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Aerodynamic design optimization of ducted openings through high-rise 
buildings for wind energy harvesting 

Claudio Alanis Ruiz a,b,*, Ivo Kalkman b, Bert Blocken a,b 

a Building Physics and Sustainable Design, Department of Civil Engineering, KU, Leuven, Belgium 
b Building Physics and Services, Department of the Built Environment, Eindhoven University of Technology, Netherlands   

A R T I C L E  I N F O   

Keywords: 
Wind energy 
Urban physics 
Wind engineering 
Ducted wind turbine 
Building aerodynamics 
Building-integrated wind turbine 

A B S T R A C T   

On-site renewable energy generation in the built environment can be achieved by incorporating wind turbines in 
the integral design of buildings. Passages through buildings are considered promising to strengthen the local 
wind resource availability but information concerning their design and performance is scarce. Therefore, two key 
design parameters that can enhance the wind energy performance of ducted openings in high-rise buildings are 
addressed and optimized via CFD simulations: the fillet radius (r) of the opening and the duct diameter (d0). 3D 
steady RANS simulations are performed and validated with wind tunnel data from the literature. Fillets are 
shown to suppress flow separation, thereby enhancing the magnitude and uniformity of the wind speed in the 
duct and reducing the turbulent kinetic energy. With a reference diameter d0 = D, the best-performing config-
uration has a normalized fillet radius r/d0 = 0.2, which increases the average wind speed in the duct by 65% and 
the wind power by 354%. Modifying the duct diameter alone has limited influence. However, combining a larger 
duct diameter d0 = 1.5D with fillets with r/d0 = 0.4, can yield up to 78% increase in average wind speed and 
650% in wind power density. Findings indicate that the dimensionless wind speed in the duct (U/U0) scales 
closely in proportion to the normalized fillet radius (r/d0). With these results, the present study demonstrates the 
aerodynamic advantage of ducted openings in buildings and identifies relevant design conditions required to 
improve the wind resource availability for the prospective implementation of wind turbines.   

1. Introduction 

The wind resource, carrying an estimated kinetic energy of around 
1.7 million terawatt-hour (TWh) in the Earth’s atmosphere [1], can 
provide a renewable alternative for power generation with low envi-
ronmental and human-health impacts, reduced carbon emissions and a 
relatively large availability, which can also be very cost-effective against 
conventional power generation alternatives under certain conditions (e. 
g., Refs. [2,3,4]). For these reasons, wind energy is at present one of the 
most attractive and fastest-growing energy sources worldwide [2,5–7,8, 
9]. 

Wind power systems directly incorporated into the built environ-
ment account for only a small fraction of the total energy generated by 
wind turbines. For the case of small wind turbines mounted on build-
ings, this fraction (i.e., 0.22%) translates into a global cumulative 
installed capacity of only 945 MW as of 2015 [10]. However, since new 
energy regulations and sustainability policies are pushing towards 
optimization of energy use and a reduction in the negative 

environmental impacts associated with conventional energy generation, 
cities around the world are formulating strategies to further embrace 
renewable energy sources, including wind energy [11,12,13,14,15]. 

The integration of wind turbines in buildings and urban structures 
not only contributes to the expansion of the installed wind power ca-
pacity. Due to their proximity to the end users, it reduces loads to the 
electricity transmission lines and minimizes electricity transmission 
losses. In addition, its conceivable adaptability to urban environments 
provides means of blending aesthetics with the energy performance of 
buildings and cities. Moreover, improvements in wind energy genera-
tion potential could possibly be attained by accurate and intelligent 
incorporation of wind turbines directly into the building design— also 
referred to as Building-Integrated Wind Turbines (BIWT). Therefore, 
there is a growing interest in further adopting wind turbines in the built 
environment, although comprehensive research is still required for 
assessing their potential in urban contexts [16]. 

As a general principle, in the atmospheric boundary layer under 
neutral or near-neutral stratification, the mean wind velocity increases 
with height, typically consistent with a logarithmic or a power law 
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function, because at higher elevations the flow encounters less inter-
ference from obstacles that reduce the wind velocity and induce random 
velocity fluctuations (i.e. turbulence). Due to this increment in the wind 
velocity, the higher uniformity of the flow and the lower turbulence 
intensity at increased altitudes, it is attractive to put wind turbines 
above the surrounding urban mass in tall buildings and structures. 
Hence, existing studies and applications focus mainly on the placement 
of turbines on tall buildings or over structures high above the ground (e. 
g., Refs. [17,18,19]). 

A first exploratory research on the wind energy utilization potential 
of generic high-rise building configurations with integrated wind tur-
bines was presented by Campbell and Stankovic [20]. In their study, the 
following generic BIWT configurations were analyzed: (a) on top of a 
building (roof mounted); (b) on top of a building with a concentrating 
structure; (c) besides a building; (d) within (through) a building; and (e) 
between parallel buildings. They reported that the average power output 
over all angles of incidence of the generic configurations was less than 
that from a stand-alone turbine by 27–50%, depending on the configu-
ration under study. However, a series of further simulations and ex-
periments determined that for zero yaw, the power outputs of the 
generic configurations could have an enhancement effect, particularly 
when the aerodynamic shape of the building is improved. The most 
promising generic options for the integration of wind turbines in 
buildings were between twin towers (parallel buildings) and within a 
duct through a building. The combination of these two options led to the 
development of a concentrator building concept that they called UWECS 
[21]. The theoretical potential of integrating wind turbines within a 
building was reaffirmed by Mertens [22], whose study provided an 
analytical and numerical approximation of the flow through a duct in a 
building by means of a simplified plate concentrator model. 

