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Abstract: 6 
Multiobjective optimisation and integrated aerodynamic-structural design of wind turbine blades are 7 
emerging approaches, both requiring significant number of high fidelity analyses. Designer-in-the-8 
loop blade modelling and pre/ post-processing using specialised software is the bottleneck of high 9 
fidelity analysis and therefore a major obstacle in performing a robust optimisation, where 10 
thousands of high fidelity analyses are required to find the optimum solution. Removing this 11 
bottleneck is the driver for the development of WTBM, an automated wind turbine blade modeller. 12 
WTBM takes parameters defining the blade and its operating condition as inputs and generates pre-13 
processor, solver and post-processor APDL files required by ANSYS for high fidelity analysis. The 14 
inputs can be generated automatically within an optimisation process, hence so can be the APDL 15 
files, allowing a fully automated optimisation in which any of the parameters which are required to 16 
define the size, topology, structure and material of a blade to be treated as a design variable. The 17 
solver parameters will be also updated automatically as necessary. The performance of WTBM-18 
ANSYS in conducting hundreds of automated high fidelity analyses within an optimisation process 19 
is shown through multiobjective structural design and multiobjective integrated design case studies. 20 
 21 
Keywords: WTBM; blade modelling; integrated design; multiobjective optimisation; ANSYS 22 
APDL; automated high fidelity analysis 23 
 24 

1 Introduction 25 
Wind turbine blades are traditionally designed in two sequential aerodynamic and structural design 26 
phases. There are a large number of published papers on blade optimisation at the aerodynamic 27 
design phase. In these works, while the focus of the research is on topology/shape optimisation of 28 
the blade, researchers have adopted different approaches in terms of the method of optimisation and 29 
the type of the blade. For example, recent publications [1-13] deal with conventional blades, papers 30 
[14 and 15] are about aerodynamic design optimisation of nonconventional blades, and the reported 31 
work [16] deals with the blades equipped with active flow controllers. In the structural design 32 
phase, the internal structure and the material of the blade are selected and designed. The focus at 33 
this stage is mainly to minimise the weight of the blades subject to constraints on maximum stress, 34 
stability and deformation [17-26]. 35 
 36 
As opposed to the traditional sequential design, the integrated design is an emerging approach, in 37 
which the aerodynamic and structural design phases are conducted simultaneously, aiming at the 38 
design of blades with overall optimal performance. Adopting an integrated design approach, the 39 
designer/optimisation algorithm can explore a broader design space towards finding superior 40 
solutions. The works reported in [27 and 28] are examples of recent advances in integrated design 41 
of blades. An integrated design approach may even lead to innovative solutions such as flatback 42 
aerofoils [29], which cannot be generated and found via sequential design optimisation. In an 43 
integrated design, the number of design candidate generation and evaluation grows exponentially 44 
with the size of design space. That is, an integrated design process needs a larger number of high 45 
fidelity analyses compared to sequential designs. Multiobjective optimisation is an essential part of 46 
integrated design, although some researchers have used multiobjective optimisation to conduct 47 
aerodynamic or structural design separately [30-33].  48 
 49 
On one hand, conducting a large number of high fidelity analyses is unavoidable when we are 50 
looking for superior design solutions. On the other hand, the designer-in-the-loop modelling and 51 
pre/ post-processing using specialised software becomes the bottleneck of high fidelity analysis and 52 
therefore a major obstacle in performing optimisation, where hundreds and thousands of high 53 
fidelity analyses are required. Removing this bottleneck has been the driver for many research work 54 
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including the one presented in this paper. Previous works have tackled the problem from different 55 
angles:  lowering the level of fidelity [34, 35], the development of specific-purpose high fidelity FE 56 
solvers, such as Cp-Max [36] and other works reported in [37, 38], or the development of blade 57 
modellers which can produce input files for the general-purpose analysis tools such as ABAQUS 58 
and ANSYS [39, 40]. 59 
 60 
The closest tool to what is presented in this paper is NuMAD [40]. NuMAD (Numerical 61 

Manufacturing And Design) is an open-source software tool written in MATLAB which simplifies 62 

the process of creating a three-dimensional model of a wind turbine blade. The graphical, user-63 

friendly tool manages all blade information including aerofoils, materials, and material placement. 64 

NuMAD uses the blade information to generate input files for other tools such as ANSYS. Many 65 

recent research on structural analysis of wind turbine blades use NuMAD [21, 41]. While NuMAD 66 

provides flexibility in blade modelling and helps saving time, it cannot deliver a fully automated 67 

modelling, pre-processing and post-processing. The presented software tool in this paper, WTBM 68 

(Wind Turbine Blade Modeller), besides making blade modelling an easy task, it also sets up solver 69 

and pre and post-processor parameters, and most importantly, it can be executed automatically 70 

within an optimisation process without the involvement of the designer.  71 
 72 
The rest of the paper is organised as follows. Section 2 provides the reader with a big picture of 73 

WTBM in terms of its structure, function and capabilities. Section 3 elaborate on the blade 74 

definition protocols and associated attributes as used in WTBM. In Section 4, the theory behind the 75 

components of WTBM and the way they work are detailed through two illustrative examples. Three 76 

case studies in Section 5 show the capabilities of WTBM in practice, when used to conduct iterative 77 

high fidelity analysis and design optimisation. 78 

 79 

2 ANSYS APDL and WTBM  80 
ANSYS is amongst the very few powerful commercial packages with programming capabilities. 81 
APDL (ANSYS Parametric Design Language) allows parametric modelling as well as setting up 82 
pre-processor, solver and post-processor parameters. Using parametric FEA modelling for ANSYS 83 
has been used by a number of researchers for optimal design of wind turbine blades. For instance 84 
see a recent work reported in [20]. APDL becomes highly inefficient when utilised as a 85 
programming language for writing complex optimisation programmes. MATLAB, on the other 86 
hand, is a programming environment with incredible number of library functions and toolboxes, 87 
providing its users the flexibility and facilities that hardly any other programming languages can 88 
provide. 89 
  90 
WTBM, developed in MATLAB, reads a number of input files and generates a number of APDL 91 
files. ANSYS then can be executed either by a user via ANSYS interface or in batch mode 92 
automatically via a third programme to read these APDL files and perform high fidelity analysis. 93 
WTAB can operate in three modes: 94 

 95 
Mode 1: As a robust wind turbine blade modeller and pre-processor for ANSYS, it reads input files 96 
containing data on (i) blade geometry and material, (ii) aerodynamic loads and (iii) solver 97 
parameters and then calculates inertial forces and generates the APDL files required by pre-98 
processor and solver. After generation of the APDL files, the user loads APDL files to ANSYS via 99 
the ANSYS graphical user interface (GUI) to solve the problem and then using ANSYS post-100 
processor GUI analyses the results. 101 
 102 
Mode 2: For running a complete high fidelity FEA to determine a number of parameters of 103 
particular interest (e.g. tip deflection, maximum stress, etc). In this case, in addition to pre-processor 104 
and solver commands, WTBM produces post-processor APDL commands. In this mode, a third 105 
programme execute WTBM to generate the APDL files and then calls ANSYS in batch mode (as 106 
opposed to interactive mode via its GUI) to read the APDL files and produce the output files. On 107 
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generation of the output files, the programme extracts and displays parameters of particular interest 108 
from these files. 109 
 110 
Mode 3: WTBM within an iterative process (e.g. heuristic/meta heuristic design and optimisation 111 
process). Similar to Mode 2, WTBM generates pre-processor, solver and post-processor APDL 112 
commands. The post-processor commands store the design candidate performance measures. A 113 
third programme, based on the flowchart of Figure 1, calls WTBM to produce APDL files, calls 114 
ANSYS in batch mode to read the APDL files and to produce output files containing control 115 
parameters and performance measures, evaluates the performance of the design candidate, generates 116 
a new design candidate and updates the input files automatically for the next run.  This continues 117 
until the termination criteria are met.  118 
 119 
The input files contain two sets of data. The data that one needs to model a blade and the data which 120 

are required for setting up FEA pre-processing, solver and post-processing. The input files, once 121 

generated, can be easily updated and replaced automatically, allowing a fully automated modelling 122 

and therefore conducting high fidelity analysis within an optimisation process without the burden of 123 

modelling the blade each time manually. 124 
 125 

 126 
Figure 1-A generic iterative process with high fidelity evaluation of design candidates using 127 

WTBM-ANSYS 128 
 129 

WTBM is composed of two core modules, namely, Discretiser and APDL Writer (see blue boxes in 130 

Figure 2).  The soft-coded module APDL Writer, simply generates text files containing the APDL 131 

commands required for the definition of the topology of the blade, assigning materials, assigning 132 

mesh size and element type to different sections, meshing and setting up solver (e.g. dynamic or 133 

static analysis, time step, etc.), applying nodal forces and boundary conditions and writing control 134 

parameters into an output file.  135 

 136 

WTBM also needs two supporting modules, one for calculating inertial loads and one a wind 137 

turbine aerodynamic analyser for calculating the blade aerodynamic loads and wind turbine 138 
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performance, in case of conducting an integrated design (yellow boxes in Figure 2). The blade 139 

aerodynamic loads depend on the blade topology as well as its operating condition (blade pitch 140 

angle, rotor speed, wind speed, azimuth angle, etc). By changing any parameter of these categories, 141 

the aerodynamic loads need to be re-calculated. That is, to be able to include an automated variation 142 

of these parameters, in addition to a Discretiser and an APDL Writer we also need a wind turbine 143 

aerodynamic analyser. This can be a CFD-based or a blade element momentum theory- (BEMT) 144 

based aerodynamic analyser. The advantage of the latter is in using aerodynamic coefficients of the 145 

blade aerofoils and therefore requiring significantly less computational power. If using standard 146 

aerofoils for the blade, the aerodynamic coefficients of the blade aerofoils will be available and 147 

therefore the aerodynamic analysis of the blade and wind turbine can be carried out using a robust 148 

