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ABSTRACT 

A parallel and asynchronous version of a meta-model assisted Differential Evolution (DE) algorithm (ASPIDES – 
Asynchronous/Synchronous Parallel Intelligent Differential Evolution Software) is used in this work for the design 
optimization of a Diffuser-Augmented Wind Turbine (DAWT); both the diffuser’s and blades’ geometries are concurrently 
optimized. An axisymmetric RANS-BEM methodology, which relies on the combination of an in-house Blade Element 
Momentum (BEM) code and the in-house incompressible axisymmetric Reynold-Averaged Navier-Stokes (RANS) flow 
solver IGal2D, is used for the aerodynamic evaluation of each candidate solution within the optimization procedure. The 
Free-Form Deformation (FFD) technique is utilized for the parameterization and morphing of diffuser’s geometry and the 
concurrent deformation of the surrounding 2D computational mesh. The geometric characteristics of the turbine blades 
(chord and twist radial distributions) are parameterized using B-Spline curves. The proposed optimization methodology is 
applied for improving the design of a small DAWT, aiming to maximize the rotor power output under specific constraints. 
The power output of the optimized design has been increased by more than 30%, although this is accompanied by higher 
drag levels on the shroud. 

INTRODUCTION 
Nowadays, the vast majority of the available wind power is generated by large horizontal-axis wind turbines with a 

capacity in the megawatt range. However, the exploitation of the full wind potential rises opportunities for unconventional 
wind turbines that can operate under poor wind conditions. The concept of shrouded wind turbine (or Diffuser Augmented 
Wind Turbine – DAWT) represents an attractive alternative design, as it can achieve power coefficients beyond the Betz 
limit (Betz, 2013), thus improving their economic feasibility. The development of effective computational tools, applicable 
to shrouded wind turbines, is thus of major importance. 

Several optimization methodologies have been proposed and applied for the design of DAWTs (e.g., Alpman, 2018; 
Aranake and Duraisamy, 2017; Dighe, 2020; Khamlaj and Rumpfkeil, 2018; Leloudas et al., 2018a, 2018b, 2019, 2020; 
Liu et al., 2016; Oka et al., 2016; Sorribes-Palmer et al., 2017; Venters et al., 2018). The above methodologies can be 
classified into three categories: (i) those that exclusively involve the design of the shroud – either by imposing a 
predetermined loading (Venters et al., 2018) or even by considering an unloaded shroud configuration (Leloudas et al., 
2018b, 2020; Liu et al., 2016); (ii) those that investigate the rotor design for a given and fixed shroud geometry (Leloudas 
et al., 2018a, 2019); and (iii) those exploring the simultaneous optimization of the coupled rotor/shroud system (Alpman, 
2018; Aranake and Duraisamy, 2017; Khamlaj and Rumpfkeil, 2018; Oka et al., 2016). The last category has been widely 
considered as the most effective one, as the separate optimization of the different components could possibly lead to sub-
optimal solutions (Khamlaj and Rumpfkeil, 2018). The reason is that the flow field inside the diffuser is strongly dependent 
upon the presence and the geometrical characteristics of the rotor blades (Hjort and Larsen, 2015). 
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This work presents the development and application of a modular optimization framework for the aerodynamic 
optimization of DAWTs, including the simultaneous design of the rotor blades and the shroud geometry. The optimization 
framework is based on an in-house parallel and asynchronous version of a meta-model assisted Differential Evolution (DE) 
algorithm (ASPIDES – Asynchronous / Synchronous Parallel Intelligent Differential Evolution Software) (Leloudas et al., 
2020); each alternative design is simulated and evaluated using an in-house axisymmetric Reynolds-Averaged Navier 
Stokes and Blade Element Momentum (RANS-BEM) solver. The particular model relies on the combination of an in-house 
BEM code (Leloudas et al., 2017) and the in-house academic flow solver IGal2D (Leloudas et al., 2021). The coupling 
procedure is coordinated by IGal2D, while interaction between the two solvers is achieved via the blade loads and the 
velocity components at the rotor plane. The parameterization and deformation of the computational mesh and design 
geometry are concurrently succeeded using an in-house software tool based on the Free-Form Deformation (FFD) 
technique (Leloudas et al., 2020).  