On top of buildings (roof-mounted) is the simplest and most common 
approach for integrating wind turbines in the built environment since 
only minimal modifications to the design of the building are necessary. 
Mertens [23] presented an initial description of the flow features 

required for the placement of small wind turbines on top of buildings. He 
described the basis of a calculation procedure for predicting the energy 
yield of a turbine on a roof. He stressed the importance of placing 
roof-mounted wind turbines above the high-turbulence region that oc-
curs at the top of a building (i.e. flow separation zone), and emphasized 
the placement of turbines on the highest buildings to compensate for the 
smaller wind speeds in the urban environment in an attempt to finally 
obtain an acceptable energy yield. Further studies confirmed the rec-
ommendations by Mertens [23] and provided insight into the impact of 
different building design parameters on the wind energy potential of 
wind turbines on top of buildings. These studies investigated parameters 
such as roof shape [24,25,26,27] and building aspect ratios [25,28,26], 
as well as the influence of the surrounding urban mass [29,30,27,31]. In 
view of increasing the power yield of roof-mounted BIWTs, the incor-
poration of wind concentrating structures near the location of the tur-
bines has also been further investigated recently, including the 
installation of guiding vanes [32], canopy roofs [33] and wing-shaped 
concentrators [34]. 

Additional BIWT-related studies were performed by Khayrullina 
et al. [35] and Wang et al. [36]. The former concerned a numerical 
parametric study on the wind energy potential between parallel rect-
angular building blocks for the placement of wind turbines. The latter 
dealt with the numerical estimation of wind energy over two perpen-
dicular rectangular buildings based on the findings of the wind envi-
ronmental conditions in passages between two perpendicular buildings 
by Blocken et al. [37]. 

In spite of these past studies on BIWT, there is still very limited in-
formation concerning the exploitation of wind energy by means of 
channels or passages within buildings. Although this has been consid-
ered as one of the most promising options for integrating wind turbines 
in the built environment in terms of wind concentrating opportunities 
[20,22], it remains at an exploratory stage with very few materialized 
projects (e.g., the Pearl River tower in Guangzhou, China and the Strata 
SE1 tower in London, UK) and limited published research supporting 

Nomenclature 

A Duct cross-sectional area [m2] 
b Width of through-building passage [m] 
BRH Directional blockage ratio based on building height [− ] 
BRL Directional blockage ratio based on building length [− ] 
Cp Mean pressure coefficient [− ] 
Cs Roughness constant [− ] 
Cμ Model constant [− ] 
D Reference duct diameter [m] 
d0 Duct diameter [m] 
H Height of building [m] 
h Height of through-building passage [m] 
Iu Longitudinal turbulence intensity [− ] 
k Turbulence kinetic energy [m2/s2] 
k0 Turbulence kinetic energy of the approach (free-stream) 

wind flow [m2/s2] 
ks Sand-grain roughness height [m] 
L Length of building [m] 
n→ Outward normal vector [− ] 
P Mean static pressure [Pa] 
P0 Reference mean static pressure [Pa] 
PW Wind power density [W/m2] 
r Fillet radius [m] 
S Mid-height of ducted opening [m] 
U Mean wind speed [m/s] 
U0 Mean speed of the approach (free-stream) wind flow [m/s] 
Ud Mean free-stream wind speed at S [m/s] 

Uref Reference wind speed [m/s] 
v→ Velocity vector [m/s] 
W Width of building [m] 
x Horizontal (longitudinal) coordinate [m] 
z Vertical coordinate [m] 
z0 Aerodynamic roughness length [m] 
zG Atmospheric boundary layer height [m] 
zref Reference height [m] 
α Power law exponent [− ] 
ε Turbulence dissipation rate [m2/s3] 
θ Wind direction [◦] 
ρ Density of air [kg/m3] 
ω Turbulence specific dissipation rate [s− 1] 
ABL Atmospheric boundary layer 
BIWT Building-integrated wind turbine 
CFD Computational fluid dynamics 
GCI Grid convergence index 
HAWT Horizontal axis wind turbine 
MAPE Mean absolute percentage error 
NRMSE Normalized root-mean-square error 
RANS Reynolds-Averaged Navier-Stokes 
RKE Realizable k-ε turbulence model 
RNG Re-normalization group k-ε turbulence model 
RSM Reynolds stress model 
SRS Scale-resolving simulations 
SKE Standard k-ε turbulence model 
SST Shear-stress transport k-ω turbulence model 
WT Wind tunnel  

C. Alanis Ruiz et al.                                                                                                                                                                                                                            



Building and Environment 202 (2021) 108028

3

these projects, while only very few scientific studies have been pub-
lished on such configurations. An example of the latter is the work 
presented by Hassanli et al. [38,39] where the flow characteristics inside 
the cavity of double-skin façade systems that were specially modified for 
wind harvesting purposes in high-rise buildings were investigated. 
Hassanli et al. [40] examined the wind flow inside within-building 
corridors with different layouts that surround the core structure of an 
idealized high-rise building, while for the best-performing layout Jafari 
et al. [41] evaluated the energy yield of wind turbines installed in the 
corridor. Nevertheless, BIWT configurations with straight channels 
through buildings have not yet been studied thoroughly. 

Therefore, the present paper focuses on the wind energy potential of 
straight ducted openings through buildings. More specifically, it in-
vestigates two important design parameters that could enhance their 
wind energy potential: the opening diameter and the fillet radius of the 
duct entrance and exit. Computational fluid dynamics (CFD) simulations 
based on the 3D steady Reynolds-Averaged Navier-Stokes (RANS) 
equations are performed and the results analyzed to parametrically 
optimize the aerodynamic response of the ducted-through opening 
based on two parameters: (1) the wind speed ratio and (2) the turbu-
lence kinetic energy ratio. The paper is structured as follows. Section 2 
reports the grid sensitivity analysis and the validation study. Section 3 
introduces the reference building configuration and the computational 
settings and parameters. Section 4 details the parametric analysis and 
aerodynamic optimization. Finally, section 5 and 6 present the discus-
sion and the conclusions. 