BEMT-based analyser. In the current version of WTBM, the aerodynamic analysis of the blade and 149 

wind turbine is carried out by WTSim. The BEMT-based analyser WTSim is capable of simulating 150 

both constant and variable speed wind turbines with conventional and non-conventional blades (e.g. 151 

telescopic blades, blades equipped with microtabs and trailing edge flaps, swept back blades and 152 

adaptive blades) and it has a built-in simulator for the control systems [42, 43]. 153 

 154 

 155 
Figure 2- WTBM inputs, core and auxiliary modules and the data flow between modules 156 
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Similar to blade aerodynamic load, weight and centrifugal forces are also functions of operating 157 
conditions as well as the blade geometry and structural characteristics. That is, as shown in Figure 158 
2, as a result of any changes in any of these parameters, these loads need to be recalculated. The 159 
input files shown in Figure 2 are explained gradually through Sections 3 and 4. 160 
 161 

3 Blade definition 162 

In designing a protocol for blade definition, the following has been taken into account. 163 

 Blade definition protocol must be as universal as possible. That is, it should allow us to define 164 

both conventional and non-conventional blades, such as adaptive blades, swept-back blades, 165 

telescopic blades, morphing blades, etc.  166 

 No limitation on the number of webs. A web can be located at any distance from the leading 167 

edge and anywhere along the span. 168 

 No limitations on the type and the number of materials used. 169 

 Easy for design optimisation formulation and manipulation. All parameters defining a blade 170 

could be treated as design variables and changed within an optimisation process, if required. 171 

 Compatible with other aerodynamic analysis codes as much as possible. That is, input files of 172 

popular wind turbine aerodynamic analysers such as AeroDyn could be used as input files for 173 

WTBM with minimal changes. 174 

 175 

A wind turbine blade is defined by two sets of parameters, namely, geometrical and structural 176 

parameters. These are explained separately in Sections 3.1 and 3.2. 177 

 178 

3.1 Blade geometrical (topological/aerodynamic) parameters 179 
These parameters define the topology of the blade and affect the aerodynamic performance of the 180 

blade. These parameters are normally defined or optimised within the aerodynamic design phase of 181 

blades. These parameters are rotor radius 𝑅, hub radius 𝑅ℎ𝑢𝑏, and distributed parameters: chord 182 

length (𝑐), pretwist (𝛽0), profile (identified by an index associated to a contour), aerofoil maximum 183 

thickness (𝑡𝑚𝑎𝑥), the location of the twist axis 𝑥𝑡 , and the origin of the aerofoil 𝑥-axis along the 184 

chord 𝑥0 (see Figure 3). These distributed parameters are normally given as a function of span 185 

location 𝑟 (measured from the centre of rotor) in the form of tabulated data. 186 

 187 

 188 
Figure 3- Aerofoil and global systems of coordinates 189 

 190 

While the blade profile at different span locations 𝑦(𝑥) is defined using the aerofoil system of 191 

coordinates (𝑥, 𝑦, 𝑧), the FEA is carried out in the global system of coordinates (𝑋, 𝑌, 𝑍).  Figure 3 192 
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shows these two systems of coordinates.  Axis 𝑥 is along the aerofoil chord line. Axes 𝑧 and 𝑍 are 193 

measured from root to tip. Following the normal practice in the definition of angles in wind turbine 194 

blades, pretwist is measured positive to feather while pitch angle is measure positive to stall. 195 

Including the offset twist axis (𝑥0) in the definition of blade topology allows us to define and model 196 

some unconventional topologies (e.g. swept-back blades). 197 

 198 

Transformation from the aerofoil system of coordinate to the global system of coordinates is given 199 

by Equation 1: 200 

  201 

[
𝑋
𝑌
𝑍
] = [

𝑐𝑜𝑠𝜃𝑧 𝑠𝑖𝑛𝜃𝑧 0
−𝑠𝑖𝑛𝜃𝑧 𝑐𝑜𝑠𝜃𝑧 0

0 0 1

] [
𝑥 − 𝑥𝑡 + 𝑥0

𝑦
𝑧

]        (1) 202 

 203 

3.2 Blade structural and material parameters 204 
While topology of a wind turbine blade varies with span location only, the material properties vary 205 

both with span and chord locations. The internal structure can also take a variety of forms, 206 

depending on the number, location and extension of the webs. All these parameters need to be 207 

included when defining the structure of a blade. One way of defining the material and internal 208 

structure of a blade is by dividing a blade into a number of patches. Each patch can have a separate 209 

thickness and set of material properties. By doing this, one can update the location of a patch or its 210 

corresponding material properties without redefining the rest of the blade.  211 
 212 
Each patch has two sets of attributes. The first set of attributes, as shown in Table 1, identify the 213 

location and material of the patch. The second set includes the analysis attributes and is explained in 214 

Section 3.3. 215 
 216 

Table 1-Patch attributes-Blade definition 217 

Attribute Description  

Location index  
𝐼𝑙𝑜𝑐 ∈ ℕ; 𝐼𝑙𝑜𝑐 = 1 for the upper surface, 𝐼𝑙𝑜𝑐 = 2 for the lower surface, 

𝐼𝑙𝑜𝑐 = 2 + 𝑖  for the 𝑖 − 𝑡ℎ  web (numbered from LE) 

Coordinates in 2D 
Square systems of 
coordinates (see 
Section 3.2.1)  

[𝑥𝑖
∗, 𝑧𝑖

∗]4×2for patches on shell; [𝑥𝑖
∗, 𝑦𝑖

∗]4×2 for patches on webs; 𝑖 ∈ {1,2,3,4}  

 
Layup index 𝐼𝑙𝑎𝑦𝑢𝑝 ∈ ℕ refers to the 𝐼𝑙𝑎𝑦𝑢𝑝-th layup configuration in the layup pool  

 218 

3.2.1 2D square systems of coordinates 219 
Each patch is defined by a trapezoid. Patches are defined in two 2D square systems of coordinates. 220 

The (𝑥∗, 𝑧∗) system of coordinates is used for defining those patches which form the upper and 221 

lower surfaces. The (𝑦∗, 𝑧∗) system of coordinates is used for defining the patches which form the 222 

webs. The axes 𝑥∗, 𝑦∗and 𝑧∗ are, respectively, normalised by the local chord, local aerofoil 223 

thickness and blade span, as given in Equations 2.a through 2.c. 224 

 225 

𝑥∗ =
𝑥

𝑐(𝑟)
           (2.a) 226 

𝑦∗ =
𝑦−𝑦𝑙(𝑟,𝑥)

𝑦𝑢(𝑟,𝑥)−𝑦𝑙(𝑟,𝑥)
          (2.b) 227 

𝑧∗ =
𝑧

𝑠𝑝𝑎𝑛
=

𝑟−𝑅ℎ𝑢𝑏

𝑅−𝑅ℎ𝑢𝑏
,           (2.c) 228 

1 2 

3 4 

𝑧∗ 

𝑥∗ or 𝑦∗ 
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 229 

In these equations, at a radial location 𝑟,  𝑦𝑢 and 𝑦𝑙 are, respectively, the 𝑦-coordinates of the points 230 

on the upper and lower surfaces of the blade corresponding to the chord location 𝑥. Blade surfaces 231 

and webs are therefore defined as squares in this system, where 𝑥∗ = 0 and 𝑥∗ = 1 represent the 232 

leading and trailing edges; 𝑦∗ = 0 and 𝑦∗ = 1 represent the lower and upper surfaces of the blade; 233 

and 𝑧∗ = 0 and 𝑧∗ = 1 are the root and the tip of the blade. Using this system of coordinates makes 234 

it extremely easy for defining patches and assigning structural related design variables and 235 

manipulating them within an optimisation process.  236 

 237 

3.2.2 Layup  238 

Each layup index refers to a layup configuration of the form {𝑚𝑎𝑡𝐼𝐷[𝜃]𝑛}.  Parameter 𝑛 stands for 239 

the number of layers, 𝑚𝑎𝑡𝐼𝐷 is the material index and 𝜃 is the fibre angle measured from the 𝑥∗ 240 

direction. Material index identifies the material properties stored in the material library. Material 241 

properties are 𝐸1/2/3, 𝐺12/23/13, 𝜈12/23/13, the layer thickness 𝑡𝑙𝑎𝑦𝑒𝑟 and the density. In the case of 242 

transversely isotropic composites, direction 1 is the fibre direction. 243 

 244 

3.3 Solver associated parameters 245 
In addition to its geometrical and material properties, a patch can also have some analysis attributes, 246 

such as the type of element and the mesh size (Table 2). For instance, different types of shell 247 

elements can be used for the thicker parts of the web cap compared to the rest of the shell, to model 248 

thin and thick-walled shell structures more accurately. As another example of requiring different 249 

solver attributes for different patches, one can refer to cases when we need a fine mesh for a 250 

particular part of the blade in order to capture higher gradients.  251 

 252 

Table 2-Patch attributes-Solver parameters 253 

Attribute Description  

Element index 
𝐼𝑒 ∈ ℕ refers to the 𝐼𝑒  -th element in the element library (which is available in the 
version of the ANSYS being used)  

