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About this Guide

Welcome to Bladed!

This guide provides a brief introduction to the Educational Version of Bladed. It contains descriptions of
the input modules, the most common calculations and a selection of questions for investigation. A
worked example of one of the questions is also included.

For more information:

For more detailed explanations of any of the features of Bladed, or of the theory behind the
calculations, a comprehensive User Manual, and Theory Manual are included within Bladed. These can
be selected from the Help menu in the user interface, as shown below:
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Quick Help shortcut:

Simply pressing the ‘F1’ key at any time is a handy shortcut to the User Manual. This will automatically
open the page of the Manual that is relevant to the part of Bladed you are working with.

Demo Turbine:

The Educational version of Bladed comes complete with a demo turbine that has all of the parameters
pre-loaded. Opening this Bladed model and exploring its features is a great way to familiarise yourself
with the software.

To open the demo turbine go to ‘File’, ‘Open Project’ and select demo_a.prj as shown below:
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Introduction to Bladed

Overview:

,
T
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Bladed is a wind turbine design and modelling tool. The user enters parameters to define the
turbine, the wind conditions, and the sea state (for offshore turbines). Bladed then calculates
structural loads and dynamic responses, plus power and energy values and other data.

User interface:
1. INPUTS

The first ten icons are inputs. Clicking on each one opens a data entry window. E.g ‘Rotor’
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2. CALCULATIONS

The calculations available are shown in the calculation window. A green light means Bladed has all
the information it needs to carry out that calculation. Red or yellow means more data needs to be
entered.
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When a calculation has the green light the user can select it and click ‘Run Now’. Bladed asks
where to save the results, and then performs the calculation.
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3. CALCULATION OPTIONS

Click ‘Show Options’ in the
calculation window. This opens
a list of settings that can be
enabled or disabled within the
model. This is a very useful
feature for investigating the
effect of specific parameters on
power production loading

4. OUTPUTS
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The Data View icon allows calculation results to be displayed. Data can also be exported to Excel.
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To produce a graph, click on ‘Channel 1'.
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A window appears where you can choose the data

series required. Clicking ‘View Graph’ at the bottom displays the graph. ‘Tabulate’ allows data to

be exported to Excel.

Up to six data series can be displayed on the same graph using the six available channels. An
example graph showing four quantities plotted simultaneously appears below:
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Blades

Overview

The shape and design of wind turbine blades has a huge influence on overall turbine performance,
power output, and turbine loading. In this part of Bladed, we define the blade geometry, aerofoil
sections, mass and stiffness, as well as other blade details.

What you see

- Blade Properties

Blade Planform: Chord, Pitch axis (black)

©
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Blade Geometry
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@ This shows a schematic of the length of the blade. Various blade parameters can be
displayed by selecting from the dropdown menu immediately below the graph.
(. J
4 1\
This shows a cross-sectional ‘slice’ through the blade, which changes as we move from one
station to the next in the Blade Geometry tab.

@ Blade Information : general information about the blade

Here we can view a summary of the blades and blade mounting angles, select iced blades, and view
the list of aerofoil profiles used in the current blade model.

@ Blade Geometry : defining the blade stations

This section allows us to build up the shape of the blade as a series of individual stations, which can be
added and deleted using the buttons on the right hand side. As we add a new station, we first define
the distance from the root of the blade. We can then edit the various blade characteristics. (Note that
the aerofoil datasets need to be entered first through the Aerofoil window as explained in the next
section).



Moving the mouse over a particular characteristic displays a precise definition of that parameter.

A worthwhile exercise would be to vary the values of each of these parameters in turn for one
particular blade station, and see how this affects the cross section image in the top right hand corner.
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@ Mass and Stiffness

Here we detail the distribution of mass on the blade, as well as other characteristics such as stiffness.
The check boxes on the left allow characteristics to be enabled or disabled depending on the modelling
complexity required. Moving the mouse over a particular characteristic displays a precise definition of

that parameter.

@ Additional Mass/Inertia

In this section we define the location and mass of any added masses on the blade in a similar fashion

to the Blade Geometry, stating the distance along the blade, the mass, and the chordwise
position in X’ and y’. We can also give details of vibration dampers within the blade, and any

additional pitching inertia.
From this toolbar we can also select ‘Mass totals...” to see values for the blade mass, moments of

mass, and moment of inertia.

Completing the blades
Once the blade design has been finished, click ‘OK’ in the bottom right hand corner.



Aerofoil %

%

Overview

To model the aerodynamics of turbine blades, Bladed uses the lift, drag and pitching moment
characteristics of the blade defined at each station to calculate the resulting aerodynamic forces and
moment along the blades. The data for these characteristics is known as an aerofoil dataset. A
number of these datasets can be combined to define an aerofoil section. This screen allows the
information in these datasets to be entered, observed and edited. Once entered, these datasets will
then be available for use in the Blade Geometry window.

What you see
Initially the Aerofoil Database screen will appear blank with no data displayed.

There are several ways to enter data. Firstly, data can be loaded directly from Bladed. Click ‘Load’ at
the bottom left for a list of available data, and choose demo_a if using the demo turbine. Secondly,
‘Import’ allows an existing aerofoil dataset to be uploaded. Alternatively, data can be pasted directly
from a textfile, or from Excel. Finally, data can be entered manually or edited, using the input fields at
the bottom right.

Once entered, aerofoil datasets can be saved for future use. ‘View Data’ generates an instant graph of
the aerodynamic characteristics plotted against angle of attack.
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@ Aerofoil data

In this section we can name the aerofoil dataset and add a description in the comments section. We
can also define or edit general parameters, such as Thickness to Chord ratio, Reynolds Number
and Pitching Moment Centre.