2. CFD solution verification and validation 

2.1. Wind tunnel measurements 

Due to the lack of available wind tunnel (WT) data on mean wind 
speed and turbulence intensity within ducts through buildings, the WT 
experiments for passages through generic building configurations at 
pedestrian level by Wiren [42] were selected for the validation study. 
The WT model was a rectangular building (Fig. 1) at scale 1/200, with 
dimensions L x W x H = 400 × 60 × 90 mm3 (80 × 12 × 18 m3 in full 
scale). A rectangular pedestrian passage was included with dimensions b 
x h = 30 × 20 mm2 (6 × 4 m2 in full scale). The WT tests were carried out 
in a 2.1 × 1.5 m2 closed-circuit WT which extended 3.3 m upstream and 
1.3 m downstream of the building model. An atmospheric boundary 
layer (ABL) flow was simulated with mean velocity profile represented 
by a power law with an exponent α = 1/8. The reference wind speed of 
the undisturbed approach flow Uref was kept nearly constant at 10 m/s at 
a reference height zref of 10 mm (2 m in full scale). The turbulence in-
tensity, based on the local mean velocity, was specified at two points: 
14% at 10 mm height and 5% at 350 mm height. The inlet wind direc-
tion was prescribed normal to the passage opening (angle of attack θ =

0◦). Wind speed ratios (U⁄Uref) were measured along the centerline of the 
passage at a height of 10 mm above the ground level. The experimental 
results will be reported together with the CFD results in the next 
subsections. 

2.2. Computational domain and grid 

The CFD simulations were performed at WT scale. The domain size 
was determined based on best practice guidelines [43–45] (Fig. 2). The 
resulting blockage ratio BR of the building in the domain was 2.61%, 
while the directional blockage ratios BRL and BRH were both less than 
17% [43], implying that the aspect ratio of the computational domain 
cross-section was identical to that of the building (H/W). 

A structured computational grid with 253 340 hexahedral cells was 
created (Fig. 2) using the surface grid extrusion technique [46]. Higher 
grid resolution was applied in areas of relevant flow phenomena such as 
in the building passage, near the building surfaces and the ground 
boundary, and near the corners and edges of the building, while keeping 
a cell expansion ratio between 1.17 and 1.29. At least 12 cells were used 
across the passage and the pedestrian-level evaluation height (i.e. 10 
mm at reduced scale) was located above the 3rd cell layer [44,45]. This 
grid was later refined based on a grid sensitivity analysis (see Section 
2.5). 

2.3. Boundary conditions 

The inflow boundary conditions used in the CFD simulations were 
based on the ABL mean velocity profile and on the turbulence intensity 
measurements from the WT experiments. The power-law velocity profile 
was given by Eq. (1): 

U(z)=
(

z
zref

)α

Uref (1)  

where zref = 0.01 m, Uref = 10 m/s and α = 1/8. The longitudinal tur-
bulence intensity was estimated with Eq. (2) [45], where zG is the at-
mospheric boundary layer height determined by the terrain category. 
The turbulence kinetic energy k(z) in Eq. (3) and the turbulence dissi-
pation rate ε(z) in Eq. (4) were calculated from the velocity profile U(z), 
with the model constant Cμ = 0.09 and a = 1 [45]. The specific dissi-
pation rate was calculated from k(z) and ε(z) with Eq. (5). 

Iu(z)= 0.1
(

z
zG

)(− α− 0.05)

(2)  

k(z)= a(Iu(z)U(z))2 (3)  

ε(z)=Cμ
1
2k(z)

Uref

zref
α
(

z
zref

)(α− 1)

(4)  

Fig. 1. Building model used in the wind tunnel measurements by Wiren [42] 
with indication of equivalent full-scale dimensions. 

Fig. 2. Computational domain and initial coarse computational grid (253 340 
cells) on building and some domain faces for the validation study. 
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ω(z)=Cμ
ε(z)
k(z)

(5) 

At the outlet boundary zero static gauge pressure was imposed and 
symmetry boundary conditions were enforced on the sides and top of the 
computational domain. At the bottom of the domain, the standard wall 
functions by Launder and Spalding [47] were used with roughness 
modification by Cebeci and Bradshaw [48]. Their implementation in 
ANSYS Fluent 16.2 incorporates the equivalent sand-roughness height ks 
and the roughness constant Cs as parameters. The relationship between 

ks, Cs and the aerodynamic roughness length z0 derived by Blocken et al. 
[49] was used: 

ks,ABL =
9.793z0

Cs
(6) 

The roughness of the terrain nearby the building model in the WT 
was reported as “smooth open terrain” in line with the power-law 
exponent α = 0.125. The value of z0 was estimated by matching the 
power-law velocity profile containing α with a log-law velocity profile 
containing z0 at the lower region of the ABL, based on the reference 
height where the velocity measurements were taken (zref = 0.01 m). This 
yielded z0 = 10− 5 m, which in full scale (z0 = 0.002 m) corresponds to a 
“smooth” landscape classification such as that of a featureless surface 
with no noticeable obstructions, according to the updated Davenport 
roughness classification [50]. Eq. (6) yields ks,ABL = 1.96 × 10− 4 m and 
Cs = 0.5 as suitable values for the wall function roughness. 

2.4. Solver settings 

The CFD code ANSYS Fluent 16.2 was employed to solve the 3D 
steady RANS equations in combination with the realizable k-ε turbu-
lence model [51] for closure. Pressure-velocity coupling was carried out 
by the SIMPLE algorithm [52]. Second-order upwind schemes were used 
for the discretization of the convective and viscous terms of the gov-
erning equations, whereas second-order interpolation with central dif-
ferencing was implemented for the pressure. Convergence of the 
solution was assumed when the scaled residuals and velocity monitors 
placed along the building passage levelled off. A drop to at least 10− 7 in 
the scaled residuals was achieved in all flow variables before termina-
tion, while for the continuity a drop below 10− 5 was accomplished. 

