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Ducted Wind Turbines (DWTs) can be used for energy harvesting in urban areas where non-uniform inflows might
be the cause of aerodynamic and acoustic performance degradation. For this reason, an aerodynamic and aero-
acoustic analysis of DWTs in yawed inflow condition is performed for two duct geometries: a baseline commercial
DWT model, DonQi®, and one with a duct having a higher cross-section camber with respect to the baseline,
named DonQi D5. The latter has been obtained from a previous optimization study. A numerical investigation
using Lattice-Boltzmann Very-Large-Eddy Simulations is presented. Data confirm that the aerodynamic perfor-
mance improvement, i.e. increase of the power coefficient, is proportional to the increase of the duct thrust force
coefficient. It is found that, placing the DWT at a yaw angle of 7.5�, the aerodynamic performances of the DonQi
D5 DWT model are less affected by the yaw angle. On the other hand, this configuration shows an increase of
broadband noise with respect to the baseline DonQi® one, both in non-yawed and yawed inflow conditions. This
is associated to turbulent boundary layer trailing edge noise due to the turbulent flow structures developing along
the surface of the duct.
1. Introduction

The European Union (EU) aims at reducing greenhouse gas emissions
to 80–95% below 1990 levels by 2050 (Barthelmie and Pryor, 2014). To
meet EU 2050 energy targets, exploitation of the full potential of wind
energy is needed, not only offshore, but also onshore. A possible solution
to increase the energy produced onshore is to use small wind turbines
that can be located close to urban environments (Fogaing et al., 2019).
Integration of wind turbines into urban environments is challenging
because of lower wind speed, non-uniform inflow and larger turbulent
fluctuations compared to free field caused by the presence of buildings
that act as distributed roughness elements. To address these challenges,
design modifications of urban wind turbines are required.

A possible technological solution to extract wind energy in urban
areas is represented by Ducted Wind Turbines (DWTs). DWTs increase
the energy extraction with respect to conventional horizontal axis wind
turbines (HAWTs) for a given turbine radius and free-stream velocity
(van Bussel, 2007). DWTs are constituted of a turbine and a duct (also
named as diffuser or shroud); the role of the latter is to increase the
mass-flow through the turbine relative to a similar turbine operating in
the open atmosphere, thereby increasing the generated power. The
).
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working principle, as explained by de Vries (1979), is that if the sectional
lift force of the duct is directed towards the axis of rotation, then the
associated circulation induces an increased mass flow through the tur-
bine (see Fig. 1).

The first in depth analysis of the DWT concept was performed by
Lilley and Rainbird (1956) using one dimensional momentum and vortex
theories. Their analysis suggested that a DWT can gain 65% in the power
output in comparison to a bare wind turbine with the same turbine
radius. They showed that, for a DWT, the gain in the power output is due
to the increase in the axial velocity across the turbine and the reduction
of turbine tip-losses.

Later, Kogan and Nissim (1962), Kogan and Seginer (1963), and Igra
(1976, 1977, 1981) investigated the DWT concept using one dimensional
momentum theory and a series of experiments with an actuator disc (AD)
model to represent the turbine. They concluded that the power
augmentation factor, which is the ratio of the power output for a DWT to
that of a bare wind turbine, is dependent on the thrust generated by the
duct, the duct exit-area-ratio and the duct’s static pressure recovery. They
were the first to report that the sub-atmospheric pressure at the duct exit
plane affects DWTs aerodynamic performance. In the second phase of
experiments, a compact version of the initial duct was investigated. In
March 2020
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Fig. 1. Schematic of stream-tube model for a bare wind turbine (left) and DWT (right). The bound circulation from the wind turbine blades and the duct surface is
denoted by Γ.
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order to increase the duct exit-area-ratio, three ring-shaped flaps were
placed at the duct exit. With this setup, the overall length-to-diameter
was nearly halved whilst maintaining the power augmentation factor
of approximately 2.8. The third phase witnessed a complete change of the
duct and flap geometry; the cross-section profiles were derived from
NACA airfoils. Igra found that the addition of airfoil-shaped flap im-
proves the DWTs aerodynamic performance by 25% when compared to a
single duct configuration.

Following Igra’s work, Gilbert and Foreman (1983) from Grumman
Aerospace Corporation addressed the key issue for DWTs success: the cost
reduction of the duct. Goal of the research was to reduce the size of the
duct, thereby reducing the manufacturing cost whilst maintaining its
performance. Grumann researchers identified the use of boundary layer
control technique to manufacture compact ducts with a large
exit-area-ratio. Adopting this technique, flow separation delay was ach-
ieved by re-energizing the boundary layer flow along the inner walls of
the duct, thus improving the overall performance. The optimal design for
the baseline geometry was determined through a parametric study of
duct exit-area-ratio, number of boundary layer slots, their position, size
and geometry, as well as center-body configuration (Foreman and
Gilbert, 1984). The performance benefits, however, did not match the
high costs incurred in the implementation of the flow control technology.