@ Look-up table

This table contains the aerodynamic characteristics of the dataset. The first column shows the angle of
attack, and the subsequent columns show the lift, drag and pitch moment coefficients for each angle of
attack. This information can be edited using the buttons just below the table, and new entries can also
be added to further define the data set.

Using aerofoil interpolation

Once the required aerofoil datasets have been completed, it is possible to combine several of these
datasets using aerofoil interpolation.

In the Blades screen, there is a row in the Blade Geometry tab labelled Foil Section. If we select
‘Define...” from the drop-down list at a particular blade station, we see the following screen.

h Define Aerofoil Sections E'@
Blade Station: 26,407 4m @
Section Type: Marmal
Section Mumber; 3 - e |

Aerofol Datazetz For Interpolation

e Feynolds Mumber [nterpolation
Thickness/Chord [[51m1 3r2 -
R atio
Interpolation L3 m 72

k. Cancel I

The drop-down list here can be used to assign a number label to each combination of aerofoil
@ datasets. The appropriate label number is then selected back in the blade geometry tab.

This table can be used to interpolate between aerofoil datasets with different Reynolds numbers
and thickness/chord ratios. In the example above, the Foil Section number 1 corresponds to an
aerofoil section that interpolates by thickness/chord ratio between the “LS1m13r2” and

“LS1m17r2” datasets.



Rotor
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Overview

The exact design and orientation of the rotor and hub is dependent on many factors. From this screen,
we define the parameters and dimensions of the rotor and hub.

What you see

,?r Turbine configuration

@ Turbine and Rotor

Turbine and Rotor ‘ 1 ’ T Hub ( 2 i
Blade: | [38.75 m] Wino F
Marninal rotar diameter (20 m jorsovrg ."“f
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T owuer height [HE] EQ m f T _ j"}:’? .
Hub wertical offzet (k) 15 i mmmeTTeghoe oo jf h
Total hub height [He+h] 515 m E |7
Elade set angle ] deg i i
Caone angle [C] u} deqg Ei E Ht
Tilt angle [T] deq O o
Owerhang [0 ar il :_"' |
Lateral Offset (L] m
Fiotational zense Clackwise -
Fotor pozitian Upwind T
Speed Type Y ariable hd
Contral sufaces Pitch -
Tranzmission Gearbox -
Cut-inn windzpeed 4 s
Cut-out windspeed 25 mss
Wiz s Encrypt rotor and hub ..
graphic ...

Apply M azz tatals..

In the first tab we define the dimensions of the turbine rotor, and key information on its operation and
design such as number of blades, cone angle and overhang, speed type and the turbine’s cut-in
and cut-out windspeed. We can also define the rotation orientation of the turbine (clockwise or
anticlockwise) and the position of the rotor relative to the wind (upwind or downwind).

X
@ Viewing the turbine

Here we can edit information on the dimensions of the blade root
spinner; and the mass of the various components of the hub.

Once the blade, tower and rotor have been defined in Bladed, a
fully rendered 3D model of the turbine model can be viewed by
clicking on ‘View turbine graphic...”. It is possible to zoom in
and out, and rotate the model using the icons in the top toolbar.




Tower

Overview

In the educational version of Bladed, only tubular axisymmetric tower designs can be modelled. In
the full version of the software, the multi-member tower option can also be selected.

What you see: Tubular axisymmetric tower

Select Tubular Axisymmetric in the section labelled 1. The screen appears as below:
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Graph

Show: | Automatic | Copy Metafile | Copy B\tmap| Print | Save |
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Here we are able to enable and disable the modelling of mass, stiffness and torsional
degree of freedom in the tower design.

This is a look up table of the materials used, in which the material name, density and
Young’s modulus are entered.

Land or sea environment is selected, and the relevant drag and inertia coefficients are defined.

In this section we build up the tower structure station by station. The parameters which need
to be defined depend on which boxes have been checked in section 1. Stations are ordered in
ascending height. The material used for each segment can be selected too, providing that it has
been entered in section 2. Otherwise, mass and stiffness properties can be entered explicitly for
each tower station. Point masses can also be added if required.

This displays a cross section through the tower structure.

In this section we can define the foundations of the turbine, and properties of the ground or
sea bed. A vibration damper can also be applied.
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Power Train

Overview

Realistic modelling of the power train is essential in determining the electrical power that can be
generated. The Power Train module of Bladed allows the turbine’s power transmission and gearbox
to be defined, along with the mounting of the drive train, the electrical network and its

connectivity.

What you see

' Pover Train

Transmission

Maounting Electrical

Mot Defined

% Dynamic dive train model

" Locked speed diive train |Fi:-:ed rotar speed |E| | rpm |

(3 earbox ratio

83.33

[ enerator rotation

Same az rotor -

G eneratar inertia

kané

HS5 inertia

kg

Gearbox inertia

kané

Brake pozition

¥ Elipping clutch

b

=] DefineBrake...l

including brake dizc
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¥ Flesible low speed shaft

LS55 ztiffness

1.6E+08

Mmrad

LS55 damping

250000

Mmzdrad

[™ Flesible high speed shaft
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0
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H55 damping

0
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Encrypt tranzmizsion ...

[T Estenal DLL

Uncoupled shaft tarsional modes:
Frequency: 3.225 Hz [20.263 rad/s ), damping: 0.01583

Decrypt tranzmiszion ... Apply | Reset |
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@ Transmission

In this section we enter key information on the drive train set up. We first select the drive train model,
either fixed speed or dynamic. We can then supply the gearbox ratio and drive train inertias,
and also add flexibility to both the low and high speed shafts.

The image within the window displays a simplified model of the drive train we have defined, showing
the brake position (red) and the position of a slipping clutch (gold). The box at the bottom right
shows the torsional modes of the shaft.

@ Mounting

In this section we can choose to model flexibility of the drive train pallet or gearbox mount,
supplying the stiffness, damping and inertia in each case.