2.5. Grid sensitivity analysis 

Three consecutive and nearly uniformly refined grids were generated 
with an overall refinement factor of 

̅̅̅
2

√
(equivalent to a linear refine-

ment factor of 1.12 for each coordinate direction). The initial coarse grid 
consisting of 253 340 cells was refined into a medium grid with 364 350 
cells, and a fine grid with 506 100 cells. The results were analyzed in 
terms of the mean wind speed ratio (U/Uref) along the centerline of the 
pedestrian passage (Fig. 3a). The grid convergence index (GCI) proposed 
by Roache [53,54] was adopted to uniformly report the results of the 
grid sensitivity analysis. Fig. 3 shows the GCI band and GCI percentages 
of the medium grid solution (based on a coarse-grid estimator). The 
resolution of the medium grid yields a GCI below 1.2% along the entire 
length of the pedestrian passage, which is adequate for the purposes of 

Fig. 3. Grid sensitivity analysis of the validation model: (a) Local wind speed 
ratio (U/Uref) from three consecutive computational grids; (b) Result from the 
selected medium grid with grid convergence index (GCI). 

Fig. 4. Validation of RANS turbulence models with wind tunnel measurements from literature: Local wind speed ratio (U/Uref) along the centerline of the passage 
through the building. 
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the validation study. Although the use of a fine grid displayed a slightly 
narrower GCI band and further reduced GCI percentages, the changes in 
the solution from the preceding grid were minimal, hence the medium 
grid was retained for the validation study. 

2.6. Turbulence model validation 

Four common linear eddy-viscosity turbulence models, as well as 
two variations of the Reynolds stress model, were tested: (1) the stan-
dard k-ε (SKE) model [55]; (2) the realizable k-ε model (RKE) [51]; (3) 
the re-normalization group (RNG) k-ε model [56]; (4) the shear-stress 
transport (SST) k-ω model [57]; (5) the Reynolds stress model (RSM) 
with linear pressure-strain; (6) and the Reynolds stress model with 
quadratic pressure-strain [58]. The values of the constants imposed in 
each turbulence model were taken as proposed by the respective authors 
of these models. Fig. 4 shows the comparison of U/Uref along the passage 
centerline as obtained by WT tests and CFD simulations. For this case, 
among the first-order closure models, the RKE model yielded the closest 
overall agreement with the WT experiments, having a mean absolute 
percentage error (MAPE) and a normalized root-mean-square error 
(NRMSE) of 9.6% and 10.1%, respectively. As for the second-order 
closure models, the RSM with linear pressure-strain model exhibited a 
good agreement with the WT results with MAPE = 8.2% and NRMSE =
8.6%. Although the RSM with linear pressure-strain overestimated 
U/Uref at the beginning and end of the passage, it resulted in an overall 
superior estimation of U/Uref, including the magnitude and relative 
position of its maximum value within the passage. The RSM with linear 
pressure-strain was therefore retained for the remainder of this study. 

3. CFD parametric analysis: computational settings 

3.1. Building configurations and performance indicators 

3.1.1. Reference configuration 
Fig. 5 depicts the reference configuration. It was a rectangular high- 

rise building with dimensions L x W x H = 40 × 30 × 80 m3. The building 
had a circular ducted through-passage in the center of its upper section 
in which a horizontal axis wind turbine (HAWT) could be installed. The 
centerline of the ducted opening, at a height S = 60 m, was at the 
approximate location of the stagnation point if there would be no 
opening, i.e. at 75% of the building height. A reference diameter D = 14 
m was selected, which corresponded to ≈1/3 of the building length L. 
The analysis was performed for two wind directions: θ = 0◦ (normal to 
the opening) and 30◦. The building configurations were isolated, i.e. 

there were no explicitly modeled surrounding buildings, and the sur-
rounding terrain could be described by z0 = 0.004 m. The duct was 
considered empty; i.e. without installed HAWT, so that changes in mean 
wind speed and turbulence in the duct were entirely determined by the 
geometry of the building and its opening. 

3.1.2. Configurations with varying diameter 
Ducted openings through buildings exploit the pressure difference 

between the windward and the leeward building façade to possibly 
amplify the mean wind speed in the duct, to align the flow and reduce 
the turbulence. However, the resulting mean wind speed in the duct 
depends to a large extent on the balance between the flow resistance of 
the duct (including entrance losses, duct losses and exit losses), some-
times also referred to as ‘wind-blocking effect’ (e.g. Refs. [37,59,60]), 
and the increase in wind speed in the duct due to the decrease of the flow 
cross-section, which has been referred in literature as a ‘venturi effect’ 
for an unconfined or open flow [37,59,60]. The objective of this analysis 
of the impact of the diameter is twofold: First, to investigate the inter-
action between these two phenomena as influenced by changes in the 
duct diameter d0, and their effect on the mean wind speed and turbu-
lence in the duct. Second, to examine the behavior of the flow over the 
edges of the opening (corner streams). For this reason, systematic vari-
ations in the opening diameter are introduced, as indicated in Table 1 
and shown in Fig. 6. 

3.1.3. Configurations with varying fillet radius of the duct entrance and exit 
Flow separation has a marked effect on the aerodynamic character-

istics of a body. In many situations, this is an unfavorable phenomenon 
since it is known to cause kinetic energy losses, produce turbulence and 
result in non-uniform flow [61]. In wind turbine applications such 
conditions are undesirable because they can reduce the wind energy 
yield and cause stress/fatigue loads on turbines [62,63,64,65]. Sharp 
edges of buildings are known to contribute to the formation of separated 
flows and recirculation regions. With the aim of reducing flow separa-
tion, the impact of rounding the edges of the opening using fillets with 
radius r at both ends of the duct is tested. Systematic variations of the 
fillet radii are implemented while a fixed duct diameter d0 = D is 
maintained. The resulting configurations are summarized in Table 2 and 
shown in Fig. 7. 

