuring position (A 
and L) as indication that the higher part of the RS (i.e. at 0.2 � z/zref �

1.0) was not affected anymore by the roughness value imposed to the 
bottom. 

In conclusion, the investigation showed that the impact of the selected 
turbulence models was larger than the impact of the imposed surface 
roughness height. While different turbulence models usually affected the 
U, k and ε profiles over the entire height (i.e. at 0 � z/zref � 1.0) of the 
computational domain (i.e. the portion of the ABL simulated), the sur-
face roughness affected the profiles mainly near the bottom (i.e. at z/zref 
� 0.1). From the engineering point of view this means that the choice of 
a specific turbulence model may be crucial for a large category of urban 
physics and wind engineering problems (e.g. wind loads and cross- 
ventilation of high-rise buildings), although it is not a trivial issue to 
clearly and unambiguously define which one should be definitively used 
for a specific investigation. This leads to the conclusion that the lack of 
knowledge on the impact of turbulence models on the CFD results of 
complex urban environments still represents an “open question” for the 

scientific community. The choice of roughness height/length values may 
be relevant for pedestrian wind comfort studies related to urban envi-
ronments with open areas as squares and wide streets (e.g. [48,149, 
150]) where the wind speed is free to develop, rather than high-density 
cities [51,151] where canyoning and local-scale forcing effects induced 
by the buildings remain dominant over any other possible effects. 
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