@ Electrical

In this tab we provide information on the type of generator, and important generator parameters,
such as maximum and minimum torque, and the time constant.

@ Losses

This is an important section, detailing the mechanical and electrical losses in the power train. For
the mechanical losses, these can be entered as a function of torque or power using a look up table.
In the electrical losses, this can either be a linear relationship or a look-up table.

@ Network

The final tab is where we define the network that our turbine is connected to, giving the number of
additional turbines and the voltage of the network.

12



Nacelle

Overview

A straightforward data entry module in which the dimensions, mass distribution and inertia of the
nacelle are defined.

What you see

~, Nacelle = E ([

v Azzign Geomety  Macelle windage: @ Dragonly € Az an aenofail

M acelle length m |G

Macels height

=

M acele width il

Macelle drag coefficient

Locatiaon af frant of nacele measured from tower axis il

Aerofoll datazet [from databaze)

v Aszzign Mass [exciuding rotor and hub)

tazs kg |72000
Pazition af Centre of Mazs to zide of tower axis mo |0
Height af Centre of M azz, relative to tawer top m 1.3
Pazition of Centre of Magz in front of tower axiz m |-0E
aw inertia [about bower asiz) kg mé [2715000
Maodding inertia [about centre of mazz) kg |0
Rolling inertia [about centre of masz) ka e (0

Enciypt nacelle ... k. Cancel
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Overview

The controller is often described as the brains of a turbine. A good controller ensures that the turbine
operates at maximum efficiency, and also reduces structural loading by monitoring operation and
responding dynamically to avoid resonances. The controller also protects the turbine by triggering
shutdowns in the event of faults, grid failures or extreme climatic conditions.

What you see

i Control Systems E\ (=] @
Power Production Control Supervizory Control
Stall Fegulated ¢ Fived Speed € Wariable Speed Start... | Mormal StDDA Emergency Stop.. |

Pitch Regulated € Fixed Speed & Yariable Speed Brakes... | Y & Eontn( 2 )E:-tlemal Contraller. . |
‘ 1 ’ Parked... | Idling... \1’ Fitch Actuator... |

)
Torgue-zpeed curve below rated Tranzducers
i+ Dptimum lip speed ratin Caloulate Power Tranzducer ime constant B
L) !_ook-up labl"f g Speed Senzor Time Congtant T
I:I|.:|t!ma| mode gain Nmdfiad/sF Fitch cartral: software rate limits
Mirimum Generator Speed 1pm 750 Mirimum pitch rate A deg’s
O ptirnal Mode M aximum Spesd e |1500 Wasimum pich rate |8 Jears Actuator..
Above Rated: Pitch Regulated Speed Torgue Contral
Pitch Feathering Azzizted Sta P| Contral =  Define.
Minimum Pitch Angle deg 2 ( 2 Digcrete External Controller " Define...
I aximum Pitch Angle deg (90 \A i
Demanded Generator Torgue M 13403 (e
D'emanded Generator Spesd e |1500 Pl Cantral ¢  Define...

Digcrete External Controller " Define...

Cottroller Dynamics v

Encrypt contral .. | |

Controllers are complex, and unsurprisingly the control tab displays a large range of parameters.
However, in practice, a controller is often provided, meaning it’s not necessary to define all of these
variables each time.

The overall control strategy is defined here. The simplest choice
. is fixed speed and fixed pitch (stall regulated). Try selecting it —
Power Production Control ) P . P ( .g )-Try g
you will see that virtually no control is necessary because
everything is held constant.

The standard turbine control strategy is variable speed operation up to rated windspeed (controlled by
varying the torque of the generator — section A), and variable pitch operation above rated windspeed
(changing the pitch of the blades - section B). With this selected, the window appears as above, with
many options.

These are a set of control options that define a turbine’s response to a

@ Supervisory Control range of scenarios. Often these are safety features, designed to
protect the turbine from damage.
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Modal

Overview

This module calculates the frequencies and mode shapes of a specified number of modes. The steady
deflections are important for steady loads, while the vibrational frequencies are used in simulations.

Modal Analysis needs to be run after a model
simulations are run.

What you see

has been completed, and before any Bladed dynamic

(2
i Modal Analysis Parameters

Blade Modes

|Number of blade modes

j hodal damping. .

Tower Modes

|Number of tower modes |7-' j todal damping. .

|Azimuth angle | deg

Calculate. .. Besults... o LCancel

1. First, select the required number of modes, then click ‘Modal damping’ and enter the damping

values for each mode. These values a
default value of 0.5% (0.005) can be

re often provided by the turbine manufacturer. If not, a
used.

2. Click ‘Calculate’. The calculation takes just a few seconds to run.
3. Clicking ‘Results’ displays the modal frequencies in the following screen:

‘~ Modal Frequencies

(o] & |

Frequencies (Hz) | Damping ratio
0.958
1.458
2.860
4.840
0.470
0.472
3.058
3629
4,389
4 B89

| Mode type

0.01| Blade: Aapwise nomal mode

0.01| Blade: Edgewise normal mode

0.01| Blade: Aapwise nomal mode

0.07| Blade: Edgewise normal mode
0.005 | Tower side-side translational attachment mode
0.005 | Tower fore-aft translational attachment mode
0.005 | Tower side-side rotational attachment mode
0.005 | Tower fore-aft rotational attachment mode
0.005 | Tower side-side nomal mode
0.005 | Tower fore-aft normal mode

4. Select a mode and click View mode shape for a graphical display of the modal deflections. The

mode shape can be animated by clicking on the double arrow icon on the graphics window

toolbar.