3.1.4. Performance indicators 
Two performance indicators are used: the mean wind speed ratio (U/ 

U0) and the turbulence kinetic energy ratio (k/k0) in the duct, where U 
and k represent the local values in the duct and U0 and k0 represent the 
values at the same height in the approach flow (i.e., at the inlet of the 
computational domain). While the former is related to the wind energy 
potential, the latter indicates the suppression or augmentation of tur-
bulence in the duct. Note that in contrast to the definition of local wind 
speed ratio—based on a fixed reference wind speed—used in Section 2, 
the parameters U0 and k0 used in the present definitions change as a 
function of the height in accordance to the imposed vertical ABL profiles 
at the inlet. The mean pressure coefficient is used to provide further 
insight on pressure losses: Cp = (P–P0)/(0.5ρUd

2), where P is the mean 
static pressure, P0 is the reference mean static pressure, ρ is the density 
of air (1.225 kg/m3 at 15 ◦C), and Ud is the free-stream mean wind speed 
at mid-height of the ducted opening (15.3 m/s at z = 60 m). The wind 

Fig. 5. Geometry and dimensions of the reference building configuration.  

Table 1 
Variations in the first design parameter: Diameter of the ducted opening.  

Configuration Opening 
diameter d0 [m] 

Normalized opening 
diameter d0/D [− ] 

Proportion of 
building length 

Case 1-1 7 0.5 ≈(1/6)L 
Reference 14 1 ≈(1/3)L 
Case 1-2 21 1.5 ≈(1/2)L 
Case 1-3 28 2 ≈(2/3)L  
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power potential in the ducted opening is assessed by the wind power 
density: 

PW =
1

2A
ρ
∫

( v→⋅ n→)
3dA (9)  

where dA is a differential element of the duct cross-sectional area A, v→ is 
the local velocity vector and n→ the outward normal vector of the cross 
section. 

Fig. 6. Geometries and computational grids of the building configurations with different opening diameter (d0); D = 14 m.  

Table 2 
Variations in the second design parameter: Fillet radius.  

Configuration Fillet radius r [m] Normalized fillet radius r/d0 [-] 

Reference 0 0 
Case 2-1 0.7 0.05 
Case 2-2 1.4 0.1 
Case 2-3 2.8 0.2 
Case 2-4 4.7 0.33  

Fig. 7. Geometries and computational grids of the building configurations with different normalized fillet radius (r/d0) for a fixed duct diameter d0 = D = 14 m.  
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3.2. Computational domain and grid 

The CFD simulations are performed at full scale in a computational 
domain with dimensions L x W x H = 1630 × 1640 × 480 m3 according 
to best practice guidelines [43,44,45] for both incoming wind directions 
(i.e., θ = 0◦ and 30◦), see Fig. 8. 

The computational grids were constructed using the surface grid 
extrusion technique by van Hooff and Blocken [46]. The structured grids 
consisted exclusively of hexahedral cells with refinements in critical 
flow regions, such as close to walls (ground and building surfaces), 
building corners and inside the duct. The resolution of the grids was 
determined based on a grid sensitivity study (Section 3.5). 

3.3. Boundary conditions 

Vertical profiles of mean wind velocity U(z), turbulence kinetic en-
ergy k(z) and turbulence dissipation rate ε(z) were defined at the inlet of 
the domain with Eqs. (1)–(4). As in the validation study, the following 
values were used: α = 0.125, Uref = 10 m/s and zref = 2 m. The bottom of 
the domain and the building walls were modeled as no-slip walls using 
standard wall functions with roughness modification. The ground 
roughness was specified in terms of the sand-grain roughness height ks 
= 0.0783 m and the roughness constant Cs = 0.5, which matched an 
aerodynamic roughness length z0 = 0.004 m according to Eq. (6). At the 
surfaces of the building zero roughness was implemented (ks = 0 m and 
Cs = 0.5). At the outlet(s) of the domain zero static gauge pressure was 
applied. A symmetry boundary condition was imposed at the top of the 
domain. Likewise, symmetry conditions were imposed at the sides of the 
domain in simulations for an incoming wind direction θ = 0◦. 

3.4. Solver settings 

The solver settings were the same as in the validation study in Sec-
tion 2.4, including the linear pressure-strain RSM turbulence model 
selected in Section 2.6. The RANS approach was selected as it is the most 
commonly used approach in studies in urban wind energy and building 
simulation and previous studies have confirmed its suitability for this 
type of studies [66,67]. Convergence of the numerical simulations was 
monitored by means of scaled residuals and wind speed ratios along the 
duct. In all simulations, convergence was considered obtained when the 
scaled residuals of each flow variable leveled off and reached a value of 
at most 10− 4, while at the same time no observable changes were pre-
sent anymore in the monitored variables. 

3.5. Grid sensitivity analysis 

A grid sensitivity analysis was performed with focus on U/U0 along 
the centerline of the duct. Starting from an initial grid with 180 533 
cells, six consecutively refined grids (see Table 3) with an overall 
refinement factor of 1.6 between each two consecutive grids (i.e., linear 
refinement factor of 1.17) were required before a satisfactory degree of 
grid independence was achieved (see Fig. 9). The selected ‘fine’ grid, 
whose narrow GCI presents a peak of 1.1% (based on a coarse-grid error 
estimator), consists of 1 189 706 cells with an average skewness of 3.26 
× 10− 2 (maximum of 0.5) and a stretching ratio below 1.25. The grids 
for all building configurations were based on the grid topology of this 
selected ‘fine’ grid of the reference configuration. 

Fig. 8. Computational domain and grid (1 189 706 cells) of the reference 
building configuration. 

Table 3 
Overview of number of cells used in grid sensitivity analysis.  

Grid 
resolution 

Total number of 
cells 

Cells over duct 
diameter 

Cells over duct 
length 

Initial 180 533 18 10 
Very coarse 290 236 25 12 
Coarse 465 894 30 15 
Medium 743 595 36 17 
Fine 1 189 706 41 21 
Very fine 1 904 506 48 24  

Fig. 9. Grid sensitivity analysis of the reference building model: (a) Mean wind 
speed ratio (U/U0) from six consecutive computational grids; (b) Result from 
the selected fine grid with grid convergence index (GCI). 