In the 1990s, Vortec, a New Zealand company attempted to
commercialize a DWT design (Phillips et al., 1999). The design was
studied using wind tunnel experiments and Reynolds Averaged Navier
Stokes (RANS) simulations. The project was abandoned when their 7 m
prototype did not perform as well as expected. The Vortec turbine design
required heavy support structures to withstand the high turbulent flow in
storm conditions. Additionally, the power predicted by the RANS simu-
lations was significantly higher than that reached in the test conditions
(Phillips et al., 2008).

Literature on DWT was sparse until 2000s when Hansen et al. (2000)
studied DWTs performance with a RANS approach. They proved that the
power augmentation factor for a DWT is proportional to the increased
mass flow through the turbine, and not with the cube of the increased
turbine plane velocity. van Bussel (2007) developed an Axial Momentum
Theory (AMT) for DWTs analogous with the AMT for bare wind turbines.
He compared the results of his theory with the numerical predictions
obtained by Hansen et al. (2000), and also provided an extensive review
and comparison with the experimental data available from Igra (1981),
Gilbert and Foreman (1983) and Phillips et al. (1999). The conclusions of
van Bussel were that the amount of energy extraction for a DWT is
identical to that of a bare wind turbine, and a significant power
augmentation for a DWT can be obtained with a strong reduction of the
static pressure at the duct exit. Similar conclusions were obtained by
Werle and Presz, (2009) and Jamieson and Hassan (2011).

During the last decade, there is a renewed interest in the DWT
research using numerical methods. Widnall (2009) proposed a
potential-flow vortex method to analyze the incompressible flow field
past a DWT. This method assumes a uniform change in the static and
stagnation pressure across the AD under the influence of an axisymmetric
duct represented using vortex panels. Afterwards, Bontempo and Manna
(2013) developed a semi-analytical method to evaluate the performance
of the DWT for a prescribed turbine load distribution and duct geometry.
2

Unlike the potential-flow vortex method proposed byWidnall (2009), the
semi-analytical method by Bontempo and Manna (2013) takes into ac-
count the wake rotation and divergence. Due to the inviscid nature of the
solutions, the methods can only handle ducts of general shapes without
high camber and thickness distribution. More recently, De Oliveira et al.
(2016), using a potential-flow vortex method, confirmed that embedding
a turbine within a duct improves the DWTs performance; the improve-
ment, however, depends on the duct geometry. In order to include the
viscous effects and the duct geometry on the DWT performance, Dighe
et al. (2019a) carried a two-dimensional study on duct shape parame-
trization using RANS simulations. They found that increasing the duct
cross-section camber improves the aerodynamic performance of the DWT
until separation occurs inside the duct. They concluded that inner duct
wall flow separation reduces the aerodynamic performance of DWT. This
has also been confirmed by the more recent three-dimensional simula-
tions performed by Avallone et al. (2020).

In reviewing the research on DWTs to date, it can be concluded that
ducts can improve the power production of wind turbines in an un-
bounded flow. Despite the numerous theoretical, numerical and experi-
mental investigations, the full potential benefits of the DWT concept has
not yet been investigated focusing on the flow physics of a more realistic
configuration (van Bussel, 2015). As a matter of fact, focusing on nu-
merical simulations, most of them were performed by representing the
turbine by a simplified AD model with an imposed pressure jump. Due to
the complex aerodynamic interactions between the duct and the turbine,
it is necessary to include aspects such as non-uniform blade loading,
wake swirling and unsteady flow fluctuations. In addition, it is expected
that DWTs will work in off-design conditions, because of their installa-
tion in complex urban environment. For these reasons, three-dimensional
Lattice-Boltzmann Very Large Eddy Simulations (LB-VLES) of DWTs,
where the rotor is simulated, in axial and yawed inflow conditions are
presented in this paper. The additional effects of inflow turbulence in-
tensity are neglected for the sake of simplicity. The analysis is further
complemented with far-field noise analysis because the installation of
DWTs in urban areas is subject to noise regulations laid by the local
authorities. It is worth mentioning that, even in the absence of a dedi-
cated study, researchers have contrasting opinions on the noise produced
by a DWT (Lubitz and Shomer, 2014; Ohya and Karasudani, 2010;
Takahashi et al., 2012). This study will provide explanations on this
matter as well.

The rest of the paper is organized as follows. Section 2 describes the
numerical methodology adopted for the aerodynamic and aeroacoustic
calculations. Section 3 details the geometric parameters of the DWT
models chosen and the numerical setup for the LB-VLES. Section 4 reports
the verification and validation study. Flow field analysis is presented in
section 5. Insights on the aerodynamic and aeroacoustic performance
coefficients for two DWT models, both under non-yawed and yawed
inflow conditions, are discussed in sections 6 and 7, respectively. The
most relevant results are summarized in the conclusions.