TIP: If some of the modes have high frequencies, it may be preferable to specify fewer modes,
since high frequency modes cause the simulations to run more slowly, and tend to have less

influence on loads than the modes of lower frequency. Typically, 4 blade modes are calculated, and

7 tower modes.
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Overview

Defining the incident wind on the turbine is very important. This module allows any wind profile to be
simulated, from a constant, steady flow to a full 3D turbulent wind field. The data entered here is not
part of the model itself, and will only need to be entered before running a particular simulation.

What you see

 Wind E=SiEcR ==
n
l IJpwind turbine wake Define turbulence \ 3 Annual wind distribution
Time varying wind 2 ) wind shear Tower shadow (4
\

O

istany

30 Turbulent ‘Wind

" Tranzients

[~ Refer wind speed to
bk height

Wiew Wwind Data

Ervironment [other):

Waves [
Currents O J
Tides  OfF .|
Eathquake Off ... |

Constant wind

ind speed més |0
Height at which zpeed ls defined m |0
ind direction [fram nortk) deg |0
Flows inclination deg |0

Apply | Reset |

To get started, the four tabs highlighted above are probably the most important:

OBNONONO

Time varying wind

Wind Shear

Define Turbulence

Tower Shadow

The appearance of this tab varies depending on which of the four red
options at the top left is selected. ‘No Variation’ produces the simplest
wind profile, while ‘3D Turbulent Wind’ is used for more realistic
simulations. ‘Transients’ allows isolated wind gusts to be simulated.

This straightforward tab allows the wind shear profile to be defined.

For many simulations, the first step is to generate a turbulent wind
field. This is then saved, and the file location selected on the ‘Time
varying wind’ tab. See Bladed user guide (press F1), or page 19 of this
guide, for a detailed explanation.

This defines the distortion to the steady-state mean wind field due to

the presence of the tower. Several options are available. Press F1 help
for details.
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Sea State

Overview

This module is used for offshore turbines where currents, waves and tides provide extra sources of
loading on the structure.

What you see

.
_h Waves and Currents

Currents

Wave Characteristics Additional constrained wave
" Mone f* MNone
" Linear Meww ave

Regular 'wWaves:
" Stream Function

™ Linear iry ave height
(" Stream Function [ ave period Comstrained wave height
Time of wave crest
Iregular Waves: B andom number seed - Constrained wave time period

{+ onzwap/Pierson Moskowitz spectm

Significant wave height

FPeak spectral period

Peakedness (1 = Pierson-Moskowitz)

" Uszer-defined zpectium |

All Waves: Cirection of approach [fram Marth) | deg |E|

‘Wave diffraction approximation
" McCamy-Fuchs approsimation: member diameter [V

f* Simple cut-aff frequency [V Auto-define

Apply Rezet

Wind and Wave Climate. ..

@ Currents This tab allows sea currents to be defined. Near-surface, sub-surface or near-shore
currents can be defined. Press F1 Help for a clear description of these possible
current components.

can be simulated. Diffraction around structural members can alter the energy
transfer dynamics between the waves and the structure. Two options for modelling
this effect are offered.

@ Waves can be an important source of structural loading. Regular or irregular waves
Waves

@ Tide This tab allows the tide height above mean sea level to be entered.

The ‘Wind and Wave Climate’ button at the bottom links to the ‘Wind’ module window.

17



DNV-GL

Selected Main Calculations
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Supporting Calculations
Modal Analyziz *

ind Turbulence
|E arthquake Generation o

Creating and using Turbulent Wind Files |

Overview

When testing a turbine design, it is important to subject the turbine to the kind of turbulent wind
conditions that it will face once constructed. To do this in Bladed we create a turbulent wind file: a
time history of the variation and distribution of the wind within a volume into which our turbine will sit,
almost like a virtual wind tunnel. The information for this turbulent wind will then be saved in a file,
which can be used in future simulations. In this section we explain how this is done.

Creating the wind file

To perform this calculation, go to the Wind module, and select the ‘Define turbulence’ tab. This
window can also be opened by selecting ‘Wind Turbulence’ from the Calculation menu.

 Wind o B /(5]

Time warying wind T Wind shear T Tower shadow

Upwind turbine wake T é.ﬁéﬁHEEE}E[IIEHE% T Annual wind distribution

Plane of turbine

Imnport Details ... |
Hurber of points along 0
Mumber of paints along 2 1] kl wind 'alume"'
olurmne width mo (0
alumne height 2 m |0
Daration of wind file z |0
Frequency along = Hz |0 4 | . | 7
|M ean wind zpeed | s |I:| |
|Tur|:uu|enu:e Seed | - |1 |

Spectrum T ype

* von Karman
™ Kaimal @ Defire ...

" Mann
Ho Advanced Ophions Enabled Advanced options . |

Generate Turbulence: Maow in Batch Apply | Reset |

aK I Cancel I

@ Here we enter the values and parameters which will determine the characteristics of our

turbulent wind field.

The dimensions X and Y of this field (shown as the black container in the right hand image)
should importantly be larger than the main dimensions of the turbine, with the height Z ideally
being greater than the total height of the turbine, and Y being greater than the rotor diameter.
We also need to define the duration of the wind file and the mean wind speed. The number of
points should be chosen to so that points are spaced no more than 5 or 6m apart.
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@ Several different turbulence models can be used. They can be chosen and modified here.

Once all the necessary details have been entered, we can go on to generate the wind file. This
should only take a short time, depending on the duration and size of the wind field, and Bladed
will ask for a file location to store the wind file.