C. Alanis Ruiz et al.                                                                                                                                                                                                                            



Building and Environment 202 (2021) 108028

8

4. CFD parametric analysis: results 

4.1. Impact of duct diameter 

Fig. 10 shows contours of the mean U/U0 and the mean Cp in hori-
zontal and vertical planes through the center of the duct. The following 
observations can be made: 

For θ = 0◦

- The sharp edges of the opening at the windward side of the building 
lead to flow separation and recirculation regions inside the duct.  

- Corner streams are formed due to the flow separation that merge 
when the opening diameter is sufficiently small (d0 ≤ D), yielding 
higher U/U0 at or near the center of the opening. In contrast, when 

the opening diameter is large (d0 ≥ 1.5D), the corner streams show 
less interaction.  

- The static pressure difference between windward and leeward sides 
of the duct (ΔCp) decreases with larger opening diameters, which 
implies lower flow acceleration through the duct.  

- Enhancements in U/U0 just downstream of the entrance of the duct 
are attributed to a reduction in the cross-sectional area of the “vena 
contracta” in the duct with reduced diameters.  

- A reduction in the opening diameter is also linked to an increase in 
the flow resistance through the duct (i.e., a ‘wind-blocking’ effect) 
which limits U/U0. 

For θ = 30◦

Fig. 10. Contours of mean wind speed ratio (U/U0) and mean pressure coefficient (Cp) in duct centerplanes for building configurations with different opening 
diameters (d0); D = 14 m. 
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- At this angle of incidence, flow separation inside the duct is pro-
nounced and considerably influences the aerodynamic performance 
of all configurations under study, having a detrimental impact on U/ 
U0. Note that the negative effect of flow separation is less pro-
nounced for smaller opening diameters since the flow is forced to 
reattach earlier.  

- Similar to θ = 0◦, larger opening diameters tend to reduce ΔCp, thus 
rendering decreased U/U0 in the duct. 

A more quantitative evaluation is carried out by means of the 
volume-averaged wind speed (U/U0)V and turbulence kinetic energy (k/ 
k0)V ratios in the duct volume. Fig. 11 shows these parameters as a 
function of the opening diameter d0 for the two wind directions θ. For θ 
= 0◦ (Fig. 11a), at small diameters the resistance of the flow through the 
opening is large and limits (U/U0)V. At large diameters, the static pres-
sure difference over the duct is smaller resulting in lower (U/U0)V. A 
maximum (U/U0)V is found at an intermediate diameter corresponding 
to about a third of the building length L, which is the reference case (d0 
= D). In spite of that maximum, the resulting velocity ratio inside the 
duct is less than the undisturbed free-stream wind speed (i.e., U/U0 < 1), 
which implies that strictly, there are no wind energy harvesting en-
hancements compared to a situation in free-stream conditions without a 
building present. Note, however, that the difference in (U/U0)V between 
the best-performing (d0 = D) to the worst-performing configuration (d0 
= 0.5D) is only 4.2%. The parameter (k/k0)V diminishes slightly with a 
decrease in the wind velocity. At smaller diameters (k/k0)V rises as the 
forcing of air through the reduced opening generates turbulence, 
whereas with larger diameters the flow is less disturbed and turbulence 
intensity is low, thus rendering also lower (k/k0)V. For θ = 30◦ (in 
Fig. 11b), (U/U0)V and (k/k0)V decrease almost linearly with an increase 
in the opening diameter. This is in part caused by the sizes of the 
recirculation regions that develop inside the duct. The smaller the 
opening diameter, the smaller the resulting recirculation region that is 
characterized by lower wind velocity. Therefore, it can be noted that for 
this wind direction the combined effects of the forced reattachment of 
the separated flow inside of the duct and the higher static pressure dif-
ference between the two sides of the duct dominate over the relatively 
higher resistance of the flow through the smaller opening diameter, and 
thus the configuration with the smallest diameter (d0 = 0.5D) yields a 
slightly better performance than other configurations in this set: 6% 
improvement in wind speed ratio over the configuration with the largest 
diameter (d0 = 2D). 

In general, these CFD simulations show that the variation of the 
opening diameter alone does not produce an increased wind velocity 
through the ducted opening over the undisturbed free-stream wind flow: 
(U/U0)V in these cases remains close to but below unity when θ = 0◦ and 
is significantly lower than unity at θ = 30◦. To obtain an actual 

enhancement of the mean wind velocity ratio and of the resulting wind 
power density, the impact of fillet radius is studied in the next 
subsection. 

4.2. Impact of fillet radius 

Section 4.1 demonstrated the adverse effects of flow separation on 
(U/U0)V. Therefore, the implementation of a fillet radius at the duct 
entrance and exit is investigated in an attempt to suppress flow sepa-
ration. For the case with d0 = D, Fig. 12 shows contours of U/U0 and Cp 
for different fillet radii of the ducted opening in vertical and horizontal 
sections for both wind directions. Flow separation and recirculation in 
the duct are strongly reduced or even suppressed. The latter is particu-
larly true for θ = 0◦, where recirculation is least pronounced. U/U0 in-
creases markedly with increasing fillet radius and is also more uniform 
across the duct volume. 

(U/U0)V and (k/k0)V are presented in Fig. 13 as a function of fillet 
radius. (U/U0)V increases and (k/k0)V decreases with increasing fillet 
radius, up to r/d0 = 0.2, where an optimum is reached for (U/U0)V. For θ 
= 0◦ the best-performing configuration provides an increase of 66% in 
(U/U0)V over the reference configuration. This enhancement is even 
more significant for θ = 30◦, where the improvement is 89%. Note that 
(U/U0)V in the optimum configuration reaches approximately the same 
value under both wind directions, i.e., about 1.65. 