2. Numerical methodology

The CFD solver Simulia PowerFLOW® 5.4a based on the Lattice-
Boltzmann method (LBM) is used to calculate the unsteady flow around



Fig. 2. Front view of the DWT models (left) with the cross-section view de-
tailing the geometric parameters of the two duct profiles (right).

Fig. 3. Computational model showing the zig-zag trip location on the duct
surface (left) and on the blade surface (right).
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the DWT models. The solver has been validated for aerodynamic and
aeroacosutic analysis for a similar class of problems (Avallone et al.,
2018, 2020).

The software solves the LB equations for a finite number of directions.
LB equations, by nature, are explicit, transient and compressible. For a
detailed description, the reader can refer to Chen and Doolen (1998a)
and Succi (2001). For an incompressible fluid in isothermal conditions,
the Navier Stokes equations can be derived from the LB equations (Shan
et al., 2006). Statistically, the LB equations describe the particle motion
at a position x in the i-th direction at time t. The macroscopic flow var-
iables, such as density and velocity, are determined by taking summation
over the set of discrete directions of the particle distribution function.
The particle distribution function Ωðf Þ is solved by means of the Boltz-
mann equation on a mesh composed of cubic volumetric elements
(voxels) and surface elements (surfels), known as lattice. A Very Large
Eddy Simulation (VLES) model is implemented to take into account the
unresolved scales of turbulence. A two equation k� ε Renormalization
Group (RNG) is used to compute the turbulent relaxation time that is
added to the viscous relaxation time.

A pressure-gradient-extended wall-model (PGE-WM) is used to
approximate the no-slip boundary condition on solid walls (Teixeira,
1998). The model is based on the extension of the generalized
law-of-the-wall model (Launder and Sharma, 1974) to take into account
the effect of pressure gradient, given by the following analytical
expression:

uþ ¼ 1
k
ln
�yþ
A

�
þ B (1)

where uþ and yþ are the boundary-layer velocity and the non-
dimensional wall distance, respectively, k ¼ 0.41 is the von Karman
constant and B ¼ 5.2 is the log-law constant. A is a function of pressure
gradient. It captures the physical consequence that the velocity profile
slows down and so expands, due to the presence of the pressure gradient,
at least at the early stage of the development. The expression for A is:

A¼ 1þ
f

����dpds
����

τw
; bus � dpds ¼ 0; (2)

A¼ 1; otherwise: (3)

In the equations, τw is the wall shear stress, dp
ds is the stream-wise

pressure gradient, bus is the unit vector of the local slip velocity and f is
the length scale equal to the size the unresolved near-wall region. These
equations are iteratively solved from the first mesh cell close to the wall
in order to specify the boundary conditions of the turbulence model. For
this purpose, a slip algorithm (Chen and Doolen, 1998b), obtained as
generalization of a bounce-back and specular reflection process, is used.

The transient nature of the LB-VLES solutions allow the extraction of
acoustic pressure in the near-field up to a cut-off frequency correspond-
ing to approximately 15 voxels per acoustic wavelength. The acoustic
3

pressure in the far-field is computed by using the Ffowcs Williams-
Hawkings (FWH) analogy (Ffowcs Williams et al., 1978). The formula-
tion 1A developed by Farrasat with advanced-time solution (Farassat and
Succi, 1980), extended to a convective wave equation, is used in this
study. Unsteady pressure fluctuations, used to compute far-field sound,
are recorded on the surface of the DWT model.

3. Numerical setup

Two DWT geometries, shown in Fig. 2, with different duct cross
sections (named as DonQi® and DonQi D5) are chosen. The selection is
based on the duct shape optimization study conducted by the authors
(Dighe et al., 2019a). The optimization procedure preserved the
following geometric parameters: leading edge position (which defines
the duct inlet radius Rinlet), trailing edge position (which defines the duct
outlet radius Routlet) and inner side thickness (which maintains a constant
value of the clearance between the duct and the tip of the blades). It was
found that the DonQi D5 duct results in power coefficient CP improve-
ment of approximately 5% when compared to the DonQi® duct across a
wide range of AD thrust coefficients (Dighe et al., 2019a). The duct chord
c is 1 m. At the inlet, Rinlet ¼ 0.87 m, at the outlet Routlet ¼ 1 m and at the
throat Rthroat ¼ 0.77 m. The tip clearance between the duct and the tur-
bine blade equals 0.02 m.

Based on the previous study (Avallone et al., 2020), a baseline ge-
ometry for the wind turbine model is used. The wind turbine consists of
three blades with a NACA 2207 airfoil of chord length varying from 0.13
m at the root section to 0.105 m at the tip. The blade twist angle varies
from 40.5� at the root to 0.3� at the tip section. The wind turbine blades
are connected to a hub (upstream) and a nacelle (downstream). The hub
is composed of a cylinder, with diameter and length equal to 0.125m and
0.1 m, respectively. Similarly, the nacelle has the cylinder length equal to
0.1 m and the diameter equal to 0.075 m.