Using the wind file

"

Upiwind turbine wake Define turbulence Annual wind distribution
' T Wwind shear T Tower shadow

Turbulent wind file name c:sprogram files [#86)hbladed 4.2 educati _ thigs. . |
™ MaWariation b ean wind speed 12

Height at which speed iz defined £1.5

™ Single Paoint Hiztary
o 30 Turbulent Wind

Turbulence Intensity [longitudinal) 16.0108

Turbulence Intenzity (lateral] 0 Turbulence is valid for 12 5465 2
Transients Turbulence Intensity [vertical] 0 Turbulence iz walid for 8.924723 %

| Fefier vl smmadin ihd diraction [fram narth) deqg (0 St wind file defaul
hub height Flove inclination deg |3 [ Allove wind file to wapfa C

iew wind Data Additional zinusoidal wind direction tranzient Height of hurbulent wind fisia

rnplitude of direction change deg (0 ™ Centred on hub height
Start tirme: for transient z (0 {+ Best fit for notor and tower
Cruration of tranzient E
Tope of tranzient (half/full wave) |Ha|f - Interpalation scheme:

| Fully Cubic |

E nvironment [other]:
Waves ]y
Currents On
Tides ]y
Earthquake Off

Continuous direction change
|Hate of direction change |deg.’“$|ﬂ

Apply | Reset |

Once the wind file has been generated, we can use it in a calculation by configuring the simulation for
turbulent wind.

Go to the “Time varying wind” tab and select ‘3D Turbulent Wind’ on the left hand side (A).
In the top dialog box ‘Turbulent Wind File Name’, select the wind file generated previously (B).

Click ‘Set wind file defaults’ (C) to set the mean wind speed value. If the von Karman turbulence model
has been used to create the turbulent wind file, this will also generate the longitudinal, lateral and
vertical turbulence intensity values. For other turbulence models, the turbulence intensity values must
be entered manually.

The turbulent wind field is then ready to be used.

NOTE: In the Educational Version of Bladed, only the longitudinal component of turbulence is used in
simulations.
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Steady Calculations
derodynamic [nformation ﬂn

Ae ro d y nam i C I N fo rm ati on Performance Coefficients |ﬂ|
Steady Power Cuve |

Steady Mnerabinnal | nars 2%

Overview

The Aerodynamic Information calculation provides aerodynamic characteristics for the blade, for
each individual blade station. This includes the angle of attack, inflow factors and the lift, drag and
pitching moment coefficients.

Required components Instructions

2 - 1. Complete the information for the modules shown to the left
——
e 2. Click on ‘Calculation Parameters’ at the bottom of the calculation
- window. Ensure the ‘Aerodynamics Control’ and ‘Aerodynamic
Information’ tabs are complete

Blades Aerofoil

} L 3. Run calculation and choose an output location
pra

Rotor

Output and Applications

An Aerodynamic Information calculation produces a graph of variables such as Reynolds number
and angle of attack (see below), as a function of distance along the blade. This can be very useful
for preliminary blade design and for assessing the blade’s aerodynamic performance.

Angle of attack [rad]

05—

04—

Distance along blade [m]
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erodynamic Information £
Performance Coefficients |
Steady Power Curve Steady Powst Curve @)
Steady Uperabional Loads a
Steady Parked Loads [
Overview
A Steady Power Curve calculation determines the turbine power as a function of wind speed,
assuming uniform, steady winds with no shear or turbulence. It can also be used to look at how
electrical power, torque and thrust vary with wind speed.
Required components Instructions
L
—
EON .
% 1. Complete the information for the modules shown to the left
Blades  Aerofoil 2. Click on ‘Calculation Parameters’ at the bottom of the calculation
- B window. On the ‘Power Curve’ tab enter the wind speed range
L and the step size. Ensure the ‘Physical Constants’ and
M ‘Aerodynamics Control’ tabs are complete, as these will also

affect the simulation

Rotor Power Train ) )
" 3. Run calculation and choose an output location
A

—

AE-

N,

S ON
Control

Output and Applications

This calculation produces a graph displaying the steady power (see below), thrust and other
variables delivered by the turbine, as a function of steady wind speed between the cut-in and cut-out
speeds. This can be used for assessing the turbine productivity over the full range of its operation.

Pt

TBIS300

1200000 - '

i

Elecirical power VW]

Bl -

o]

B0 —1-

Frniuks o

Hub wind spied [m's]
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Fower Production Loadin
Mormal Stop
Emergency Stop

Chark

Power Production Loading

Overview

A Power Production Loading calculation is a time domain simulation of the wind turbine’s
response and loading during power production/operation under a range of user defined
external conditions.

Required components Instructions
L
% L 1. Complete the information for the modules
y s re shown to the left

Blades Aerofoil Rotor . .
2. Click on ‘Calculation Parameters’ at the

bottom of the calculation window. Ensure
the ‘Physical Constants’, ‘Aerodynamics
Control’ and ‘Simulation Control’ tabs are
complete, as these will also affect the

Tower Power Train Nacelle

simulation
m t — 3. Run calculation and choose an output
A, fl = location
Y [ i i

Output and Applications

A Power Production calculation generates a very wide range of outputs, allowing almost every
aspect of turbine performance to be examined. Outputs include wind conditions, power output, rotor
speed, pitching angle, controller information, and structural forces and moments (loads). All of
these can be displayed graphically or exported to Excel, using the Data View module (icon shown to
the right).

/ Electrical power [MWW]

UesseH
pE.IES) 79 (0} Pasuad|T - [eUolEaNp3 pape|g

# Mean pitch angle [deg]

~ Blade 1 Mx (Principal axes) [MNm] Distance
along blade =0 m

Time [s]
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Selected Post Processing Calculations
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Bazic Statistics *

Basic Statistics Fouter Hamonies 1@

Pariadim Maramsesek

Overview

The Basic Statistics post-processing calculation provides statistical information on a chosen output
signal, including the mean, minimum, maximum, standard deviation, skew and kurtosis.

Running the calculation

In the ‘Post Processing’ tab of the Calculations window, click on ‘Basic Statistics’. The following window
will appear.

i Post Processing Calculations Iil_lﬂ_hj

Calculation: |Basic statistics j
Data to be processed
{* Single channel [
" Multiple processing ¥
Drirecbary: c:wprogram files [#86)\bladed 4.2 educationalvresults
Fun Mame: hztop
W ariable: Blade 1 M= [Principal axez], Distance along...