Mesh key Identifies the mesh type (APDL attribute) 

Mesh size  Identifies the mesh size (APDL attribute) 

 254 

The mesh size is initially set by the user. However, WTBM reassigns a mesh size, which is 255 

calculated based on the size and the shape of the patch if the initial mesh size leads to the generation 256 

of improper mesh with very high aspect ratios. In the case of an automated mesh refinement, the 257 

mesh size changes according to stress and/or deformation gradients to ensure the capture of sharp 258 

variations. Another case that mesh is updated automatically is within an optimisation process in 259 

which the patch size and/or material are treated as design variables. It is crucial to update the mesh 260 

size automatically to avoid producing ill elements.  261 

 262 

3.4 Blade partitioning 263 
Blade partitioning aims at producing key points which define the topology of the blade and the 264 

border of patches. WTBM, using curvature density [44], adds sections and adjusts them to patch 265 

boundaries to ensure smooth discretisation along both span and chord. If necessary, WTBM 266 

modifies the aerofoil contour to accommodate the shell thickness. This is particularly important for 267 

the trailing edge sections, as many aerofoil contours have zero thickness at the trailing edge.  268 

 269 

Partitioning takes place in the 2D square systems of coordinates and then the generated key points 270 

are transformed to the global system of coordinates via an intermediate 3D normalised system of 271 

coordinates. The 3D intermediate system of coordinates, similar to the 2D square system of 272 

coordinates, is normalised by the local chord 𝑐(𝑟), and the blade span 𝑅 − 𝑅ℎ𝑢𝑏 for 𝑥∗ and 𝑧∗. 273 
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However, 𝑦∗ is normalised by the local chord instead of the local aerofoil thickness, as given by 274 

Equations 3.a through 3.b.  275 

 276 

𝑥3𝐷
∗ = 𝑥∗           (3.a) 277 

𝑦3𝐷
∗ =

𝑦∗(𝑦𝑢−𝑦𝑙)+𝑦𝑙

𝑐
          (3.b) 278 

𝑧3𝐷
∗ = 𝑧∗           (3.c) 279 

 280 

One can use Equations (3) and (2) respectively to transfer discretised key points from  (𝑥∗, 𝑦∗, 𝑧∗) 281 

to (𝑥3𝐷
∗ , 𝑦3𝐷

∗ , 𝑧3𝐷
∗ ) and then to (𝑥, 𝑦, 𝑧) system of coordinates. Equation (1) then can be used to find 282 

the key points in the global system of coordinates (𝑋, 𝑌, 𝑍).  283 

 284 

3.5 Blade loads 285 
As a result of the blade partitioning, the generated key points are located on a number of span 286 

locations 𝑧𝑖 (𝑖 = 1,2, … , 𝑛𝑠) on parallel contours, normal to the blade axis as shown in Figure 4.  287 

 288 

 289 
Figure 4-Blade partitioning and force discretisation on key points  290 

 291 

The number of sections, 𝑛𝑠 is calculated by  292 

 293 

𝑛𝑠 = 𝑚𝑎𝑥⁡{𝑛𝑏𝑜𝑢𝑛𝑑, 𝑛𝑠,𝑚𝑖𝑛}         (4) 294 

 295 

In Equation 4, 𝑛𝑏𝑜𝑢𝑛𝑑 is the total number of distinct boundaries along the span of the blade which 296 

are used to define the topology and structure of the blade. Parameter 𝑛𝑠,𝑚𝑖𝑛 is set by the user 297 

allowing more control on the accuracy of the force discretisation process for cases in which the 298 

spanwise variation of the structure (e.g. shell thickness) and blade profile do not produce enough 299 

boundaries to capture the load variations accurately. In such cases, by setting 𝑛𝑠,𝑚𝑖𝑛 > 𝑛𝑏𝑜𝑢𝑛𝑑, 300 

WTBM adds extra sections automatically where the sections are apart. 301 

 302 

In order to apply the external forces on the key points, the blade is divided into 𝑛𝑠 segments. Each 303 

segment contains one string of key points. The acting forces and moments at each span location 𝑧𝑖 304 

are calculated and distributed over the key points of that span location.  305 

 306 

The aerodynamic forces lift 𝐿, drag 𝐷 and pitching moment 𝑀𝑝 at each span location 𝑧𝑖 are given 307 

by Equation 5: 308 

 309 

Key points at section 𝑖 

𝑧𝑖 

𝑅ℎ𝑢𝑏 

∆𝑧𝑖 
∆𝑚𝑖 

Section 𝑖 
Segment 𝑖 

𝑧𝑖+1 

𝑧𝑖−1 

(𝑧1 = 0) 

Section 1  

 
(𝑧𝑛𝑠

= 𝑠𝑝𝑎𝑛) 

Section 𝑛𝑠 
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[

𝐿
𝐷
𝑀𝑝

]

𝑖

= Δ𝑧𝑖 [

𝐿′(𝑧𝑖)

𝐷′(𝑧𝑖)

𝑀𝑝
′ (𝑧𝑖)

]          (5) 310 

 311 

in which 𝐿′, 𝐷′ and 𝑀𝑝
′  are the lift, drag and pitching moment per unit length of span (as calculated 312 

by WTSim), and 313 

  314 

Δ𝑧𝑖 = 0.5{

(𝑧𝑖+1 − 𝑧𝑖) 𝑖 = 1
(𝑧𝑖+1 − 𝑧𝑖−1) 1 < 𝑖 < 𝑛𝑠

(𝑧𝑖 − 𝑧𝑖−1) 𝑖 = 𝑛𝑠

        (6) 315 

 316 

The pitching moment is, by convention, considered to be positive when it acts to pitch the aerofoil 317 

in the nose-up direction. 318 

 319 

The centrifugal force, 𝐹𝑐, at span location 𝑧𝑖 is given as follows: 320 

 321 

[𝐹𝑐]𝑖 = 𝜔2𝛥𝑚𝑖(𝑅ℎ𝑢𝑏 + 𝑍𝑖)𝑐𝑜𝑠𝛿         (7) 322 

 323 

where,  𝜔 is the rotor speed, 𝛥𝑚𝑖 is the mass of the 𝑖-th segment, 𝛿 is the cone angle, and (𝑅ℎ𝑢𝑏 +324 

𝑍𝑖)𝑐𝑜𝑠𝛿 is the rotation arm, the distance between the centre of the segment and the axis of rotation 325 

(see Figure 5).  In the case of highly flexible blades with large deflections, the rotation arm needs to 326 

be corrected by taking into account the deflection of the blade. In such cases the calculation of the 327 

sectional centrifugal force must be conducted via an iterative process, in which in each iteration, the 328 

centrifugal force is updated by taking into account the offset produced by the deformation. 329 

Assuming negligible local deflection compared to the rotation arm for conventional blades is a 330 

reasonable assumption (as made in the current version of WTBM). The evaluation of the order of 331 

magnitude of the error produced by large deflections and possible inclusion of the iteration loop in 332 

WTBM needs further investigation. 333 

 334 

 335 
Figure 5- Sectional aerodynamic and inertial forces  336 

 337 

The acting forces at each section can be transformed to the global system of coordinates using 338 

Equation 8.  339 

𝜓 

𝑌 

Z 𝑊 = ∆𝑚𝑔  

𝑊𝑍 = 𝑊𝑠𝑖𝑛𝜓  

𝑔 

𝑋 

𝑊𝑋𝑌 = 𝑊𝑐𝑜𝑠𝜓 
  

𝐹𝐶𝑍 = 𝐹𝐶𝑐𝑜𝑠𝛿 
𝐹𝐶 

𝐹𝐶𝑋𝑌 = 𝐹𝐶𝑠𝑖𝑛𝛿 

𝛿 

𝑋 

𝑌 

Z 

𝑟 = (𝑧 + 𝑅ℎ𝑢𝑏)cosδ⁡  

Rotor axis 

Rotor plane 

Centrifugal force Weight 

𝑋 

𝑌 

𝐴𝐶 

𝛽
0

− 𝑝𝑖𝑡𝑐ℎ 

𝜑 

𝑉𝑟𝑒𝑙 

𝛼 

L 

D 

𝑀𝑝 

𝜑 

𝐶𝐺 

𝑊𝑌 = −𝑊𝑋𝑌  

𝑍 

𝐹𝐶𝑋 = −𝐹𝐶𝑋𝑌  

Sectional forces 
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 340 

[

𝐹𝑋

𝐹𝑌

𝐹𝑍

𝑀𝑍

]

𝑖

⁡= [

𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜑 0
𝑠𝑖𝑛𝜑 −𝑐𝑜𝑠𝜑 −𝑐𝑜𝑠𝜓

0 0 𝑠𝑖𝑛𝜓
−𝑌𝐴𝐶𝑐𝑜𝑠𝜑 + 𝑋𝐴𝐶𝑠𝑖𝑛𝜑 −𝑌𝐴𝐶𝑠𝑖𝑛𝜑 − 𝑋𝐴𝐶𝑐𝑜𝑠𝜑 −𝑋𝐶𝐺𝑐𝑜𝑠𝜓

−𝑠𝑖𝑛𝛿 0
0 0

𝑐𝑜𝑠𝛿 0
𝑌𝐶𝐺𝑠𝑖𝑛𝛿 −1

]

𝑖 [
 
 
 
 

𝐿
𝐷
𝑊
𝐹𝐶

𝑀𝑝]
 
 
 
 