AXISYMMETRIC RANS – BEM METHOD 
The Blade Element Momentum (BEM) theory represents one of the most popular computational tools for the 

preliminary aerodynamic analysis and performance prediction of wind turbine rotors, both in academic and industrial 
design applications (Malki et al., 2013). This methodology relies on the combination of the Blade Element and Momentum 
theories, to provide a rapid and accurate prediction of the aerodynamic blade loads and rotor power curve (Burton et al., 
2001). Based on the Blade Element theory, the blade geometry is decomposed into a finite number of small blade elements 
in the radial direction, assuming that each blade element operates independently of the surrounding ones, as a two-
dimensional blade section (Moriarty and Hansen, 2005). The computation of the radial distribution of axial and tangential 
forces is based on the local flow conditions and the geometric characteristics of the blade sections, using tabulated lift and 
drag coefficients. Momentum Theory refers to a control volume analysis of the forces acting on the blades, based on the 
fundamental conservation laws of axial and angular momentum, to provide the required local flow conditions for the blade 
element calculations (Manwell et al., 2010). The coupling of blade element and momentum methodologies in the context 
of BEM theory is implemented as an iterative procedure (Moriarty and Hansen, 2005), where the rotor geometry is 
represented by an actuator disc with the same diameter as the rotor, operating under the assumptions of steady, inviscid, 
incompressible and axisymmetric flow. 

The ability of BEM models to adequately predict aerodynamic loads and rotor power curves has been successfully 
validated against experimental data (Bangga and Lutz, 2021; Xu et al., 2019), while their application has been extended to 
shrouded wind turbines (Leloudas et al., 2017; Rio Vaz et al., 2014). However, Momentum theory fails to capture the rotor 
influence on the surrounding flow and to accurately predict the wake (Malki et al., 2013). Such information could be 
obtained using Computational Fluid Dynamics (CFD) models on a detailed rotor geometry (Aranake et al., 2015), with 
high computational cost, however. On the other hand, a wide family of hybrid solvers, combining CFD techniques with 
BEM or actuator disc theory, have been recently proposed (Behrouzifar and Darbandi, 2019; Belloni et al., 2017; Guo et 

al., 2015; Khamlaj and Rumpfkeil, 2018; Malki et al., 2013; Zhong et al., 2019). 
The fundamental idea behind the CFD-BEM approaches relies on substituting the momentum part of the BEM theory 

with a more accurate flow model (such as the Navier-Stokes or Euler equations), while retaining the actuator disc 
representation of the rotor geometry (Malki et al., 2013). The rotor blades are modelled by means of body force terms and 
Blade Element theory equations. As a result, the physical characteristics of the rotor blades can still be introduced within 
the analysis using source terms, instead of being specifically resolved using the exact geometry. Moreover, the actuator 
disc rotor representation renders the entire flow field axisymmetric, and, thus, efficient axisymmetric flow solvers can be 
used. Additionally, the method can be equally applied to the cases of unshrouded and shrouded wind turbines (Leloudas et 

al., 2017; Rio Vaz et al., 2014). 

Governing Equations and Numerical Modelling 
Flow modelling is based on the axisymmetric formulation of the incompressible RANS equations, utilizing the 

artificial compressibility approach for coupling pressure and velocity fields (Leloudas et al., 2021): 
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where 𝑢𝑧 , 𝑢𝑟 , 𝑢𝜃 stand for the axial, radial and tangential velocity components, while 𝑝 is pressure, 𝑡 time and 𝛽 the artificial 
compressibility parameter (equal to 1 in this work); 𝜏𝑖𝑗 symbolizes the components of viscous stress tensor, while 𝑠𝑧 , 𝑠𝑟 , 𝑠𝜃 
denote the momentum source terms (body forces per unit volume), which provide a means by which the effect of external 
objects can be introduced into the momentum equations (Siebert and Yocum, 1993). 