[~ Find Max and Min only

Add to Batch | Execute Mow | Apply | Reset |

To choose the data for processing, click ‘Select’ . You may then choose the data for analysis by
defining the path, run name and data group. In the Educational version of Bladed only a single channel
of data may be selected.

b

Next click ‘Execute now’ . You will be asked where to save the results, and the calculation will run.

Click ‘Results’ to open the Data View window. Define the data channel(s) to view results either
graphically or in tabulated form in Excel.
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Auto Spectrum

|E streme Predictions

||.-’-'-.ut-:| Spectium

|Eru:uss S pectium

Lo hh

Overview

Auto Spectrum performs a Fast Fourier Transform on a signal to calculate the Auto Spectral Density

(frequency spectrum).

Running the calculation

In the ‘Post Processing’ tab of the Calculations window, click on ‘Auto Spectrum’. The following window

will appear.

i” Post Processing Calculations

Calculation: |Auto Spectrum

Data to be processed

Directary:
Fiun Mame:
W ariable:

Spectrum details

{* Single channel
" Multiple proceszing

-
-

C:4Program Files [x8E)\Bladed 4.2 Educational

pp24

Power from turbine at connection point

Mumber of points in each spectral calculation

1024

Percentage Owerlap

ES

50

indow

|Hanning

Remaove Trends

[

Add ta Batch Execute How

Apply

-®

Reset |

group. In the Educational version of Bladed we are only able to choose a single channel of data.

Number of points in each spectral calculation must be entered as a power of 2. A larger value
gives better frequency resolution, while lower values produce a smoother spectrum. 512 is a

@ By clicking ‘Select’ we can define the data for analysis by choosing the path, run name and data

good starting point. The other inputs here can be entered as shown in the window above. (For a
detailed explanation, press ‘F1’).

Click ‘Execute now’ . You will be asked where to save the results, and the calculation will run. Click
‘Results’ to open the Data View window. Define the data channel(s) to view results either graphically or

in tabulated form in Excel.
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Channel Combination
Flick.er
Linear todel

Channel Combination

L

Overview

This allows new, user defined output channels to be created using combinations of existing channels
and mathematical functions.

Running the calculation

In the ‘Post Processing’ tab of the Calculations window, click on ‘Channel Combination’.

“v Post Processing Calculations

=) & =]

Calculation: |Channel Combination and Tabulation ﬂ

R

[~ Matrix Combination

The window shown to the left appears:

[T Combine Yariables Across Different Load Cazes
Combined Signal
v Charnel Combination

Combined Signal File Moz [ 1 |-

Description:  |Combined channel examples

Channels and Load Cases ..

[T Charnel Tabulation

Click ‘Channels and Load Cases’ to open
the ‘Multiple Processing: Channel
Combination” window shown below:

Add ta Batch | Execute Now |

Apply | FReset |
k. Cancel
/= Multiple Precessing: Channel combination EI =] @
Variables T Load Cases T Load Case Groups _
Variable | Symbol | Unis Tables
Rotor speed 21 rad/s
Generator speed 52 rad/s
Blade 1 Mk, Blade station radius=1.25m g3 Nm
Blade 1 My, Blade station radius= 1.25m 4 Nm
Nominal wind speed at hub position g5 m/s
Add Variable ... |
Output name frequired | Symbol | Calculations | Units
Shaft twist speed =41 81-(%2/8333) rad/s
Shaft twist angle H2 INTG[ #1) rad
Resultart moment H3 SART{ (33 F+ (54 F) Nm
Above cutout 4 IF($5>25711D) New Table
Add Calculation Resolve Angles | + | + | Apply | Reset |

Choose the ‘Load Cases’ tab and add the directory and run name of the dataset to be processed.
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Then choose the ‘Variables’ tab. Five variables are preselected for you. Click ‘Add variable’ to select
any further variables for processing.

Equations for processing the variables can be set up by clicking ‘Add Calculation’. The following window
appears:

-~ Edit calculation E'@
EE Y 9| 4 | SRR Calculation edit: Operate on highlighted text

Values: click  Binany: click  Unary: click
|i to replace to applhy to applhy

s el el —

2 - ()

3 = {F

54 S (F =

55 =| [ - (SQRT()

#1 Wl = T ISINGY

H2 L= COS()

H3 < TAN()

#He = ATAMN()

#h > ABS()
Output name: | H6 = | b T WO -

Symboal: |tHE Units: - QK Cancel

Create equations
in the box on the left using the values and functions in the three menus on the right.

As well as defining new output channels, it is also possible to combine loads vectorially using the
Resolve Angle function.

In the Multiple Processing: Channel Combination window, click

on Resolve Angles to open the window on the right. This [ (=25
generates a set of equations which calculate the resultant of 3 . _
two orthogonal loads resolved into different angles. §2 Variable at U degrees:
$3 | - > | [s1
Select the 0° and 90° loads from the list on the left of the ig
window, using the arrow buttons to set them as variables. For =| ‘“arable at 90 degrees:
example, the hub My and Mz loads could be selected. # o T |
#2
. . #3
Then define a range of angles to resolve over, and provide a H4
name for the output variable. HE - Step: |:| deg
If the 0° and 90° loads are V, and Vg, then for each angle 6 an Between |':I | and |3E':' |'j‘95'
equation is created which generates V,cos0 + VgosinB. The Label:
output name for each variable (if specified) will automatically | |
have the appropriate angle appended.
] | Cancel |

For a more detailed explanation of this module press ‘F1’.
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Rainflow Cycle Count

Overview

R ainflow Cycle Count _j|
Fatique Analysis P

The Rainflow Cycle Count post-processing calculation is a form of fatigue loads analysis, used to
examine the results of time domain simulations. It can be used to find the damage equivalent load.
This is done by counting the number of cycles of a signal, reducing the time variation of the load into a
simple set of load means and load range values. This calculation is useful in analysing the total fatigue
loading that a particular component is likely to experience during its lifetime.