Zig-zag trips, shown in Fig. 3, have been added to the suction sides of
the duct and of the blades (Avallone et al., 2020). As shown in several
wind turbine computational studies (Zhang et al., 2017; Oerlemans et al.,
2007), these trips are added on turbine blades in order to force transition
from laminar to turbulent flow. For the duct, an annular zig-zag trip is
placed at 10% of the duct chord on the suction side. It has length, height
and λz (i.e., tip-to-tip distance) respectively equal to 1.5 mm, 2.5 mm and
4 mm. For the blades, the zig-zag trip is placed on both the suction and
the pressure side; it extends from 15% to 99% of the blade length and it
has length, height and λz respectively equal to 0.5 mm, 1.25 mm and 4
mm. For a detailed description on the effects of zig-zag tape length,
height and tip-to-tip distance, the reader can refer to the work of Anselmi
(2017).

For both DWT geometries, the free-stream velocity is U∞ ¼ 5 m/s,
which is a typical value for urban wind turbines, corresponding to



Fig. 4. Computational domain used for the LB-VLES simulations. The length are
indicated in terms of duct chord length c (representative, not to scale).

Table 1
Voxels statistics for mesh independence study of the DWT models.

Coarse Medium Fine Experiments

Number of voxels 1.46 � 106 2.67 � 106 4.33 � 106

DonQi®CTD 0.410 0.417 0.419
DonQi D5 CTD 0.460 0.471 0.471
DonQi®CT 0.612 0.703 0.706 0.689
DonQi D5 CT 0.642 0.723 0.727
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Reynolds number Re ¼ 3.31 � 105 based on the duct chord length c. The
rotational speed of the wind turbine ω is 39.84 rad/s, calculated for a tip-
speed ratio λ ¼ 6; the value is found optimal based on the previous study
(Ten Hoopen, 2009). For the yawed inflow condition, DWT geometries
are rotated around the center-line axis by the yaw angle α ¼ 7.5�. The
specific choice of α is based on the existing study (Anselmi, 2017) on the
DonQi® DWT model and it is considered representative to show the ef-
fect of inflow yaw angle on both aerodynamic field and far-field noise.
The effects of the yawed inflow conditions with different values of α on
the performance of DWTs are not investigated in this paper and will be
analyzed in future works.

The simulation domain is a rectangular box equal to 23c in the free-
stream direction x, and 26c in the y � z plane perpendicular to the
flow (see Fig. 4). The DWT is located 9c downstream of the inlet. Free-
stream velocity boundary conditions are applied at x ¼ � 9c while
pressure outlet boundary conditions are applied at x ¼ 14c. The side
walls are defined using slip boundary conditions. In total, approximately
284 million voxels and 52 million surfels are used to discretize each case.
A total of 11 mesh refinement regions, named as VR, with resolution
Fig. 5. Volume resolution (VR) region distribution used to discretize the DWT mode

4

factor equal to 2 are employed, see Fig. 5. For simulating the rotating
turbine blades within the fixed duct geometry, the three dimensional
computational domain is divided into an inner and an outer domain. The
inner domain has a mesh fixed with the turbine, which is specified as
sliding mesh. The outer domain forms a ground-fixed domain, which
does not have relative motion. The inner and outer domains are con-
nected by a closed, zero-thickness, transparent interface. Additional de-
tails on the numerical implementation of sliding mesh, and validation
examples, are given by Perot et al. (2012).

The simulation is run for 9 complete turbine revolutions, corre-
sponding to a physical time of 1.42 s. The physical time step Δt, corre-
sponding to a Courant–Friedrichs–Lewy (CFL) number (Courant et al.,
1967) of 1 in the finest mesh refined regions is 7.27 � 10�7s. The sim-
ulations are performed using the high-performance computing facility
available at The Delft University of Technology requiring 7200 CPU
hrs/revolution on a Linux Xeon E5-2690 2.9 GHz platform.

4. Validation of the numerical setup and comparison with the
experiments

First, a mesh independence study is performed for the two DWT
models in non-yawed inflow condition by uniformly increasing the res-
olution of each VR. Three resolution cases, corresponding to the smallest
voxel size equal to 1200 (coarse), 1800 (medium) and 2400 (fine) voxels
per duct chord, are studied. The duct thrust force coefficient CTD and the
total thrust force coefficient CT for the DWT models are taken as refer-
ence for the convergence analysis. They are defined as:

CTD ¼ TD
1
2 ρU

2
∞Sturbine

; (4)

CT ¼ T
1
2 ρU

2
∞Sexit

: (5)

where TD is the duct thrust force, i.e. the axial force, generated by the
ls showing the front view (left) and zoomed-in view (right) for the DWT model.