The numerical solution is obtained by employing the in-house academic CFD solver IGal2D (Leloudas et al., 2021; 
Lygidakis et al., 2020). The differential equations, defining the flow and turbulence models, are spatially discretized using 
a conservative node-centered Finite Volume (FV) scheme over general unstructured grids in two dimensions; the 
corresponding control cells, in which the computational domain is eventually divided, are the median dual volumes created 
around the grid nodes (Leloudas et al., 2021; Lygidakis et al., 2016). For the computation of the convective fluxes the well-
known Roe approximate Riemann solver is implemented in an edgewise manner. A second-order scheme, based on the 
Monotonic Upstream Scheme for Conservation Laws (MUSCL) is employed; the nodal gradients are evaluated via an 
edge-based implementation of the Green-Gauss theorem. Diffusive fluxes are calculated also in an edge-wise manner, 
while the required velocity gradients at the midpoint of each edge are obtained via an element-based method, introducing 
additional control volumes (the edge-dual volumes), composed of all the neighbouring facets of the examined edge 
(Leloudas et al., 2021; Lygidakis et al., 2016). In axisymmetric flows the radial equilibrium method is implemented 
additionally to outlet sections, defining the pressure distribution outside the computational domain (Leloudas et al., 2021). 
As far as the utilized SST turbulence model is concerned, the same numerical procedure is followed. Time integration is 
accomplished with an explicit second-order four-stage Runge-Kutta method, independently for flow and turbulence model 
equations (Leloudas et al., 2021; Lygidakis et al., 2016), with a local time-stepping technique for acceleration. For 
enhanced stability, the time step value for turbulence model PDEs is modified via the implicit treatment of their source 
term. IGal2D is enhanced additionally with an agglomeration multigrid scheme to improve its computational performance, 
especially in large-scale problems (Lygidakis et al., 2016; Lygidakis et al., 2020; Leloudas et al., 2021). 

BEM Model 
The computation of axial and tangential force distributions over the actuator disk, which are introduced into the flow 

model using the momentum source terms, is performed using BEM theory, as formulated in the in-house BEM code (BEM-
TUC) (Leloudas et al., 2017). The coupled RANS-BEM model allows for the direct calculation of the induced velocities, 
as the values of axial and tangential velocity components at the disc are explicitly provided by the RANS solver. Therefore, 
the BEM-TUC code has been properly modified as to be capable of operating either in stand-alone mode or coupled with 
the IGal2D solver, within the context of a RANS-BEM simulation. According to BEM theory, the wind turbine blades are 
divided or decomposed along the span-wise direction into a finite number of blade elements, assuming that each blade 
element acts independently of the surrounding ones and operates aerodynamically as a two-dimensional airfoil. In the 
following formulas, 𝑅 denotes the rotor radius, 𝑅ℎ the hub radius and 𝑑𝑟 the length of each blade element, measured in the 
radial direction (𝑟). The local relative velocity (𝒘) is a combination of the axial velocity component (𝑤𝑎) and the tangential 
velocity component (𝑤𝑡) at the rotor plane, defined as follows: 

  
𝑤𝑎 = 𝑢𝑧,𝑑 = 𝑢∞(1 − 𝑎𝑎) , 𝑤𝑡 = 𝜔𝑟 − 𝑢𝜃,𝑑 = 𝜔𝑟(1 + 𝑎𝑡) . (5) 

  
The axial and tangential induction factors are defined as: 

  
𝑎𝑎 = 𝑤𝑎 𝑢∞ , 𝑎𝑡 = 𝑢𝜃,𝑑 𝜔𝑟 ,⁄⁄  (6) 

  
where 𝑢∞ is the free-stream velocity and 𝜔 the rotational speed; subscript 𝑑 refers to the actuator disc position. The relative 
velocity for each blade element can be expressed as: 

  

|𝒘|2 = [𝑢∞(1 − 𝑎𝑎)]2 + [𝜔𝑟(1 + 𝑎𝑡)]2 = 𝑢𝑧,𝑑
2 + (𝜔𝑟 − 𝑢𝜃,𝑑)

2
, (7) 

  

acting at an angle (𝜙) to the rotor plane: 
  

tan𝜙 =
𝑢∞(1 − 𝑎𝑎)

𝜔𝑟(1 + 𝑎𝑡)
=

𝑢𝑧,𝑑

𝜔𝑟 − 𝑢𝜃,𝑑

 . (8) 

  

The computation of induced velocities at the rotor plane is usually accomplished by applying a fixed point iteration scheme, 
in which the induction at the current iterative step is expressed as a function of the induction at the previous step 
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(McWilliam and Crawford, 2011). However, coupled RANS-BEM models allow for the direct calculation of the induced 
velocities using Eq. (5), as the values of velocity components are explicitly provided by the RANS solver. The local angle 
of attack (𝑎) is given by: 