Running the calculation

1. In the ‘Post Processing’ tab of the Calculations window, click on ‘Rainflow Cycle Count’, and the

following window appears.

r\ Post Processing Calculations

Calculation: |Hainfluw Cycle Counting

Data to be processed

@ + Single channel [+
" Multiple processing [

Directon: c:hprogram files [#8614bladed 4.3 educational

Fun Mame: pp2d Select...
Wariable: R otating bub kdy

E quivalent Loads Calculation

v Calculate Equivalent Loads

Inverze S-M slopes to uze:  [enter up to 10 values) @

| 3 [ 4[5 [ [ 7 [8[s[10] |
Frequency for Equivalent loads ||:|_3 Hz

Data Bins

(& Aytomatic { Az specified below @

tumber of bing g0 [1-128]

kirirnum range to count az a cycle |E|

Add to Batch Execute Mow Apply Reset

OF Cancel
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In the Educational version of Bladed we are only able to include a single channel of data for this
@ calculation. By clicking ‘Select’ we can select the load case and variable we wish to analyse.

Here we can choose to output an ‘Equivalent Load’. Equivalent load values are derived from a
hypothetical sinusoidal load that would produce the same fatigue load damage as the original

@ simulated time series. The exact value of the equivalent load depends both on the sinusoidal
frequency chosen and on the material specified. The S-N slope value is characteristic of a
particular material and must be specified for each rainflow calculation. Up to 10 inverse S-N
slope values can be entered.

We must also provide the number of bins and minimum range, as well as a minimum and
@ maximum bin value if we so choose.

After the above information has been defined, we can run the calculation.
Output and Applications

Once the simulation has been run, the values of the ‘Equivalent Loads’ can be viewed in the Data View
panel. These values can be useful in the design process, and small adjustments can be made to the
model to assess the effect this has on the value of these loads by re-running the calculation.
Equivalent Loads of the same load case using different S-N slope values can also be analysed to assess
the outcome of using different materials.

2000000——

1990000—

1980000——

UesseH
pELIES) ) |0] pasusal - [eUoiEsnpg pape|g

1970000——

Equivalent load [Nm]

1960000—

1950000 —

1940000 ——

| | | | | | |
3 4 5 G 7 8 ] 10

Inverse SN slope [.]
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Investigation Questions

The best way to become proficient with any new software is by using it.

The following study questions cover a range of key areas in turbine design. By using Bladed to answer
them you will develop an excellent understanding of this sophisticated software package, and of wind
turbine dynamics in general.

These questions could form the basis of an introductory course on Wind Turbine technology, and all of
them can be investigated using the built-in demo turbine included with the software.

1.

10.

31

Which parameters affect the modal analysis of a turbine? Adjust blade mass and stiffness, tower
mass and stiffness and nacelle mass and inertia. Run Modal Analysis and view the effect that
these changes have on modal frequencies.

How does the number of blades affect turbine efficiency? Run steady power curve simulations
with two and three blades. Note the differences in Power Output and Annual Energy Capture.

What effect does blade geometry have on turbine performance and loading? Experiment by
changing the chord, thickness, and twist distribution. Run power production simulations and see
how these changes affect turbine performance and structural loading.

What effect does blade flexibility have on output power and blade loads? Run simulations with
and without blade modes enabled (use the ‘Options’ button on the calculation window to change
these settings).

What effect does Tower Shadow have on the structural loading? Use Bladed to investigate the
following loads: Blade Mx and My, Hub Mx and My, Tower My. Examine which of these loads are
affected by Tower Shadow. Explain these results.

What effect does the wind shear profile have on the structural loading? Run power production
simulations using steady wind with varying wind shear profiles. View the structural loading
results. How does changing wind shear affect these loads?

What effect does the yaw angle have on power production and loading? Change the yaw angle
by adjusting the wind direction. Run power production simulations and observe the differences
in results.

Why is it preferable to vary the speed of the rotor at windspeeds below rated? Run power
production simulations with different steady rotor speeds. Note the Annual Energy Yield each
time, and also the performance coefficients.

Explain the difference between pitch regulated, stall regulated, fixed speed and variable speed
control. Run Steady Operational Loads with each control option in turn. Examine the Electrical
Power, Rotor Speed, Pitch Angle, Generator Torque and Blade and Hub loads as a function of
wind speed. Explain the results.

How do the fatigue loads change when different S-N slope values or different frequencies for
equivalent loads are applied? Run Rainflow Cycle Counting calculations on a turbulent wind
power production simulation with different S-N slopes and frequencies. Note the variation in
fatigue loads



Worked example

Q: How does changing the fine pitch angle affect Annual Energy Yield?

Most modern wind turbines use a variable speed / pitch regulated control strategy. Above rated
windspeed the pitch angle of the blades is varied to maintain rated power. Below rated windspeed, the
pitch angle is held constant and is called the fine pitch angle. To analyze the effect of fine pitch angle
on the Annual Energy Yield (AEY), start by investigating AEY with the fine pitch angle as defined in the

demo turbine (-2degrees). Then change the angle and recalculate AEY. In each case Optimal Mode
Gain must be calculated. Detailed steps shown below.