Fig. 6. Temporal convergence of CTD for the DonQi® duct at zero degree yaw.

Fig. 7. Front view of the DonQi® DWT model used for the experimental study
(Ten Hoopen, 2017).
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duct surface, Sturbine is the turbine surface area equal to πR2
turbine, T is the

total thrust force, i.e. the axial force, generated by the DWT model and
Sexit is the duct exit surface area equal to πR2

exit .
The results of the mesh independence study are shown in Table 1.

Solution convergence is reached for the medium VR, when the observed
deviations between the converged values are less than 0.5%. The me-
dium VR mesh is then used in the rest of the paper and compared with
experimental findings.

The resulting medium VR mesh is then used to assess temporal
convergence, where the duct thrust force coefficient CTD for the DonQi®
duct at zero degree yaw is plotted against physical time step (Δt ¼ 7.27 �
10�7s) in Fig. 6. After two turbine rotations, i.e. � 0.5 � 105s, the CTD

value reached a quasi-steady state, thus indicating temporally converged
solution.

As further validation of the numerical approach, numerical results are
compared with the experimental ones reported by Ten Hoopen (2017)
who investigated experimentally the DonQi® DWT model in non-yawed
inflow condition (see Fig. 7). Experiments were conducted in the
closed-loop open-jet (OJF) wind tunnel facility at the Delft University of
Technology. During the experiments, the free-stream turbulence in-
tensity, Ti of 0.21%, was measured at the turbine blade location. Tran-
sition was not forced but the experimental model has a noise damper, see
Fig. 7, which acts as rough surface that forces transition to turbulence;
this has not been replicated numerically. Ten Hoopen measured the total
thrust force exerted by the DonQi® DWT model using an axial force
balance system. The CT calculated from the wind tunnel measurements is
0.689 while by CFD it is 0.703; see Table 1. The numerical and experi-
mental results differ by 2%, which is within the experimental
uncertainty.

The duct surface pressure distribution, measured in the experiments
using pressure taps arranged along the duct chord length, is compared
with the numerical one in Fig. 8. In the figure, the duct surface pressure
coefficient cp is plotted as a function of normalized duct chord length x=
c. Results from CFD are obtained by azimuthally averaging the cp values
over two complete turbine rotations after reaching temporal conver-
gence. Overall, a very good agreement for the cp values between the CFD
data and the experimental results is found. The deviation at x= c ¼ 2 is
due to the presence of noise damper (see Fig. 7) in the experimental
model which is not included in the numerical model.

5. Flow-field analysis

The instantaneous flow fields around the two DWTs, both in non-
yawed and yawed inflow conditions, are shown in Fig. 9 (a)-(d) using
5

the λ2 criterion for vortex identification (Jeong and Hussain, 1995)
color-contoured with the normalized streamwise velocity magnitude.

For the DonQi® configuration at α ¼ 0�, as in Fig. 9(a), tip vortices
convecting over the inner walls of the duct are clearly visible. These
vortices, convect in the duct following a helicoidal pattern, become un-
stable and break up in smaller structures towards the exit plane of the
duct (Avallone et al., 2020). By increasing the camber of the duct cross
section, as in Fig. 9 (b), a larger flow acceleration is present along the
suction side of the duct. This has an effect on the local boundary layer
thickness at the turbine plane, thus changing the ratio between the
tip-clearance and the boundary layer thickness. In this case, the boundary
layer thickness is thicker than that observed for the baseline case, and, as
a consequence, the tip vortex breaks at the turbine plane with generation
of turbulent flow structures along the duct inner walls. A similar phe-
nomenon was observed in a previous study by Avallone et al. (2020) on
the baseline DWT geometry by changing the tip-clearance of the blades.
Focusing on the duct pressure side, large coherent structures are formed
at the leading edge of the DonQi D5 model, which convect and break into
smaller ones at more downstream locations. This is caused by the fact
that the curvature of the DonQi D5 airfoil is larger than the one of the
baseline duct and transition to turbulence is anticipated.

By introducing a yaw angle, as in Fig. 9(c) and (d), the flow fields, for
both configurations, show differences in the turbulent flow structures
convecting over the inner walls of the duct. A major difference between
the two configurations is that, for the baseline configuration, the tip
vortex is generated at the turbine plane and interact with the duct surface
at downstream locations where it breaks in smaller structures. Differ-
ently, for the DonQi D5 configuration, as for the case with zero yaw
angle, the tip vortex breaks at the turbine plane. For this case, the flow is
richer of turbulent flow structures, and it decelerates just downstream of
the turbine plane as visible from the blue contour representing normal-
ized streamwise velocity component. For this particular case, the yawed
inflow causes an early breakdown of the main vortex into smaller
structures on the pressure side of the duct.