𝑎 = 𝜙 − 𝜃𝛵 , (9) 
  

where 𝜃𝛵 is the local pitch angle. By introducing the lift and drag (𝐶𝐿 , 𝐶𝐷) coefficients, the lift and drag (𝐹𝐿 , 𝐹𝐷) force per 
unit length on the examined blade element can be expressed as: 

  

𝐹𝐿 = 𝐶𝐿 ∙
1

2
𝜌|𝒘|2𝑐 , 𝐹𝐷 = 𝐶𝐷 ∙

1

2
𝜌|𝒘|2𝑐 , (10) 

  

𝑐 being the local chord length. The normal and tangential (𝐹𝑛, 𝐹𝑡  ) forces per unit radial length on each blade section can 
be obtained as: 

𝐹𝑛 = 𝐹𝐿 ∙ cos𝜙 + 𝐹𝐷 ∙ sin𝜙 , 𝐹𝑡 = 𝐹𝐿 ∙ sin𝜙 − 𝐹𝐷 ∙ cos𝜙 . (11) 
  

The total axial and tangential (𝑑𝐹𝑛 , 𝑑𝐹𝑡) forces applied on the actuator disc by the corresponding annular stream-tube, can 
be computed as: 

𝑑𝐹𝑛 = 𝐵 𝐹𝑛 𝑑𝑟 , 𝑑𝐹𝑡 = 𝐵 𝐹𝑡  𝑑𝑟 , (12) 
  

where 𝐵 is the number of rotor blades. The source terms of the axial (𝑠𝑧) and tangential (𝑠𝜃) momentum equations should 
be replaced by the total axial and tangential forces per unit volume. In the adopted axisymmetric coordinate system a two-
dimensional control cell with an axial length of 𝑑𝑧 and a radial length of 𝑑𝑟 represents a volume of 2𝜋𝑟𝑑𝑟𝑑𝑧 and the 
corresponding forces per unit volume are computed as: 

  
𝑠𝑧 = 𝐵 𝐹𝑛 𝑑𝑟 2𝜋𝑟 𝑑𝑟 𝑑𝑧⁄  , 𝑠𝜃 = 𝐵 𝐹𝑛 𝑑𝑟 2𝜋𝑟 𝑑𝑟 𝑑𝑧⁄  , (13) 

  

while 𝑠𝑟 = 0, as the blade element theory neglects radial interaction between the blade elements. The above source terms 
are applied only to the computational cells within the actuator disc region. 

The coupling procedure is coordinated by the IGal2D RANS solver. After initializing the axisymmetric flow solver, a 
single stand-alone BEM simulation is performed to provide an initial estimation of the aerodynamic loads. Subsequently, 
the axial and tangential force distributions (𝐹𝑛, 𝐹𝑡) are provided to the IGal2D solver for the source term computation. 
Interaction between IGal2D and BEM software is not performed for every internal RANS iteration, to prevent convergence 
problems; in this work the number of internal RANS iterations between two consecutive calls of the BEM code was set to 
2000. At each interaction stage, the axial (𝑢𝑧,𝑑) and tangential (𝑢𝜃,𝑑) velocity components at the rotor plane are provided 
to the BEM solver, which runs in actuator disc mode and provides back to IGal2D the updated force distributions. A 
schematic of the adopted coupling methodology is provided in Figure 1. 

OPTIMIZATION FRAMEWORK 
The optimization framework is based on a parallel and asynchronous version of a Differential Evolution (DE) 

algorithm, enhanced by the addition of two surrogate models, namely, a Multi-Layer Perceptron (MLP) and a Radial Basis 
Function (RBF) artificial neural networks (ASPIDES). The surrogate models work as an ensemble; both MLP and RBF 
are re-trained and re-tested in every single generation of the DE algorithm, while the best-performing one (with the lower 
testing error) is chosen to execute the pre-evaluation of the trial vectors in each generation (Leloudas et al., 2020; Strofylas 
et al., 2018). The optimization procedure begins with the implementation of a pre-processing stage, required for the 
definition of the computational domain, the generation of the computational mesh around the initial shroud profile, the 
definition of blade elements, the calculation of the aerodynamic coefficients for the involved airfoils, and the execution of 
a RANS-BEM simulation for the baseline configuration. The results of the initial simulation are used as an initial condition 
for the simulation of each candidate design, so as to reduce the corresponding computational time (Leloudas et al., 2020). 