𝑖

 341 

            (8) 342 

 343 

where, as shown in Figure 5, 𝜑 and 𝜓 are the inflow and azimuth angles respectively. In Figure 5, 344 

CG and AC stand for the centre of gravity and the aerodynamic centre respectively. 345 

 346 

The global forces 𝐹𝑋, 𝐹𝑌 and 𝐹𝑍 at each section are then distributed over the key points uniformly: 347 

 348 

[
𝐹𝑋

𝐹𝑌

𝐹𝑍

]

𝐾𝑃,𝑖

=
1

𝑛𝐾𝑃,𝑖
[
𝐹𝑋

𝐹𝑌

𝐹𝑍

]

𝑖

           (9) 349 

 350 

where,⁡[𝐹]𝐾𝑃,𝑖 stands for the forces on the key points at section 𝑖 and  𝑛𝐾𝑃,𝑖 is the number of key 351 

points on that section. In order to ensure that the actual and the discretised force systems are 352 

equivalent, the effect of the moment produced by the discretised forces 𝐹𝑋,𝐾𝑃 and 𝐹𝑌,𝐾𝑃 (∆𝑀𝑍 in 353 

Equation 10 below) must be taken into account when distributing the moment 𝑀𝑍 on the key points. 354 

 355 

𝑀𝑍,𝐾𝑃,𝑖 =
[𝑀𝑍−∆𝑀𝑍]𝑖

𝑛𝐾𝑃,𝑖
           (10) 356 

where,  357 

 358 

∆𝑀𝑍,𝐴,𝑖 = [∑ (−𝐹𝑋,𝐾𝑃,𝑗𝑌𝐾𝑃,𝑗 + 𝐹𝑌,𝐾𝑃,𝑗𝑋𝐾𝑃,𝑗)
𝑛𝐾𝑃,𝑖

𝑗=1 ]
𝑖
.      (11) 359 

 360 

 361 

4 Illustrative examples 362 

In this section, the steps taking place in modelling of a blade are described. This includes blade 363 

topology definition input files, patch definition in 2D square systems of coordinates, blade 364 

partitioning and transformation to the global system of coordinates, and applying the forces on the 365 

key points.  366 

 367 

4.1 Example 1-NREL 5MW wind turbine blade 368 

4.1.1 Topology definition  369 

Rotor radius 𝑅 = 63⁡𝑚, a file containing the parameters of Table 1, together with 8 contour files 370 

(each identified by an associated index in Table 3) are all information needed for generating the 371 

topology of the outer shell of the NREL 5 MW blade. The first cell in the first column is the 372 

normalised hub radius 
𝑅ℎ𝑢𝑏

𝑅
. The data in the first six columns of this table has been adopted from 373 

reference [45].  These six columns are the set of data normally used to define traditional blades. The 374 

last column, as explained before, is used to define swept-back blades. Here, the last column 
𝑥0

𝑐
≡ 0 375 

stands for an unswept blade with straight axis. For a swept-back blade: 
𝑥0

𝑐
= 0⁡@⁡𝑟 = 𝑅ℎ𝑢𝑏 and 376 

𝑥0

𝑐
≠ 0⁡@⁡𝑟 ≠ 𝑅ℎ𝑢𝑏. 377 

 378 

  379 
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Table 3-NREL 5MW blade topology parameters 380 

 

𝑟

𝑅
⁡(−)  

𝑐

𝑅
⁡(−)  𝛽0⁡(°)  

Aerofoil 
index 

𝑡𝑚𝑎𝑥

𝑐
⁡(−)   

Twist axis, 
𝑥𝑡

𝑐
⁡(−)  

from LE 

Offset between local 
twist axis and twist axis at 

hub,  
𝑥0

𝑐
⁡(−)  

hub 0.024 0.056 13.3 Cylinder  1 0.25 0 

 
… … … … … … … 

 
0.408 0.066 8.5 5 0.3 0.25 0 

 
… … … … … … … 

tip 1.000 0.023 0.0 8 0.18 0.25 0 

 381 

4.1.2 Structural and material parameters 382 
Material distribution varies both chordwise and spanwise as shown in Figures 6 and 7. There are 383 

different ways of representing the data which define the material distribution. In WTBM, the 𝑥∗ 384 

location of webs (in percentile of chord from LE), patch distribution data, and the mechanical 385 

properties of the materials used in the blade are the information required to define the structure and 386 

material of the blade.  387 

 388 

 389 
Figure 6-Typical chrodwise material distribution 390 

 391 

 392 
Figure 7- A typical spanwise material distribution [46] 393 

 394 

In this example, the blade has two webs located at 25 and 55 percent of the chord from LE and the 395 

material is distributed in 5 segments along the chord direction and in 5 segments along the span 396 

direction to capture the chrodwise and spanwise variations of the material distribution (Figure 8). 397 

That is, the blade can be defined by 44 patches and 15 different layups. In Figure 8, the numbers in 398 

black are patch numbers and the numbers in red are the layup indexes. As it can be seen some 399 

patches have identical material properties (for example patches 4, 19, 20, 25, 40 and 41 are all made 400 

up of layup 4). 401 

 402 

 403 
  404 

TE Reinforcement LE Reinforcement 

LE Panel 
Spar Cap   

TE Panel  

Spar 
Web 
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 405 
Figure 8-Patch distribution of the blade of Example 1  406 

 407 

Tables 4 through 6, respectively, show the patch data, layups and material properties associated to 408 

each material index in the layups.  409 

Table 4-Patch Attributes  410 

P
at

ch
 #

 

Lo
ca

ti
o

n
 in

d
ex

 

Patch coordinates In 2D square system of coordinates 

La
yu

p
 in

d
ex

 

El
em

en
t 

in
d

ex
*

 

M
es

h
 k

ey
 

In
it

ia
l m

es
h

 

si
ze

**
 

1 1 [0,0;1,0;1,0.13333;0,0.13333] 1 1 2 0.5 

2 1 [0,0.13333;0.050,0.13333;0.050,0.35;0,0.35] 2 1 2 0.5 

3 1 [0,0.35;0.050,0.35;0.050,0.60;0,0.60] 3 1 2 0.5 

4 1 [0,0.60;0.050,0.60;0.050,0.90;0,0.90] 4 1 2 0.5 

5 1 [0,0.90;0.050,0.90;0.050,1;0,1] 5 1 2 0.5 

6 1 [0.050,0.13333;0.25,0.13333;0.25,0.35;0.050,0.35] 6 1 2 0.5 

7 1 [0.050,0.35;0.25,0.35;0.25,0.60;0.050,0.60] 6 1 2 0.5 

8 1 [0.050,0.60;0.25,0.60;0.25,0.90;0.050,0.90] 6 1 2 0.5 

9 1 [0.050,0.90;0.25,0.90;0.25,1;0.050,1] 6 1 2 0.5 

10 1 [0.25,0.13333;0.55,0.13333;0.55,0.35;0.25,0.35] 7 1 2 0.5 

11 1 [0.25,0.35;0.55,0.35;0.55,0.60;0.25,0.60] 8 1 2 0.5 

12 1 [0.25,0.60;0.55,0.60;0.55,0.90;0.25,0.90] 9 1 2 0.5 

13 1 [0.25,0.90;0.55,0.90;0.55,1;0.25,1] 10 1 2 0.5 

14 1 [0.55,0.13333;0.85,0.13333;0.85,0.35;0.55,0.35] 11 1 2 0.5 

15 1 [0.55,0.35;0.85,0.35;0.85,0.60;0.55,0.60] 12 1 2 0.5 

16 1 [0.55,0.60;0.85,0.60;0.85,0.90;0.55,0.90] 13 1 2 0.5 

17 1 [0.55,0.90;0.85,0.90;0.85,1;0.55,1] 14 1 2 0.5 

18 1 [0.85,0.13333;1,0.13333;1,0.35;0.85,0.35] 15 1 2 0.5 

19 1 [0.85,0.35;1,0.35;1,0.60;0.85,0.60] 16 1 2 0.5 

20 1 [0.85,0.60;1,0.60;1,0.90;0.85,0.90] 16 1 2 0.5 

21 1 [0.85,0.90;1,0.90;1,1;0.85,1] 16 1 2 0.5 

22 2 [0,0;1,0;1,0.13333;0,0.13333] 1 1 2 0.5 

23 2 [0,0.13333;0.050,0.13333;0.050,0.35;0,0.35] 2 1 2 0.5 

24 2 [0,0.35;0.050,0.35;0.050,0.60;0,0.60] 3 1 2 0.5 

25 2 [0,0.60;0.050,0.60;0.050,0.90;0,0.90] 4 1 2 0.5 
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26 2 [0,0.90;0.050,0.90;0.050,1;0,1] 5 1 2 0.5 