4.3. Scalability of rounded opening edges 

A scalability analysis is carried out to investigate the applicability of 
fillet radii in ducts with different diameters. Therefore, fillet radii in a 
range 0 ≤ r/d0 ≤ 0.4 are implemented in ducts with diameters 0.5 ≤ d0/ 
D ≤ 1.5. 

Fig. 14 and Fig. 15 show contours of U/U0 and Cp, respectively, for θ 
= 0◦ in horizontal planes through the duct center. The value of U/U0 in 
the duct increases as the fillet radius is increased and approaches a 
maximum as progressively larger fillet radii are implemented. The Cp 
values indicate a reduction in static pressure inside the duct with 
increasing fillet radii, which results in a larger pressure difference be-
tween the duct inside and the outer windward side that drives the flow 
through the duct. 

Fig. 16 shows U/U0 along the duct centerline for all tested configu-
rations at θ = 0◦. This evidences that U/U0 reaches an optimum with a 
certain fillet radius for each duct diameter, therewith attaining the 
highest average U/U0 through the duct centerline. However, results 
further reveal a comparatively higher U/U0 at the center of the duct 
when introducing the largest fillet radii for each duct diameter 
configuration. 

Fig. 17 displays the progression of the volume-averaged wind speed 

Fig. 11. Volume-averaged wind speed (U/U0)v and turbulence kinetic energy (k/k0)v ratios in the ducted opening for both wind directions as a function of the 
diameter of the opening (d0); D = 14 m. 
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ratio (U/U0)V measured in the duct with respect to the normalized fillet 
radius (r/d0) for the different duct diameters (d0). The close similarity 
between the results obtained with distinct d0 indicates that (U/U0)V 
scales roughly proportionally with r/d0. The optimum fillet radii for d0/ 
D = 1 and d0/D = 0.5 are r/d0 = 0.2 and 0.33, respectively, whereas for 

d0/D = 1.5 the optimum is higher. Moreover, these results suggest that 
the largest duct diameter (d0/D = 1.5) in conjunction with the largest 
fillet radius (r/d0 = 0.4) is able to attain the highest enhancement in U/ 
U0 among the configurations analyzed in the study. 

Fig. 12. Contours of mean wind speed ratio (U/U0) and mean pressure coefficient (Cp) in duct centerplanes for building configurations with different fillet radius (r/ 
d0); d0 = D = 14 m. 
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4.4. Wind power density 

The wind power density PW is calculated for all tested configurations 

in a vertical cross-sectional area at the center of the duct perpendicular 
to the duct axis. It encompasses the entire duct diameter. Note that this is 
the location where the highest velocities are found on condition that 

Fig. 13. Volume-averaged wind speed (U/U0)v and turbulence kinetic energy (k/k0)v ratios in the ducted opening for both wind directions as a function of the 
normalized fillet radius (r/d0); d0 = D = 14 m. 

Fig. 14. Contours of mean wind speed ratio (U/U0) for wind direction θ = 0◦ in horizontal duct centerplane for different combinations of duct diameter (d0) and 
normalized fillet radius (r/d0); D = 14 m. 
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fillets are applied (see Fig. 16). Normalized results are displayed in 
Fig. 18. In the most optimal situations, for θ = 0◦ enhancements between 
440% and 703% with respect to cases with the same duct diameter but 
without rounded edges are revealed. For θ = 30◦, which is only tested 
with various fillet radii for d0/D = 1, an enhancement of 720% is 
observed. Note that the observed most optimal cases in terms of wind 
power density for each duct diameter slightly differ from those shown in 
terms of the volume-averaged wind speed ratio for the reason that the 
wind power density is evaluated only in the cross-sectional area at the 
middle of the duct and not over the entire duct volume. 

5. Discussion and limitations 

5.1. Isolated building 

Studies [29,68,27] show that surrounding buildings, particularly 
those comparatively tall and closely positioned upstream from the 
building of interest, may have an important (generally detrimental) 
impact on the wind speed, and thereby on the available wind energy 
density at the building site. However, as the ducted opening in the 
building is located high above the ground, it would be expected that the 
surrounding urban mass is less influential, especially when considering 
low-rise or low-density urban areas. In addition, the presence of 

neighboring buildings, their position, shape and size distribution is very 
case specific. As this investigation intends to be generic in the sense that 
evaluates the wind energy potential in the ducted opening independent 
of the urban configuration surrounding the building of interest, an iso-
lated high-rise building was assumed such that changes in mean wind 
speed and turbulence in the duct were solely a consequence of the ge-
ometry of the building and its opening. For the same reason the duct was 
considered empty; i.e. without installed HAWT, so that the selection of a 
specific turbine would not be an influencing parameter. 

5.2. Steady RANS simulations versus transient and scale-resolving 
simulations 

The adoption of the steady RANS approach for this study was moti-
vated by its documented reasonable performance for urban wind energy 
and building aerodynamic studies (see e.g., reviews by Blocken [66] and 
Toja-Silva [67]) and the significantly lower computational costs 
compared to scale-resolving simulation techniques (SRS). Whereas SRS 
have the potential to provide a better description of turbulence, 
particularly when one is interested in obtaining second- or higher-order 
statistics, the RANS approach may be sufficient for the prediction of 
essential mean flow quantities that rely on first-order turbulence sta-
tistics. Therefore, the latter approach is considered to be suitable for the 

Fig. 15. Contours of mean pressure coefficient (Cp) for wind direction θ = 0◦ in horizontal duct centerplane for different combinations of duct diameter (d0) and 
normalized fillet radius (r/d0); D = 14 m. 
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computation of the primary indicator in this study (U/U0), which is 
based on the mean wind speed. Note that many state-of-the-art urban 
wind energy studies also adopted the RANS approach for the estimation 
of second-order turbulence statistics, i.e., turbulence intensity and tur-
bulence kinetic energy [25,39,69,27,70,71,31]. 