To better show the aerodynamic interactions between the near wake
of the turbine and the turbulent boundary layer convecting over the duct
surface, 2D visualization in the x-y plane of the instantaneous flow fields
are shown in Fig. 10 (a)-(d). As in the previous figures, non-dimensional
contours of the streamwise velocity components Ux=U∞ are plotted.

For all the cases, it can be observed that, as expected, the velocity at
the turbine plane is higher than the free-stream velocity. As discussed in
the introduction, this is due to the airfoil-shaped duct, which acts as a



Fig. 8. Comparison of duct surface pressure coefficient cp between the experimental data and the CFD findings shown for DonQi® DWT model in non-yawed
inflow condition.

Fig. 9. Visualization of the instantaneous flow fields using iso-surface of the λ2 criterion for vortex identification colored-contoured with normalized streamwise
velocity component Ux=U∞ for (a) DonQi® model at α ¼ 0�, (b) DonQi D5 model at α ¼ 0�, (c) DonQi® model at α ¼ 7.5� and (d) DonQi D5 model at α ¼ 7.5�.
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Fig. 10. Contours of instantaneous streamwise velocity Ux/U∞ in the x � y plane for (a) DonQi® at α ¼ 0�, (b) DonQi D5 at α ¼ 0�, (c) DonQi® at α ¼ 7.5� and (d)
DonQi D5 at α ¼ 7.5�..
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convergent-divergent nozzle that accelerates the flow (i.e., increases the
mass-flow rate). The velocity in the plane of rotation varies in the radial
direction with the maximum velocity observed towards the tip region of
the turbine blade (Avallone et al., 2020). Here, the tip gap between the
duct and turbine accelerates the flow via a mechanism similar to
boundary layer blowing (Avallone et al., 2020; Kwong and Dowling,
Fig. 11. Contours of instantaneous streamwise velocity Ux/U∞ in the y � z

7

1994).
For the baseline DonQi®model at zero degree yaw angle (Fig. 10 (a)),

the flow over the suction side of the duct (i.e., the inner wall) weakly
separates at about the 95% of the duct chord length. This is visualized by
the low velocity region close to the trailing edge. For the same inflow
condition, the DonQi D5 model shows earlier flow separation starting
plane for DonQi D5 in (a) non-yawed and (b) yawed inflow condition.



Fig. 12. Radial distribution of azimuthally averaged streamwise velocity Ux/U∞ measured at the turbine plane.
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from 85% of the duct chord length over the suction side (Fig. 10 (b)). For
this particular case, the velocity slows down on the pressure side of the
duct due to the airfoil curvature. As a result, pressure drops on the suction
side of the duct and increased mass flow is swallowed by the turbine as
explained by Dighe et al. (2019a). Fig. 10(a) and (b) give further insights
on the breaking up process of the tip vortex in smaller vortical structures.
For the baseline configuration, there is a weak interaction between the
boundary layer convecting over the inner walls of the duct and the tip
vortex. As a matter of fact, footprints of the tip vortices are clearly visible
within the duct. For the DonQi D5 model, the footprints of the vortices
are weaker since they interact with the separated boundary layer.

The baseline configuration with yawed inflow (Fig. 10 (c)) shows that
flow separation moves upstream; the resulting thicker boundary layer
8

interacts with the tip vortex thus breaking up in smaller structures. These
velocity fluctuations in the near wake resembles the vortex dynamics
breakdown for HAWTs in yaw, thus reducing the overall thrust generated
by the turbine blades (Jim�enez et al., 2010). For the DonQi D5 model in
yawed inflow (Fig. 10 (d)), the separation location within the duct
weakly changes with respect to the zero-yaw configuration (Fig. 10 (b)).

Fig. 11 shows instantaneous contours of Ux/U∞ in the y � z plane at
the turbine location for the DonQi D5 model in non-yawed (Fig. 11 (a))
and yawed (Fig. 11 (b)) inflow conditions. The presence of a yaw angle
causes an asymmetric flow field, thus the velocity at the turbine plane
changes with the azimuthal angle Φ. Here, the azimuthal angle Φ is
defined as rotating clockwise when looking upwind, with zero aligned in
the positive y direction (see Fig. 11 (a)). The figure highlights the higher



Table 2
Aerodynamic performance coefficients for the two DWT models.

DonQi DonQi D5

0� 7.5� 0� 7.5�

CTD 0.4238 0.3587 0.4812 0.5014
CTturbine 0.8292 0.7170 0.8417 0.8803
CP 0.7545 0.6309 0.7675 0.7922
CPexit 0.4244 0.3549 0.4317 0.4566

Fig. 13. Schematic showing 72 microphones positioned at 1.5c from the center
of the DWT and normal to the plane of turbine rotation.
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velocity at the turbine plane for the yawed inflow configuration. This is
quantified by plotting the azimuthally averaged streamwise velocity
component in the radial direction (r=Rturbine) in Fig. 12. The DWT with
larger camber cross-section airfoil, shows an increase of Ux/U∞ of about
5% along the entire radius for the zero-yaw configuration and of about
10% for the 7.5� yaw angle. More interesting, the DWT with higher
camber duct is less affected by the yaw angle than the baseline one.
Finally, as expected, because of the yaw angle, the time-averaged velocity
distribution is asymmetric. This can cause unsteady loading generation,
that can induce unsteady forces on the system, thus increasing the pos-
sibility of mechanical failures.