27 2 [0.050,0.13333;0.25,0.13333;0.25,0.35;0.050,0.35] 6 1 2 0.5 

28 2 [0.050,0.35;0.25,0.35;0.25,0.60;0.050,0.60] 6 1 2 0.5 

29 2 [0.050,0.60;0.25,0.60;0.25,0.90;0.050,0.90] 6 1 2 0.5 

30 2 [0.050,0.90;0.25,0.90;0.25,1;0.050,1] 6 1 2 0.5 

31 2 [0.25,0.13333;0.55,0.13333;0.55,0.35;0.25,0.35] 7 1 2 0.5 

32 2 [0.25,0.35;0.55,0.35;0.55,0.60;0.25,0.60] 8 1 2 0.5 

33 2 [0.25,0.60;0.55,0.60;0.55,0.90;0.25,0.90] 9 1 2 0.5 

34 2 [0.25,0.90;0.55,0.90;0.55,1;0.25,1] 10 1 2 0.5 

35 2 [0.55,0.13333;0.85,0.13333;0.85,0.35;0.55,0.35] 11 1 2 0.5 

36 2 [0.55,0.35;0.85,0.35;0.85,0.60;0.55,0.60] 12 1 2 0.5 

37 2 [0.55,0.60;0.85,0.60;0.85,0.90;0.55,0.90] 13 1 2 0.5 

38 2 [0.55,0.90;0.85,0.90;0.85,1;0.55,1] 14 1 2 0.5 

39 2 [0.85,0.13333;1,0.13333;1,0.35;0.85,0.35] 15 1 2 0.5 

40 2 [0.85,0.35;1,0.35;1,0.60;0.85,0.60] 16 1 2 0.5 

41 2 [0.85,0.60;1,0.60;1,0.90;0.85,0.90] 16 1 2 0.5 

42 2 [0.85,0.90;1,0.90;1,1;0.85,1] 16 1 2 0.5 

43 3 [0,0.13333;1,0.13333;1,1;0,1] 17 1 2 0.5 

44 4 [0,0.13333;1,0.13333;1,1;0,1] 17 1 2 0.5 

*With reference to the Element Library (in this example: Shell 181) 
** Mesh size will be updated and resized based on the size and shape of each patch  

 411 
Table 5-Layup Configurations 412 

Layup index Layup configuration,  {𝑚𝑎𝑡𝐼𝐷[𝜃]𝑛}  
1 {1[0]1,3[±45]25} 

2 {1[0]1,3[±45]20,3[90]15,2[0]60,3[±45]3} 

3 {1[0]1,3[±45]3,3[90]15,2[0]40,3[±45]3} 

4 {1[0]1,3[±45]3,3[90]15,2[0]20,3[±45]3} 

5 {1[0]1,3[±45]6} 

6 {1[0]1,3[±45]20, ,2[0]20,3[±45]3} 

7 {1[0]1,3[±45]3, ,2[0]20,3[±45]3} 

8 {1[0]1,3[±45]20,2[0]20,4[90]90,3[±45]3} 

9 {1[0]1,3[±45]3,2[0]20,4[90]60,3[±45]3} 

10 {1[0]1,3[±45]35,2[0]20,4[90]30,3[±45]3} 

11 {1[0]1,3[±45]3,2[0]20,4[90]5,3[±45]3} 

12 {1[0]1,3[±45]20, ,2[0]90,3[±45]3} 

13 {1[0]1,3[±45]3,2[0]60,3[±45]3} 

14 {1[0]1,3[±45]20,3[90]15,2[0]20, 3[±45]3} 

15 {3[±45]3, 2[0]50, 3[±45]3}  

16 {1[0]1,3[±45]3, 2[0]60,3[±45]3} 

17 {4[±45]4, 2[0]40,4[±45]3} 

 413 
Table 6-Materials of Example 1 414 

Mat. 
ID 

Mat. Name 
Thickness 

(mm) 
Density 
(kg/m

3
) 

𝐸𝐿 (Gpa) 
𝐸𝑇  

(Gpa) 
𝐺𝐿𝑇  

(Gpa) 
𝜈𝐿𝑇   
(-) 

1 Gel Coat 0.05 1235 3.44 3.44 1.38 0.3 

2 Foam 1 200 0.256 0.256 0.022 0.3 

3 E-LT-5500-UD 0.47 1920 41.8 14 2.63 0.28 

4 Carbon-UD 0.47 1220 114.5 8.39 5.99 0.27 

 415 
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4.1.3 Blade partitioning and transformation to global system of coordinates 416 
After reading the data required for defining the blade topology, structural and material 417 

characteristics (or generating/modifying them within an iterative process), the module Discretiser 418 

carries out the blade partitioning and then through a number of steps transforms the key points, 419 

areas, sections and the loads to global system of coordinates. Figure 9 shows the partitioned blade in 420 

2D square system of coordinates. Figure 10 shows the blade in 3D normalised and in global systems 421 

of coordinates. 422 

 423 

 424 
Figure 9- Blade of Example 1 partitioned in 2D square Plane systems of coordinates  (𝑥∗, 𝑦∗, 𝑧∗)  425 

 426 

 427 
 428 

 Figure 10- Blade of Example 1, from left to right, in the nondimensional system of coordinates 429 

(𝑥3𝐷
∗ , 𝑦3𝐷

∗ , 𝑧3𝐷
∗ ) and in the global system of coordinates (𝑋, 𝑌, 𝑍) 430 

 431 

4.1.4 Blade loading 432 
The aerodynamic and inertial forces depend on the blade operating condition. Assuming that the 433 

modelled blade is operating at a wind speed of 12 m/s @ hub height of 80 m, a rotor speed of 12 434 

rpm, pitch angle = 3.8° , zero yaw, and an azimuth angles of 𝜓 = −45°, the global forces on the 435 

key points are calculated according to Equations 5 through 11. Figure 11 shows these forces on the 436 

key points. NREL 5MW has a cone angle of 𝛿 = 7°. 437 
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 438 

 439 
Figure 11-Acting forces on the key points of the blade of Example 1 440 

 441 

4.1.5 Writing APDL files and running ANSYS 442 
At this point all information for writing the APDL files are available and the soft-coded module 443 

APDL Writer generates the APDL files. See the appendix for partial APDL files written for the 444 

blade of Example 1. These APDL files are all required to run ANSYS, either via the ANSYS GUI 445 

manually (Mode 1 of operation in Section 2), or in a batch mode, where the ANSYS is called by a 446 

third programme (Mode 2). Figure 12 shows the result when the APDL files of the appendix is read 447 

via the ANSYS GUI. Figure 13 is generated by a third programme (a simple MATLAB code) 448 

which calls ANSYS in the batch mode and then, on the completion of the analysis by ANSYS, 449 

extracts and processes the information for a number of control points. In this figure, 𝛽 and 𝛿 stand 450 

for the twist and deflection respectively; LE and TE donate the leading and trailing edges 451 

respectively; and the subscripts T, F (f) and E (e) stand for tip, flapwise and edgewise respectively. 452 
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The distortion of the shaft, the weakest patch, is evident by the calculated sectional twist 𝛽 =453 

(𝛿𝐿𝐸 − 𝛿𝑇𝐸)/𝑐⁡.    454 

 455 
Figure 12-Result of Example 1: Importing the APDL files via the ANSYS GUI manually 456 

 457 
Figure 13- Results of Example 1 (deformation in the left and stress in the right): Calling ANSYS in 458 

batch mode by a third programme and extracting/processing the results for the control points  459 

   460 

4.2 Example 2- Swept-back NREL 5MW blade 461 
In this example, we are focused on showing how using 2D square system of coordinates is a simple 462 

way of defining blades with a wide range of topologies and structural configurations. Here, we 463 

model a swept-back NREL 5MW blade, with one web with variable layup configuration along the 464 

blade span located at 40% of chord. While the upper and lower surfaces should be covered 465 

completely by patches between hub and tip, this is not the case for webs. In this example, the web 466 

extends from 13% to 80% of span (see Figure 14). Also different from the blade of Example 1, here 467 

the cap has a constant width all through the span, which is represented by a number of trapezoids 468 

(patches 10-13 on the upper surface and 31-34 on the lower surface in Figure 14) in 2D square 469 

system of coordinates.  Figure 15 shows the final blade model in global system of coordinates. 470 
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 471 
Figure 14-Patch distribution of the swept-back blade of Example 2 in 2D square systems of 472 

coordinates  473 

 474 
Figure 15-Swept-back blade of Example 2 in global system of coordinates 475 

 476 
6 477 

5 Case studies 478 
As mentioned before, the motivation behind the development of WTBM has been to make it 479 
possible to change any parameter of the four categories below automatically within an iterative 480 
process: 481 

 wind turbine operating conditions 482 

 blade aerodynamic parameters (blade topology) 483 

 blade structural and material parameters 484 

 solver parameters 485 
This section presents three case studies. The first two case studies deal with iterative changes in 486 

wind turbine operating conditions and blade structural and material parameters respectively. 487 

Automatic change of the solver parameters is part of the second case study, in which the mesh size 488 

is updated automatically as the size of a number of patches changes.  The third case study contains 489 

parameters from all four categories above in the form of a simple integrated design case. It should 490 

be noted that these case studies have been intentionally designed to be simple to avoid unnecessary 491 

and irrelevant details. Moving from these simple case studies to complete and complex integrated 492 

design cases is just a matter of choice of the number of design variables and the optimisation 493 

method. 494 
 495 
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5.1 Case Study 1- High fidelity structural analysis at various operating condition 496 
For the wind turbine of Example 1 (Figure 8 and Tables 4 to 6), we are looking for the maximum 497 

stress in the blade and the blade tip deflection at different azimuth angles and different wind speeds 498 

calculated accurately using shell FE. In practice, these values are essential in design of blades 499 

installed on wind turbines using individual pitch control systems.  High fidelity analysis is 500 

conducted by ANSYS within a loop as shown in the MATLAB script of Figure 16. In this script, 501 

AnsysCall is a one-line MATLAB script which calls ANSYS in batch mode. GetDeformations and 502 