This optimization study involves the simultaneous design of the rotor blades and the shroud geometry. The 
parameterization of the twist and chord distributions of the blade is realized using B-Spline curves (their control points 
being the parameters). The parameterization of the shroud geometry is accomplished by using the FFD technique (Leloudas 
et al., 2020). Each deformed geometry (and the corresponding deformed computational grid) are provided to the RANS-
BEM solvers for evaluation. Finally, a post-processing step is used to compute the necessary quantities for the calculation 
of the fitness function, which is fed back to the DE algorithm. Subsequently, the DE algorithm updates the members of the 
DE population through the application of the appropriate evolution operators. During the course of the entire optimization 
process, the DE algorithm interacts with all the involved modules in a completely automated manner, by using specially 
developed scripts. 
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Figure 1 Flow chart of the proposed RANS-BEM methodology 

 

DESIGN OPTIMIZATION OF THE DONQI WIND TURBINE 
The proposed optimization procedure was applied for the simultaneous shroud and blade design upgrading of the 

DonQi Urban Windmill, originally designed by DonQi Independent Energy Company, in cooperation with NRL and Delft 
University of Technology. Several numerical and experimental studies have been performed for this specific design (Ten 
Hoopen, 2009; van Dorst, 2011; Avallone et al., 2020), the most important being that of van Dorst (2011), who designed 
a new blade capable of significantly increasing the power output. The diffuser is actually an axisymmetric revolution of an 
airfoil cross section (Avallone et al., 2020); it has a radius equal to 𝑅𝑖𝑛 = 0.87 𝑚 at inlet, 𝑅𝑡 = 0.77 𝑚 at throat, 𝑅𝑜𝑢𝑡 =
1 𝑚 at exit and a chord equal to 1 𝑚 (Figure 2).  

 
Figure 2 Geometric characteristics of the Donqi shroud 

 
The rotor has 3 blades with a NACA 2207 airfoil while the chord length varies from 130 𝑚𝑚 (root) to 105 𝑚𝑚 (tip). 

A custom hub design was implemented in this work, similar to the one used in the experimental studies. For the 
parameterization of twist and chord distributions two B-Spline curves of 2nd degree were utilized, with 3 control points 
each, as illustrated in Figure 3. The movement of B-Spline control points is allowed only in the vertical direction, resulting 
in 6 design variables, the vertical coordinates of the corresponding control points. 

The shroud parameterization and concurrent computational grid deformation is accomplished using an in-house mesh 
deformation tool, based on FFD technique (Figure 4). The FFD lattice was defined using 6 control points in the radial 
direction and 8 control points in the axial direction; 4th degree basis functions have been applied in both directions. Each 
internal control point in the lattice is free to move in both directions; the points positioned at the lattice boundaries are 
fixed, so as to avoid the formation of negative volumes in the deformed grids. The resulting number of design variables for 
the shroud geometry equals to 48 (the Cartesian coordinates of the 24 internal control points of the FFD lattice). Therefore, 
the total number of design variables for the blade and shroud geometries sums to 54. 

Regarding the size of the adopted computational domain and the resolution of the corresponding computational mesh, 
they were determined based on a detailed grid independence study. The axial size of the computational domain was set 
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equal to 24R and the radial one to 8R, while the actuator disc was placed at a distance of 8R from the inflow boundary. 
Then, a quadrilateral computational mesh was built, composed by 48,446 cells and 49,017 nodes; the resulted value of 𝑦+ 
was equal to 1.45, while the axial length of the computational element in the actuator disc region was equal to 0.01R. 
During this optimization study, fully turbulent flow was considered, which is characterized by a Reynolds number of 
308,000; the Reynolds number was calculated based on the rotor radius (0.75 m) and free-stream velocity. The free-stream 
velocity was set to 6 m/s, the air density to 1.225 kg/m3 and the dynamic viscosity to 0.000017894 kg/m/s. Appropriate 
boundary conditions were imposed as well; at the inlet of the computational domain the velocity was set equal to the free-
stream one (velocity inlet) and the turbulent intensity equal to 10%, while at the outlet of the computational domain the 
pressure was set equal to the ambient one (pressure outlet). No-slip condition was applied for the solid wall of the diffuser, 
while free-slip conditions were imposed to the symmetry axis and the upper boundary of the domain. Finally, it is noted 
that during this application a fixed rotational speed of the rotor was considered, equal to 408 RPM. 