5.3. Enhancers and inhibitors of the flow through the duct 

Consistent observations resulting from the study indicate that the 

static pressure difference that develops between the windward and 
leeward side of the ducted opening and the flow separation that origi-
nates at the edges of the opening are highly influential on the wind speed 
ratio in the duct. The former is an important driver of the flow through 
the duct. Conversely, considerable losses in the wind energy potential 
are attributed to flow separation and low-velocity recirculation zones 
that can form inside the duct. Therefore, their suppression is important 
to attain wind amplification. The duct is actually made more aero-
dynamic by the inclusion of fillet radii that suppress flow separation and 
avoid recirculation zones. 

Fig. 16. Local mean wind speed ratio (U/U0) measured along the centerline of the ducted opening for different normalized fillet radii (r/d0) and duct diameters (d0); 
D = 14 m. 

Fig. 17. Volume-averaged mean wind speed ratio (U/U0)v in the ducted 
opening as a function of the normalized fillet radius (r/d0) for different duct 
diameters (d0); D = 14 m. 

Fig. 18. Wind power density (PW) in the ducted opening as a function of the 
normalized fillet radius (r/d0) for all studied configurations; D = 14 m. 
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5.4. Limitations of the study 

It is important to mention some of the limitations of the present study 
and provide recommendations for future work:  

• A generalized assessment of the wind amplification potential of 
ducted-through openings, focusing on the aerodynamic design of the 
building, has been performed in this study. Therefore, the dynamics 
of specific wind turbines and their influence on the flow field have 
not been included.  

• Only an isolated high-rise building is considered: Interactions with 
other buildings and urban masses constitutes an important topic of 
future research.  

• The study of additional design parameters might lead to new insights 
on the potential of this BIWT configuration. This could include pa-
rameters such as the building shape, building aspect ratios, shape of 
the opening and the relative position of the ducted opening within 
the building.  

• In view of the lack of (available) dedicated experimental data for the 
studied high-rise building configuration with a circular ducted 
opening, a sub-configuration validation study was conducted in 
which the most relevant flow features were represented, i.e., the 
wind flow through and around a straight within-building passage. 
The wind tunnel data employed for validation in this study has been 
used as well for validation of CFD simulations of wind flow through 
and around buildings in past studies [72,73]. Nonetheless, more 
recent and dedicated experimental data would be favorable for 
validation purposes in future studies that involve a within-building 
BIWT configuration. 

6. Conclusions 

With the aim of strengthening the local wind resource availability for 
wind harvesting purposes in buildings, an investigation into two rele-
vant design parameters that affect the aerodynamic performance of a 
ducted opening with circular cross-section in a high-rise building is 
presented. The normalized parameters are the duct diameter (d0/D) and 
the fillet radius of the duct entrance and exit (r/d0). Performance is 
assessed in terms of mean wind speed (U/U0) and turbulent kinetic 
energy (k/k0) ratios. Following a validation study using wind-tunnel 
measurements from literature, the analysis is performed numerically 
by means of CFD simulations employing 3D steady RANS equations in 
combination with the RSM turbulence model. The following conclusions 
can be drawn from this study:  

(1) Concerning variations in the duct diameter 
• A maximum (U/U0)V of 0.99 and 0.88 was found at an inter-

mediate diameter d0/D = 1 when θ = 0◦ and at the smallest 
diameter d0/D = 0.5 when θ = 30◦, respectively. These 
maximum values of (U/U0)V are accompanied with the largest 
values of (k/k0)V: 12.0 and 15.4, respectively.  

• In spite of these maxima, differences in U/U0 are minor.  
• Modification of the duct diameter alone does not enhance the 

volume-averaged mean wind speed over the free-stream wind 
flow (i.e., U/U0 < 1), thus rendering a lower wind power 
density.  

(2) Concerning variations in the fillet radius of the duct for a fixed 
duct diameter d0/D = 1 
• Smoothing the sharp edges of the opening via the imple-

mentation of fillets suppresses flow separation and the associ-
ated recirculation regions inside the duct. This in turn yields a 
significantly increased U/U0 and reduced k/k0 for both 
analyzed wind directions.  

• Enhancements in (U/U0)V over the free-stream flow of 29% at 
θ = 0◦ and of 11% at θ = 30◦ are accomplished even with the 
smallest fillet radius (r/d0 = 0.05). For the best-performing case 

of the configuration set (i.e., r/d0 = 0.2) the improvements are 
65% at θ = 0◦ and 63% at θ = 30◦. These last figures reflect 
large enhancements in the wind power density of 354% at θ =
0◦ and 348% at θ = 30◦.  

• A clear reduction in (k/k0)V with respect to the reference 
configuration (i.e., no fillets) is also attained by the imple-
mentation of fillets. The lowest values of (k/k0)V are found with 
the larger fillet radii: (k/k0)V is 5.7 and 5.1 for r/d0 = 0.33 at 
0◦ and 30◦, respectively.  

(3) Concerning the scalability of rounded opening edges  
• The similarity between results indicates that U/U0 roughly 

scales with r/d0, and this relationship holds for different duct 
diameters. 

• Among the duct configurations analyzed, the highest en-
hancements are found with the largest diameter (d0/D = 1.5) 
and fillet radius (r/d0 = 0.4), yielding an improvement over the 
free-stream flow of 78% in (U/U0)V and 650% in the wind 
power density. 

The findings in this study add to the knowledge on BIWT, and 
especially on within-building configurations. The basic feature design 
principles of the optimized ducted opening presented here (i.e., duct 
opening size, fillet radius, proper scaling of the fillet size with respect to 
the opening size) can be generalized and applied to wind-harvesting 
buildings and urban structures that deviate from the specific geome-
tries shown in the present study, and for purposes other than wind en-
ergy generation, such as natural ventilation. Future research should 
focus on embedding and optimizing wind turbine arrangements in this 
or similar building configurations for actual energy exploitation. 
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