GetStress are simple MATLAB scripts which read ANSYS output data files saved on the disk and 503 

extract maximum deformations and stresses as well as deformations and stresses at the control 504 

points specified by the user.  505 

 506 

 507 
Figure 16- MATLAB script calling ANSYS in nested loops over wind speed and azimuth angle 508 

 509 

Here, the blade geometry and material/structural characteristics are fixed. However, as the wind 510 

speed changes and as the blade rotates, the aerodynamic and inertial forces change. The loads are all 511 

calculated within WTBM (by calling WTSim) and new APDL files are written in each iteration.  512 

 513 

With a grid size of 1 m/s in wind speed and 10 degrees in the azimuth angle, the nested loops of 514 

Figure 16 conduct 828 high fidelity analyses. The rotor speed and pitch angle at each wind speed 515 

are given according to the control law of [45]. Results are shown in Figure 17.  The azimuth angle 516 

is measured from 3 o’clock horizontal clockwise.  517 

 518 
Figure 17- Blade tip deflection and maximum von Mises stress in the blade at different azimuth 519 

angle and wind speeds 520 

5.2 Case Study 2- Multiobjective optimal size and location of spar cap in adaptive blades 521 
In this case study, WTBM is used within an optimisation process to find the best configuration for 522 

an adaptive blade. Adaptive blades are aeroelastically tailored to respond to changes in operating 523 

conditions. This response can have favourable effect towards reducing the aerodynamic loads on the 524 

%START OF SCRIPT 

for vw=3:25 %Wind speed (m/s) 

    for azimuth =0:10:350 %Azimuth angle (deg) 

        WTBM %Models the blade, calculates forces at given vw and azimuth and writes APDL files 

%====================MATLAB  Scripts========================= 

        AnsysCall %Calls ANSYS in batch mode 

        GetDeformations %Reads ANSYS output file and gets deformations 

        GetStress %Reads ANSYS output file and gets stresses at control point 

    end 

end 

%END OF SCRIPT 
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blade or increasing the rotor energy capture capability [47].  Aeroelastic tailoring can be achieved 525 

by using layers of unbalanced composites. When unbalanced layup configurations are used, bend-526 

twist and/or stretch-twist elastic couplings are introduced into the structure of the blade.  Figure 18 527 

shows one of the many different configurations that can be used for making adaptive blades. 528 

 529 

 530 
Figure 18- Unbalanced spar cap layers producing bend-twist elastic coupling 531 

 532 

In a bend-twist coupled adaptive blade, the blade twists when it is subjected to a bending moment 533 

(e.g. produced by the aerodynamic forces). The slightest twist of the blade changes its aerodynamic 534 

performance significantly. The aerodynamic performance analysis of these blades cannot be carried 535 

out without having sufficient knowledge of the material prosperities and structural configuration 536 

and predicting the torsional deformation of the blade [48]. This makes the design of adaptive blades 537 

different from the design of conventional blades. Here, we adopt a decoupled design method 538 

developed for design of adaptive blades [49, 50]. In a decoupled design approach, the induced twist 539 

at the tip of the blade at a reference operating condition,⁡𝛽𝑇,𝑟𝑒𝑓, is treated as an aerodynamic design 540 

parameter.  The optimum tip induced twist, 𝛽𝑇,𝑟𝑒𝑓,𝑜𝑝𝑡,  is then obtained at the aerodynamic design 541 

stage. At the structural design phase the designer needs to ensure the satisfaction of the constraint 542 

𝛽𝑇,𝑟𝑒𝑓 = 𝛽𝑇,𝑟𝑒𝑓,𝑜𝑝𝑡 (see [49] for more details).  543 

 544 

Assuming that conducting the first part of a decoupled design for an adaptive version of NREL 545 

5MW blade has led to the optimum value of tip induced twist: 𝛽𝑇,𝑟𝑒𝑓,𝑜𝑝𝑡 = 2°⁡@⁡𝑉𝑟𝑒𝑓 = 10⁡𝑚/𝑠. 546 

Now at the structural design phase we need to find the structural/material characteristics such that 547 

the right amount of bend-twist elastic coupling, leading to a planned tip induced twist (𝛽𝑇,𝑟𝑒𝑓 = 2°), 548 

is achieved.  549 

 550 

For simplicity, without loss of generality, we assume that all parameters defining the topology and 551 

the structure of the blade are fixed except the location of the web  𝑥𝑤𝑒𝑏, the width of the spar cap 552 

∆𝑐𝑎𝑝⁡ (patches 10-13 and 31-34  in Figure 19), and the number of unbalanced layers along the blade 553 

span: 𝑛1to 𝑛4 in layups 7-10, 18-21, associated to these patches (see Table 7).  554 
  555 
 556 

Unbalanced layup 

Balanced layup 
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 557 
Figure 19-Patch distribution of the adaptive blade of Case Study 2 (web location is a design 558 

variable) 559 
 560 

Table 7-Layup configurations including design variables 𝑛1to 𝑛4 561 

Layup index Layup configuration,  {𝑚𝑎𝑡𝐼𝐷[𝜃]𝑛} 

1 {1[0]1,3[±45]50} 

2 {1[0]1,3[±45]4,3[90]20} 

3 {1[0]1,3[±45]4,3[90]16} 

4 {1[0]1,3[±45]4,3[90]8} 

5 {1[0]1,3[±45]4} 

6 {1[0]1,3[ ±45]4,2[0]20,3[±45]4} 

7 {1[0]1,3[±45]4,4[70]n1,4[90]90-n1,3[±45]4} 

8 {1[0]1,3[±45]4,4[70]n2,4[90]60-n2,3[±45]4} 

9 {1[0]1,3[±45]4,4[70]n3,4[90]30-n3,3[±45]4} 

10 {1[0]1,3[±45]4,4[70]n4,4[90]10-n4,3[±45]4} 

11 {1[0]1,3[±45]4,2[0]80,3[±45]4} 

12 {1[0]1,3[±45]4,2[0]60,3[±45]4}  

13 {1[0]1,3[±45]4,2[0]40,3[±45]4} 

14 {1[0]1,3[±45]4,2[0]20,3[±45]4} 

15 {1[0]1,3[±45]4,3[90]20}  

16 {1[0]1,3[±45]4,3[90]10} 

17 {3[±45]4,2[0]20,3[±45]4} 

18 {1[0]1,3[±45]4,4[-70]n1,4[90]90-n1,3[±45]4} 

19 {1[0]1,3[±45]4,4[-70]n2,4[90]60-n2,3[±45]4} 

20 {1[0]1,3[±45]4,4[-70]n3,4[90]30-n3,3[±45]4} 

21 {1[0]1,3[±45]4,4[-70]n4,4[90]10-n4,3[±45]4} 

 562 
Here, the fixed parameters are those which define the topology of the blade as well as the total 563 

number of patches, the location of all patches with balanced layups, the layup configuration of all 564 

balanced patches, and the stacking sequence and the total number of unidirectional layers in the 565 

unbalanced patches (10-13, 31-34). Size of the unbalanced patches is to be determined through 566 

optimisation. Fibre angle for unbalanced layers is taken as 𝜃 = 70°  measured from chord direction 567 

(𝜃 = 20° measured along the blade axis). The number of the unidirectional layers at 𝜃 = 70°  in 568 
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each unbalanced patch are also design variables to be determined as part of the optimisation 569 

process. The number of webs is fixed (one), but the location of the web is a design variable. 570 

 571 

In the form of a standard optimisation problem, we are looking at minimising the mass of the blade 572 

𝑚𝑏𝑙𝑎𝑑𝑒, the maximum von Mises stress 𝜎𝑚𝑎𝑥, and the blade tip deflection 𝛿𝑇, subject to an equality 573 

constraints applied on the induced twist at the tip of the blade: 574 

 575 

𝑚𝑖𝑛 𝑌 = 𝑓(𝑥)           (12.a) 576 

 577 

s.t. 578 

 579 

𝛽𝑇,𝑟𝑒𝑓 = 2°⁡@⁡𝑉𝑟𝑒𝑓 = 10⁡𝑚/𝑠        (12.b) 580 

 581 

where, ⁡𝑋 = {𝑥𝑤𝑒𝑏, ∆𝑐𝑎𝑝, 𝑛1, 𝑛2, 𝑛3, 𝑛4}⁡ is the vector of design variables and 582 

𝑌 = {𝑚𝑏𝑙𝑎𝑑𝑒 , 𝜎𝑚𝑎𝑥, 𝛿𝑇}  is the vector of objectives. Taking into account the physical meaning of 583 

𝛽𝑇,𝑟𝑒𝑓, the mathematical equality constraint applied on 𝛽𝑇,𝑟𝑒𝑓 is replaced with the physical box 584 

constraint below:  585 

 586 

𝛽𝑇,𝑟𝑒𝑓 = 2 ± 0.05°⁡@⁡𝑉𝑟𝑒𝑓 = 10⁡𝑚/𝑠       (12.c) 587 

 588 

Different methods can be used to solve the multi-objective optimisation above. Since in this study 589 

the emphasis is on high fidelity evaluation within an optimisation process rather than the 590 

optimisation method itself, only a brief explanation on the optimisation process is given. Figure 20 591 

shows the flowchart of the main programme Optimiser and the Evaluator as well as the main 592 

MATLAB scripts. Optimiser conducts the multiobjective optimisation using the method of NSGA-593 

II. Evaluator is called every time that a new design candidate is made within the optimisation 594 

process. At the beginning of the optimisation process, the MATLAB script GetParameters loads all 595 

parameters which are required for the blade modelling and remain unchanged through the 596 

optimisation process. NSGAII_IniPop generates initial population. NSGAII_GenStat calculates 597 

crowding distance, finds nondominated solutions and perform other required statistical analysis in 598 

the population. NSGAII_CO and NSGAII_Mute perform crossover and mutation respectively. Files 599 