 
 

 
Figure 3 Parameterization of chord and twist distributions 

 

 
Figure 4 The FFD lattice used for the parameterization of the deformed shroud geometry and the 

concurrent computational grid deformation 
 

The design objectives have been defined as the maximization of the rotor power coefficient and the minimization of 
the aerodynamic shroud drag 

max 𝑓𝑃 = max 𝐶𝑃 , min 𝑓𝐷 = min 𝐷𝑠 , (14) 
  

where 𝐶𝑃 is the power coefficient of the three-bladed rotor and 𝐷𝑠 is the total drag force on the shroud at its design point. 
Four additional implicit constraints have been introduced, to ensure that: [C1] the rotor thrust coefficient of the optimal 
design will be less than a reference value; [C2] the volume of the optimal shroud design will be less than the volume of the 
initial one; [C3] the throat radius of the optimal shroud design will be equal to the initial one; [C4] the local chord of the 
blade will be monotonically decreasing with radius. The implicit constraint were satisfied by introducing 4 penalty 
functions: 
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𝑓𝑇 = {
𝐶𝑇 − 𝐶𝑇,𝑟𝑒𝑓 if 𝐶𝑇 > 𝐶𝑇,𝑟𝑒𝑓, 

0 otherwise
 (15) 

C2 Constraint  

𝑓𝑉 = {
𝑉𝑠 − 𝑉𝑠,𝑟𝑒𝑓 if 𝑉𝑠 > 𝑉𝑠,𝑟𝑒𝑓 ,

0 otherwise
 (16) 

  
C3 Constraint  

𝑓𝑡ℎ = |𝑅𝑡 − 𝑅𝑡,𝑟𝑒𝑓| (17) 

C4 Constraint  
𝑓𝑐 = 𝑓𝑐12 + 𝑓𝑐23 (18) 

  
where 𝑉𝑠,𝑟𝑒𝑓 and 𝑅𝑡,𝑟𝑒𝑓 are the volume and throat radii of the initial shroud geometry; 𝐶𝑇,𝑟𝑒𝑓  is the maximum value for 
thrust coefficient (set equal to one),  

𝑓𝑐12 = {
𝑐(2) − 𝑐(1) if  c(2) > 𝑐(1),

0 otherwise
 (19) 

  
𝑓𝑐23 = {

𝑐(3) − 𝑐(2) if  c(3) > 𝑐(2),

0 otherwise
 (20) 

  
and (1), 𝑐(2), 𝑐(3) are the values of the 3 design variables, corresponding to the chord B-spline distribution. The cost 
function of the minimization problem is defined as a weighted combination of the objective and penalty functions: 

  
𝑓 = 5 − 2 ∙ 𝑓𝑃 + 0.1 ∙ 𝑓𝐷 + 2 ∙ 𝑓𝑣 + 4 ∙ 𝑓𝑡ℎ + 𝑓𝑇 + 10 ∙ 𝑓𝑐 . (21) 

 
The design optimization was performed on a DELLTM R815 PowerEdgeTM server having 4 AMD OpteronTM 6380 16-

core processors. The DE population was set equal to 50 while the maximum number of generations was set to 70. Figure 
5a depicts the convergence history of the optimization algorithm, while Figure 5b contains the testing error evolution for 
the two surrogate models, namely, the MLP and RBF artificial neural networks. As the testing error of the MLP model was 
always the lowest one, the pre-evaluation of the trial vectors has (automatically) been exclusively based on the MLP model. 
 

 
(a) (b) 

Figure 5 (a) The convergence history of the DE algorithm, and (b) the testing error for the two 
surrogate modes 

 
Figure 6 illustrates the chord and twist distributions of the resulting optimal blade design, compared with the 

distributions of the linear blade design (baseline). The new blade design has a much smother twist distribution; the 
maximum twist angle of the optimal blade equals to 29.95 deg. and decreases in a parabolic way towards the blade tip to 
a minimum value of 1.22 deg. An almost linear chord distribution resulted from the optimization procedure, with a 
maximum chord length equal to 0.137 m and a minimum one equal to 0.086 m. This linear chord distribution is a favourable 
characteristic, resulting in an easier manufacturing procedure. 