6. Aerodynamic performance

Table 2 summarizes the aerodynamic performance coefficients for
both DWT models calculated under non-yawed and yawed inflow con-
ditions. The duct thrust force coefficient CTD, turbine thrust force coef-
ficient CTturbine and power coefficient CP are shown. The values are
obtained as time average over two complete turbine rotations after
reaching temporal convergence.

The duct thrust force coefficient CTD is defined in equation (4). The
turbine thrust force coefficient CTturbine is defined as:

CTturbine ¼ Tturbine
1
2 ρU

2
∞Sturbine

; (6)

where Tturbine is the turbine thrust force, i.e. the axial thrust force,
generated by the turbine blades, and Sturbine is the turbine surface area
equal to πR2

turbine.
The power coefficient CP, expressed as a function of turbine thrust

force coefficient CTturbine and the azimuthally averaged surface integral of
the axial velocity distribution Ux=U∞ along the turbine’s plane of rota-
tion (from Fig. 12), is given by:

CP ¼ P
1
2 ρU

3
∞Sturbine

¼CTturbine

I
Sturbine

Ux

U∞
: (7)

It is worth mentioning that some studies adopt a different definition
for the power coefficient of a DWT in which the reference area is taken at
the duct exit section (van Bussel, 2007), given by:

CPexit ¼ P
1
2 ρU

3
∞Sexit

: (8)

As a result, the power coefficient CPexit obtained is smaller than the
one obtained using CP. So that, with the help of reference areas SAD and
Sexit , the difference in the power coefficients can be expressed as:

CP

CPexit
¼ Sexit
SAD

: (9)

For the current study, CP is used. However, the CPexit calculated for the
two DWT models under different inflow conditions are shown in Table 2
for the sake of completeness. The CP values calculated for the DWT
models challenges the well-known Lanchester–Betz–Joukowsky limit of
CP ¼ 0.593 as maximum power coefficient obtainable for HAWTs (van
Kuik, 2007). This should not appear like a surprising result, since, the
mass flow of air swallowed in the presence of duct is larger (see Fig. 10
9

(a)–(d)) due to the additional thrust force CTD offered by the duct. Dighe
et al. (2019a) concluded that for a given turbine configuration, the CP of a
DWT can be increased if and only if CTD is increased. Then, if CTD in-
creases, CTturbine and ultimately CP also increase, coherently to what is
observed in Table 2. The comparison of the aerodynamic performance
coefficients of the two DWT models in Table 2 shows that, for the same
duct exit area, the DonQi D5 model outperforms DonQi® model, both in
non-yawed and yawed inflow conditions. The performance improvement
for the DonQi D5 model can be attributed to the duct profile camber,
which enhances CTD .

For the DonQi® model at α ¼ 7.5�, CTD returns a lower value in
comparison to the CTD at α ¼ 0�. As a consequence, CTturbine and CP

calculated at α¼ 7.5� is lower by 13.5% and 16.4% respectively than that
calculated at α ¼ 0�. Contrariwise, for the DonQi D5 model, CTD at α ¼
7.5� is higher than that obtained at α ¼ 0�. As explained before, this is
because the duct camber increases the CTD in yawed inflow conditions, as
also noted in 2D simulation by Dighe et al., 2019. Then, the CTturbine and
CP calculated at α ¼ 7.5� is higher by 4.4% and 3.2% respectively than
that calculated at α ¼ 0� for the DonQi D5 model.

7. Noise estimation

The effect of the duct geometry and inflow conditions on the acoustic
behavior of the two DWT models is investigated in this section. Noise is
estimated on a circular array of 72 equally spacedmicrophones in the x �
y plane placed at 1.5c from the plane of rotation (Fig. 13).

Fig. 14(a) and (b) show the Overall Sound Pressure Level (OASPL)
expressed in decibel (dB) with reference pressure equal to 20� 10�6Pa.
Results are integrated from 2 Hz to 392.4 Hz, i.e. up to 20 times the Blade
Passing Frequency (BPF). It can be observed that the OASPL generated by
the DonQi D5 model is higher than that of the DonQi® one, both in non-
yawed and yawed inflow conditions. Starting with the non-yawed inflow
(Fig. 14 (a)), differences in the OASPL directivity patterns are observed;
they are localized in certain flow directions, i.e. in the axial direction
upstream of the DWT and at � 120�. At these locations, the DonQi D5
model is approximately 15 dB and 20 dB louder than the baseline
configuration. For the yawed inflow configuration (Fig. 14 (b)), the
directivity plots are similar in shape to the zero-yaw angle case but tilted.
The asymmetric OASPL directivity, for the yawed inflow case, is caused
by the asymmetric nature of the inflow velocity (Fig. 12)and of the
consequent turbulent flow at the trailing edge of the duct (Fig. 10).