NSGAII_IniPop, NSGAII_CO and NSGAII_Mute generate new solutions. Once a new solution is 600 

generated (e.g. by changing the location of the web, layups and width of unbalanced patches, etc), it 601 

is sent for evaluation by calling the script Evaluator. Evaluator executes WTBM, ANSYS and other 602 

scripts such as GetDeformation and GetStress.   603 

 604 

Here in the NSGA-II algorithm the population size, probability of crossover and mutation, and the 605 

total number of generations (𝑛𝑔𝑒𝑛) are set as 40, 0.3, 0.1 and 50 respectively. In this algorithm, each 606 

crossover operation produces two new offspring and each mutation operator makes one.  Therefore 607 

this algorithm requires a total number of 1440 high fidelity analyses for this case study.   608 
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 609 
Figure 20-Flowchart and the main MATLAB scripts of the main programme Optimiser and the 610 

Evaluator of Case Study 2 611 

 612 

Figure 21 shows the 18 nondimaniated solutions obtained as a result of this multiobjective 613 

optimisation. All these solutions satisfy the constraint of Equation 12.c. Any of these solutions can 614 
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NSGAII_GenStat 
for igen=2:ngen 
    NSGAII_CO  
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%======================Evaluator========================= 
SaveUpdatedFiles %Save updated parameters 
WTBM %Model the blade, calculate forces, write APDL files 
AnsysCall %Call ANSYS 

%Read ANSYS output file and get deformations and stresses 

%at the identified control points 
GetDeformations  
GetStress  
%======================================================== 
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be selected as the optimum solution by the designer through a trade-off process. For a better 615 

visualisation of the solutions against each pair of objectives, two dimensional Pareto fronts are also 616 

shown in this figure (top right and bottom figures). The design variables and design qualities 617 

associated to these solutions are shown in Table 8. In this table, the three solutions identified with 618 

‘*’ are the extreme Pareto solutions, possessing the best performance in terms of the three 619 

objectives. Solution #1 is the lightest, Solution #16 has the lowest maximum stress and Solution # 620 

18 has the lowest deflection. 621 

 622 
 623 

 624 
Figure 21-Pareto Solutions of Case Study 2 625 

 626 
Table 8- Pareto Solutions of Case Study 2 627 

Pareto 
Solution 

Design Variables Constraint Objectives 

Xweb (%c) Δ (%c) n1 n2 n3 n4 βT (
o
) δ (m) σ (MPa) mb (1000 kg) 

1* 0.25 0.20 10 30 60 60 2.05 4.15 63.68 21.78* 

2 0.25 0.25 10 30 50 50 1.98 3.36 59.64 22.22 

3 0.25 0.30 10 30 50 50 2.05 3.03 57.37 22.75 

4 0.30 0.25 10 30 60 70 1.95 3.50 57.39 22.08 

5 0.30 0.25 10 30 60 80 1.98 3.56 57.17 22.08 

6 0.30 0.25 10 30 60 90 2.01 3.64 56.87 22.08 

7 0.30 0.30 10 30 60 60 2.00 3.08 59.37 22.68 

8 0.30 0.30 10 30 60 70 2.03 3.12 59.25 22.68 

9 0.30 0.40 10 30 50 50 1.96 2.48 57.48 23.66 

10 0.35 0.35 10 30 60 90 1.97 2.94 56.04 22.97 

11 0.35 0.40 10 30 60 70 1.95 2.63 58.17 23.59 

12 0.35 0.40 10 30 60 80 1.99 2.67 58.02 23.59 

13 0.35 0.40 10 30 60 90 2.03 2.72 57.83 23.59 

14 0.35 0.45 10 30 60 60 1.99 2.46 54.77 24.02 

15 0.35 0.45 10 30 60 70 2.02 2.49 54.68 24.02 

16* 0.35 0.45 10 30 60 80 2.05 2.53 54.54* 24.02 

17 0.40 0.45 10 30 60 90 1.96 2.65 54.91 23.86 

18* 0.40 0.50 10 30 60 70 1.95 2.43* 57.52 24.48 
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5.3 Case Study 3-A simplified multiobjective integrated design 628 
In an integrated design process, the design variables from different design phases are involved. In 629 

this case study, starting from the blade of Example 1 as the baseline, we perform a simplified 630 

integrated design by refining the rotor radius, chord length and the location of the webs. The 631 

selected variables for this case study, traditionally, are obtained at wind turbine conceptual design 632 

phase (rotor diameter), blade aerodynamic design phase (chord distribution) and blade structural 633 

design phase (web locations) respectively. It should be noted that the objective of this case study is 634 

to show how WTBM can facilitate an integrated design. Therefore the emphasis is on automated 635 

blade modelling rather than the optimisation process itself. The optimisation problem is formulated 636 

in the form of a refinement process, in which the design variables are limited to narrow boundaries.  637 

 638 

𝑚𝑖𝑛 𝑌 = 𝑓(𝑥)           (13.a) 639 

 640 

s.t. 641 

 642 

𝑥𝑤𝑒𝑏,1,𝑏 − 0.10𝑐 ≤ 𝑥𝑤𝑒𝑏,1 ≤ 𝑥𝑤𝑒𝑏,1,𝑏 + 0.10𝑐      (13.b) 643 

𝑥𝑤𝑒𝑏,2,𝑏 − 0.15𝑐 ≤ 𝑥𝑤𝑒𝑏,2 ≤ 𝑥𝑤𝑒𝑏,2,𝑏 + 0.10𝑐      (13.c) 644 

2𝑅𝑏 − 1.5 ≤ 2𝑅 ≤ 2𝑅𝑏 + 1.5        (13.d) 645 

0.95 ≤ 𝑐𝑠𝑐𝑎𝑙𝑒 ≤ 1.05          (13.e) 646 

 647 

where, ⁡𝑋 = {𝑅, 𝑐𝑠𝑐𝑎𝑙𝑒 , 𝑥𝑤𝑒𝑏,1, 𝑥𝑤𝑒𝑏,2}⁡ is the vector of design variables, 𝑌 = {𝑚𝑏𝑙𝑎𝑑𝑒 , 𝜎𝑚𝑎𝑥,
1

𝑃
} is the 648 

vector of objectives, 𝑥𝑤𝑒𝑏,𝑖 is the location of the 𝑖-th web measured from the leading edge, 𝑐𝑠𝑐𝑎𝑙𝑒 is 649 

the chord scaling factor, and⁡𝑃 is the rotor mechanical power at a reference wind speed (here, 10 650 

m/s). Subscript b stands for the baseline. It is assumed that the chord distribution along the blade 651 

span remains constant. That is, the new chord distribution can be presented as the baseline chord 652 

multiply by a scaling factor scalec : 653 

 654 

𝑐 = 𝑐𝑠𝑐𝑎𝑙𝑒𝑐𝑏           (14) 655 

 656 

Using the Optimiser and the Evaluator of Case Study 2 (Figure 20) with the new set of design 657 

variables, objectives and constraints, the Pareto solutions are obtained. The optimisation parameters 658 

population size, probability of crossover and mutation, and the total number of generations are set 659 

as 40, 0.3, 0.1 and 40 respectively. Amongst all Pareto solutions, 48 of them are superior to the 660 

baseline blade in terms of all three criteria: (i) maximum stress in the blade, (ii) rotor power and (iii) 661 

mass of the blade. These solutions are shown in Figure 22.  662 

 663 

Three extreme solutions possessing the best performance measures in each criterion are shown in 664 

Table 9. For instance, Solution #31 is the best in terms of the blade mass. Compared to the baseline 665 

blade, blade #31 is lighter by 3.24%, it has a longer lifespan as the maximum stress is less by 666 

3.52%, and it produces the same amount of power.  667 

 668 

 669 

Table 9- Best solutions w.r.t. reduction in blade mass, reduction in maximum stress and increase in 670 

rotor power 671 

Best Solution 
w.r.t. 

Rotor 
Diameter 

(m) 

Chord Scale 
Factor (-) 

Location of  
Web 1(%c) 

Location of 
Web 2 (%c) 

Max von Mises 
Stress (Mpa) 

Rotor Power 
(MW) 

Blade Mass (kg) 

Blade Mass (#31) 126.26 0.97 20.32 60.00 286 [-3.52%] 4.304 [0.09%] 22258 [-3.24%] 

Max Stress (#12) 126.06 0.99 20.38 44.78 282 [-4.76%] 4.303 [0.03%] 22977 [-0.11%] 

Rotor Power (#39) 127.00 0.98 20.00 60.00 292 [-1.51%] 4.369 [1.59%] 22658 [-1.5%] 

 672 
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In this table, values in the rectangular brackets are the relative changes with respect to the baseline 673 
blade. 674 

 675 

 676 
Figure 22-Pareto Solutions of Case Study 3 677 

 678 

The baseline turbine NREL 5MW is the result of a conventional designer-in-the-loop design 679 

process. The results of this case study (see the last three columns of Table 9) evidently indicate how 680 

blade modellers like WTBM make it possible to use FEA tools such as ANSYS within an integrated 681 

design and produce superior solutions to those obtained by conventional design methods. The 682 

Pareto solutions obtained in this case study are the results of more than 1100 automated high 683 

fidelity analyses including blade modelling, pre and post processing. Obviously, more 684 

improvements can be achieved by including more design variables, such as layup configurations, 685 

into the integrated design optimisation.  686 

 687 

5.4 A note on the overall computational time 688 
The overall computational time for a design optimisation problem strongly depends on the 689 

robustness of the optimiser and therefore the total number of design candidate evaluations as well as 690 

the computational time per evaluation. Table 10 shows the CPU times for the three case studies 691 

when ran on a desktop machine with an Intel i5-4590 CPU @ 3.3 GHz and 8GB RAM.  692 