Figure 7 depicts the aerodynamic profile of the optimal shroud design compared to the aerodynamic profile of the 
original Donqi Urban Windmill shroud; the visual comparison between the two aerodynamic shapes demonstrates that the 
optimization resulted in a smooth geometry with a thinner cross-section and a higher camber than the original one (Table 
1). The aerodynamic power output of the rotor has been increased by approximately 33% (Table 2). However, this is 
accompanied by higher drag levels on the shroud. The power coefficient for the optimal design at the design point, 
calculated based on the rotor swept area, equals to 1.148, which is approximately 1.93 times higher than the Betz limit. 
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Figure 8 depicts the axial and tangential force distributions along the blade span for the optimal and original blade 
designs. The total axial loading – expressed by means of the thrust force – on the optimal rotor design is higher than the 
total axial loading on the original one by approximately 15.5%; the thrust coefficient at the design point for the baseline 
rotor equals to 0.812, while the thrust coefficient for the optimal one equals to 0.947. Moreover, no significant variation 
of the axial loading value between the involved designs is observed for the blade stations located among the rotor hub 
and 0.5𝑅. However, the axial loading for the external region, between 50% and 100% of the span, is considerably higher 
for the optimal design, with the maximum value of axial force increased by approximately 15%. No significant variation 
of the drag force on the rotor hub for the two designs has been computed. It is emphasized that the final solution has been 
found to meet all the established inequality constraints (C1, C2 and C4) while the equality constraint, regarding the throat 
radius of the shroud (C3), has been marginally violated by 0.0068R (smaller radius for the optimal shroud design). 

 
Figure 6 Chord and twist distributions of the resulting optimal blade compared with the distributions 

of the original linear blade (van Dorst, 2011) 
 

 
Figure 7 The aerodynamic profiles of the original and optimized shroud geometries 

 

Table 1 Geometrical characteristics of the original and optimal shroud geometries 
 

Parameter Symbol Original Optimal 
Axial Diffuser Length 𝐿𝑠 1.000 𝑚 0.997 𝑚 

Inlet Radius 𝑅𝑖𝑛 0.870 𝑚 0.856 𝑚 
Throat Radius 𝑅𝑡 0.770 𝑚 0.765 𝑚 

Exit Radius 𝑅𝑜𝑢𝑡 1.000 𝑚 1.124 𝑚 
Shroud Volume 𝑉𝑠 0.545 𝑚3 0.425 𝑚3  

 

Table 2 Performance characteristics of the original and optimal designs 
 

Design Rotor Power Rotor Thrust Shroud – Drag Hub – Drag 
Original 191.9 𝑊𝑎𝑡𝑡𝑠 31.628 𝑁 18.560 𝑁 0.561 𝑁 
Optimal 268.5 𝑊𝑎𝑡𝑡𝑠 36.910 𝑁 43.000 𝑁 0.454 𝑁 

CONCLUSIONS 
A modular optimization scheme was proposed in this work, incorporating a RANS-BEM solver, FFD geometry- and 

mesh-deformation technique, and an asynchronous parallel surrogate-model-assisted DE algorithm, for the concurrent 
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design optimization of the rotor blades and shroud geometry of Diffuser Augmented Wind Turbines (DAWTs). The 
proposed optimization approach was applied for improving the performance of the Donqi Urban Windmill. The 
parameterization of the computational mesh and shroud geometry was accomplished with a FFD-based geometry and mesh 
morphing technique, while the parameterization of the twist and chord distributions of the blade was made by means of  
two B-Spline curves. The optimization was performed for a free-stream velocity of 6 𝑚/𝑠, to increase the rotor power 
output, while minimize the shroud drag. Four implicit constraints were imposed to ensure that: (i) the rotor thrust coefficient 
of the optimal design will be less than unity; (ii) the volume of the optimal shroud design will be less than the volume of 
the initial one; (iii) the throat radius of the optimal shroud design will be equal to the initial one; (iv) the local chord of the 
blade will be monotonically decreasing with radius. The proposed optimization procedure proved capable of providing a 
highly performing design, while respecting all the applied constraints. The resulted optimal design has an increased power 
output by approximately 33% and a power coefficient of approximately 1.93 times higher than the Betz limit. 

 

 
Figure 8 Axial and tangential force distributions along the optimized and original blade designs 
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