The shape of the directivity plots for the DonQi D5 model, both in



Fig. 14. Overall Sound Pressure Level (OASPL) obtained for the two DWT models in (a) non-yawed inflow condition and (b) yawed inflow condition.
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non-yawed and yawed inflow conditions, show the appearance of larger
lobes in the downstream direction in comparison to the baseline case.
This can be associated to turbulent boundary layer trailing edge noise
caused by the turbulent flow structures convecting along the duct
(Brooks et al., 1989), as shown previously in Fig. 9. Noise increase in the
axial direction is instead related to the variation of the local boundary
layer thickness at the turbine plane, and due to the presence of an
additional noise source related to flow instabilities as found by Avallone
et al. (2020).

To further explore the presence of an additional source of noise
10
related to turbulent boundary layer trailing edge noise, Power Spectral
Density (PSD) plots versus the blade Passing Frequency (BPF), expressed
in dB/Hz, are shown for a microphone located at 90� with respect to the
free-stream direction in Fig. 15. For the non-yawed inflow condition, at
frequencies higher than 2 BPF, the PSD curves diverges; the DonQi D5
model shows larger broadband noise with amplitude almost equal to the
tonal peak at the 2nd BPF. For the yaw angle case, the PSD curves are
almost identical up to the 1st BPF. Beyond this frequency, broadband
noise dominates and becomes comparable to the tonal peak at the 1st
BPF. The increase of the broadband noise component also for the baseline



Fig. 15. Power Spectral Density (PSD) versus the Blade Passing Frequency (BPF) for a microphone located at 90� under (a) non-yawed inflow condition and (b) yawed
inflow condition.
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configuration at yaw angle confirms that the additional noise is related to
turbulent boundary layer trailing edge noise.

8. Conclusions

In this work, the aerodynamic and aeroacoustic performances of
DWTs, both in non-yawed (α ¼ 0�) and yawed (α ¼ 7.5�) inflow condi-
tions, are investigated. To this aim, three-dimensional numerical calcu-
lations using Lattice-Boltzmann Very-Large-Eddy Simulations (LB-VLES)
are carried out. To validate the numerical approach, emphasis has been
given to the comparison of CFD results with the experiments. Based on a
previous study conducted by the authors (Dighe et al., 2019a), two DWT
models (DonQi® and DonQi D5) are chosen. The geometric parameters of
the DWT models are identical, except for the duct geometry, which have
11
different cross-section camber.
The analysis shows the possibility to significantly increase the DWTs

aerodynamic performance by increasing the duct profile camber, whilst
maintaining the same duct exit area ratio. Comparing the two DWT
models, the power coefficient CP for the DonQi D5 DWT model is
approximately 1.7% and 20.4% higher than the DonQi® DWT model in
non-yawed and yawed inflow conditions, respectively. More interest-
ingly, DonQi D5 DWT model is less affected by the yaw inflow angle and
a gain in the CP by approximately 3% is obtained. Future studies will
investigate up to which yaw angle this beneficial effect holds. The
aerodynamic performance improvement, in terms of the turbine thrust
force coefficient CTturbine and CP, for a DWT model corresponds to the
increase of the duct thrust force coefficient CTD. Velocity contours shows
that the cambered airfoil improves the yaw insensitivity for the DWT
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model because it guarantees a higher velocity magnitude and slightly less
asymmetric velocity profile at the rotor plane with respect to the baseline
configuration. The yaw insensitivity for the DWT model, however,
strongly depends on the aerodynamic mutual interactions between the
duct and turbine, which may change by varying the duct geometry,
turbine configuration and yaw angle.

The duct shape has a strong effect on the noise. The overall sound
pressure level (OASPL) is calculated at a circular array of microphones
normal to the plane of rotation. The highly cambered configuration
(DonQi D5 model) is approximately 10–15 dB louder than the baseline
one (DonQi® model), both in non-yawed and yawed inflow conditions.
Power spectral density (PSD) analysis shows that the broadband noise
contribution becomes higher for the DonQi D5 model in comparison to
the DonQi®model, both in non-yawed and yawed inflow conditions. The
additional broadband noise source is due to turbulent boundary layer
trailing edge noise due to the turbulent flow structures developing along
the surface of the duct. This source of noise can be mitigated with the
installation of trailing edge serrations (Avallone et al., 2018, 2017) or
porous materials (Rubio Carpio et al., 2019).
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