 693 

Table 10- Computational times 694 

Case 
Study 

Average CPU time (s) Total number of 
analyses  

[total time (hr)] 
WTBM  

[including WTSim] 
ANSYS solver 

Total (including 
reading/writing files) 

1 4.732  [3.871] 6.178 12.622 828 [2.9] 

2 1.160  [0.153] 7.361 10.121 1440 [4.0] 

3 4.436  [3.253] 7.222 13.198 1160 [4.2] 

 695 

The computational time per evaluation depends on:  696 

 The type of wind turbine. The computational time for the aerodynamic code WTSim 697 

depends on the type of the controller installed on wind turbine. When the control parameters 698 
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(e.g. rotor speed and pitch angle in case of a variable speed pitch controlled wind turbine) 699 

are known WTSim requires a fraction of a second to simulate the aerodynamic performance 700 

of the wind turbine, otherwise WTSim requires to simulate the controller as well. It can take 701 

up to about 4 seconds to simulate the controller itself.   702 

 The number of patches used to model the blade affects the computational time required for 703 

modelling and discretisation within WTBM. 704 

 The mesh size clearly affects the computational time required by the ANSYS solver.  705 
 706 

5.5 A note on mesh reassignment and mesh refinement 707 
 708 

In WTBM, the user defines an initial mesh size, a scaling factor and convergence criteria for 709 

automated mesh refinement. Before writing the APDL files, WTBM controls the initial mesh size 710 

defined for each patch by the user. If the specified mesh size leads to generation of improper mesh 711 

with very high aspect ratios, adopting the same approach as reported in [44], WTBM reassigns a 712 

mesh size which is calculated based on the minimum size of the patch. This mesh adaption can lead 713 

to mesh sizes smaller or larger than the initial values.  714 

 715 

The same iterative process shown in the flowchart of Figure 1 can be used for an automated mesh 716 

refinement process, in which the blade aerodynamic and structural performance measures are 717 

replaced by the convergence control parameters and the optimisation termination criteria are 718 

replaced with the convergence criteria: 719 

 720 

|
𝜑𝑖−𝜑𝑖−1

𝜑𝑖−1
| ≤ 𝜖𝜑, ∀𝜑 ∈ {𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒⁡𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎}      (15) 721 

 722 

The results of the automated mesh refinement process for Example 1 of Section 4 is reported here 723 

for more clarifications: 724 
 725 

In this example two convergence criteria are defined as follows:  726 

 727 

|
𝛿𝑇,𝑖−𝛿𝑇,𝑖−1

𝛿𝑇,𝑖−1
| ≤ 0.001          (16.a) 728 

 729 

and  730 

 731 

|
𝜎𝑚𝑎𝑥,𝑖−𝜎𝑚𝑎𝑥,𝑖−1

𝜎𝑚𝑎𝑥,𝑖−1
| ≤ 0.01         (16.b) 732 

 733 

where 𝛿𝑇 and 𝜎𝑚𝑎𝑥, respectively, are the blade tip deflection and the maximum von Mises stress in 734 

the blade and the index 𝑖 stands for the iteration number. In the current version of WTBM, the mesh 735 

refinement scales down the mesh size all through the blade. A scale factor of 0.95 is used for this 736 

example. Starting with a uniform mesh size of 0.5 for all patches in the blade, Table 11 shows the 737 

results of the mesh reassignment and then refinement till the convergence criteria (16) are satisfied. 738 

 739 

  740 
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Table 11-Automatic change of the initial mesh size 741 

Patch # 
Initial 
Mesh 
Size 

Adapted 
Mesh Size 
to Patch 

Size 

Refined 
Mesh Size 

1 0.500 0.500 0.450 

2 0.500 0.108 0.097 

3 0.500 0.084 0.076 

4 0.500 0.056 0.051 

5 0.500 0.035 0.032 

6 0.500 0.430 0.387 

7 0.500 0.338 0.304 

8 0.500 0.226 0.203 

9 0.500 0.142 0.128 

10 0.500 0.645 0.581 

11 0.500 0.507 0.456 

… … … … 

44 0.500 0.710 0.639 

Total No. of DOF  31224  123534 136824 

 742 

6 Summary and conclusion 743 

Wind energy industry and research community rely on both specialised software tools and well-744 

established and tested general purpose engineering packages such as ANSYS or ABAQUS for 745 

analysis and design of wind turbine blades. Blade modelling, pre- and post-processing in general 746 

purpose engineering packages are generally time consuming processes and require high level of 747 

skills. Using the general purpose engineering packages for high fidelity analysis within integrated 748 

and multiobjective optimisation process is not the current practice as the current blade modelling 749 

software tools fall short in delivering a fully automated pre and post processing. WTBM, presented 750 

in this paper is a fully automated blade modeller and fills the current gap. Moreover, it is a well-751 

known fact that increasing the share of high fidelity analysis at the early stages of a design process 752 

leads to superior solutions and it may even reduce the overall cost of the design process by avoiding 753 

costly iterations. Automated blade modellers like WTBM facilitate bringing the high fidelity design 754 

optimisation towards the earlier stages of the design process. 755 

 756 

The theory behind the automated blade modeller WTBM and its capability in (i) automated blade 757 

modelling: defining geometry, material and structural characteristics, (ii) automated pre-processing: 758 

discretising the domain, calculating and applying forces, meshing, setting the solver parameters, and 759 

generating associated APDL files for ANSYS, and (iii) automated post-processing: producing 760 

APDL files which extract performance measures in the context of an optimisation process, are 761 

presented in this paper. Its ease of use and its flexibility in the modelling of nonconventional blades 762 

(i.e. swept back blades) are shown by illustrative Examples 1 and 2 in Section 4. The performance 763 

of WTBM-ANSYS in conducting hundreds of automated high fidelity analyses is shown through 764 

three case studies in Section 5. Using WTBM, one can treat any parameter which is required to 765 

define the size, topology, structure and material of a blade as a design variable and change them 766 

automatically within an optimisation process and therefore conduct an integrated design 767 

optimisation. To the best of the author’s knowledge, the multiobjective integrated design of Case 768 

study 3 in this paper is the first reported integrated design based on high-fidelity multiobjective 769 

optimisation in the literature. The Pareto solutions obtained in this case study are the results of more 770 

than 1100 blade modelling, pre-processing and post-processing. This case study also highlights the 771 
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importance of adopting multi-objective optimisation and integrated design approach in design of 772 

superior blades.  773 

 774 

The application of WTBM-ANSYS in is not limited by the complexity of the optimisation problem 775 

formulation. Moving from the reported simple case studies to a complete integrated design case is 776 

just a matter of choice of the optimisation problem formulation and the optimisation method. A 777 

multiobjective integrated design with tens of design parameters, including layup configuration and 778 

material distribution as well as distributed parameters defining the topology of the blade (chord, 779 

pretwist and aerofoil), can be formulated and conducted, more or less, as easily as the reported case 780 

studies in this paper.  781 

 782 

Noteworthy limitations of the current version of WTBM, which are the subject of future 783 

development, are: neglecting the gyroscopic effects compared to other forces; possible inaccuracies 784 

in the calculation of the centrifugal forces in highly flexible blades; and using a uniform scaling 785 

factor for the entire blade instead of a localised mesh refinement. It should be noted that the 786 

reported case studies deal with the design scenarios in which the blade is subjected to steady 787 

loading. Inclusion of high fidelity aeroelastic/servo-aeroelastic analysis of blades subjected to 788 

dynamic loading within an integrated design optimisation is hardly justifiable due to significant 789 

computational power requirements.  790 

 791 
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 928 
Figure A1-APDL files 1

st
 part: Blade modelling and pre-processor setting 929 

 930 

 931 
Figure A2-APDL files 2

nd
 part: Commands ANSYS to write the results in a text file 932 

/Modelling and Pre-processing 

MP,EX, 1,32300000000.000 

MP,EY, 1,7207800000.000 

....... 

SECTYPE, 1,SHELL 

SECDATA,0.00005, 3,0.000, 3 

SECDATA,0.00047, 5,45.000, 3 

.... 

ET, 1,181 

K, 1,-0.19958,0.84376,0.00000 

.... 

A, 1,36,34, 2 

AATT,, 1, 1,0, 1 

MSHKEY, 2 

ESIZE,0.50000 

AMESH, 1, 1,1 

.... 

SOLCONTROL,1,1,NOPL 

KBC, 5 

KSEL,S,LOC,Z,0,0 

DK,ALL,UX,0 

.... 

NSLK,S 

 

AUTOTS,ON 

KSEL,S,KP,,1, 1,1 

NSLK,S 

FK, 1,FX,5.57734 

.... 

/Get and Save Results 

*GET,NONDELE,NODE,0,NUM,MAX 

NSEL,S,NODE,,1,NONDELE 

*SET,RESULTS 

*DIM,RESULTS,ARRAY,NONDELE,12 

*DO,II,1,NONDELE 

*GET,LOCX,NODE,II,LOC,X 

*GET,UX,NODE,II,U,X 

*GET,S1,NODE,II,S,1 

.... 

*VFILL,RESULTS(II,1),DATA,LOCX 

.... 

*ENDDO 

SAVE.... 

*MWRITE .... 