Open Project =]
. \:J\J [Qd « Progra.. » Bladed 43 Educational » + [%2 | [ Search Biaded 4.3 Fducatio o
1. Open the demo turbine. e =- A ®
-{ Favorites = e ’
/4 Calculations =n =R !& gesktTp ) : Z:;h
ownloads 3 i iew_mer
Main calculati T Post Processing = Recent Flaces | results
= = . rotorpics
w Libranes toolbarpics
b odal &nalysiz @ [Power Production Loading ) NH Documents J= MW Tripod prj
ind Turbulence ) [Mormal Stop & J"- Music H g pod.pr)

Earthguake Generation &) Emergency Stop ) ! . em_n—a'p_rj

Steady Calculations Start ) = p!CtU'ES H Is1foils.prj

erodynanic Infomation @) ding ) B videos

O [Parked & § i

Steady Power Curve @) [Hardware Test R gt : = !

Steady Operational Loads | Filename: *.prj:*.5pj - IAH .prj and .Spj files v]

Steady Parked Loads &

Model Linearization @ [ Qpco |v] I oncel I

Electical perfformance

Selected Calculation: Minimum data requirement

Physical Constants Defined ) ; . )

Fiotor configuration Defined 2. The first step is to calculate the Optimal Mode Gain. To do

Blade geometry Drefined

Aerofail dat, Defined i

A::Edi:na?ni:s cantral D:f;::d thls ’

Performance coefiiints Defined first run a ‘Performance Coefficients’ calculation. Open the
calculation window and select ‘Performance Coefficients’ (as
shown to the left). There is no need to change any of the

Calculation Parameters... Show Optiong »> CaICUIatlon parameters at thlS Stage'

[ RunNow | [ FuninBawh || 3. Click ‘Run Now’.

4. Choose a file location to save the results. It is often best to create a new directory with a clear
and specific name. This can be done by selecting the root directory and then writing the new
file name at the end of the ‘directory’ path list (for example, you could create a file called \-
2pitchangle). Leave the run name as it is (‘pcoeffs’ in this case). Click ‘OK’. After the calculation
is finished you can close the Calculation Progress window.

“+ Control Systems =] @ =]
Power Production Control Supervis Control
5. Next calculate the Opt|ma| Mode Gain Open Stall Reguisted (™ Fied Speed ¢ Variable Speed T — 3] Nomal Stop. Emergency Stop
- - Pitch Reguiated  © Fixed Speed & Variable Speed Brakes Yaw Contral External Controller
] bl H H 3 7
the ‘Control’ window and click ‘calculate’. B [E R
) ) . . Torque-speed curve below rated Transducers
You will be asked to confirm the air density  Oplimanp speed a0 Cacate.. Fover Tredicer e cortan. | £ | |
g !—°°Ik'uﬂd'ab'e NT Sensor Time Constant s ] |
ptimal mode gain m/(rad/sE 0,24 oo T
and then to select your performance ST T ey \b\c;";?chsl::ﬁfef‘f: —
HP = Optimal Mode M. Speed 1500 Actustor
coefficients file. —_— e[ [ ek |
Above Rated: Pitch Regulated Speed |
Pitch Featheing & Assisted Stall £ A & Define...
Mirimum Pitch Angle deg -2 .
D Exte il Controll  Defi
Masimum Pitch Angle deg |30 et el EeeTer ﬂ
Demanded Generator Torquz Nm  [13403 (it Gt
Demanded Generator Speed em 1500 Pl Contral & Define.
Discrete External Contraller & Define...
Controller Dynamics [
Encrypt contiol |
Safety Systern... | Turbine fauls.. Cancel
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6. You should see this window. Click ‘Yes’. Then click ‘OK’ to
. Optimal Mode Gain exists 12
close the Control Systems window.

"-.I Existing value = 0.24

= 4 Mew value = 0.332675
/i Calculations o] = | Overwrite existing value?

M ain calculations T Post Pracessing

Supporting Calculations JSimulations

rodal Analysis | [Power Production Loading
ind Turbulence & Mommal Stop

Earthquake Generstion @) [Emergency Stap

Steady Calculations Start
terodpnamic Information @ Idling
Performance Coefficients (€0 [Parked

i: Hardweare Test

Steady Operational Loads
Steady Parked Loads

r odel Linearisation
Electrical performance

€@

@

@ee

7. Now run a ‘Steady Power Curve’ calculation. Select
‘Steady Power Curve’ in the calculation window (as

Selected Calculation: Minimurm data reguirement

e : shown to the left), and click ‘Run Now’. Save the result
waical Constants Defined

Rat fi L Defined i ¢ AN

Blds aonri Dot (with Run Name ‘spcurve’) in the same folder that you

Aerofoil data Defined H

Aerodunamics control Defined Created in Step 4

Power curve Defined

Dirive train Defined

Generator Defined

Cantrol system Defined

Calculation Parameters... Show Options »>

8. Next, rerun these calculations with a new Fine Pitch Angle. To do this, first select ‘Performance
Coefficients’ in the calculation window (as shown in step 2). This time, double click on
‘Performance Coefficients’ to open the Calculation Parameters window. Change the Pitch Angle

from -2 to -1. Click ‘OK’. Click ‘Run Now’ (this time, save the results in a new file ‘-
1pitchangle’).

Optimal Mode Gain exists £3

9. Open the ‘Control’ module and recalculate optimal mode

gain. You should see this window: _| Existing value = 0.332675

@' New value = 0.33365
~ Owerwrite existing value?

10. Click ‘Yes’

11.You have now calculated a new Optimal Mode Gain for a fine pitch angle of -1. However, the
control window still shows a ‘Minimum Pitch Angle’ of -2. So now change this value to -1. If you
forget to do this, when you run a Power simulation, the controller will still define a minimum

pitch angle of -2, while the Optimal Mode Gain is optimised for -1. This mismatch would mean
reduced efficiency.

12.Now run a ‘Steady Power Curve’ calculation with your new pitch angle. This is the same as step
7, but save the ‘spcurve’ file in your ‘-1pitchangle’ folder.
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14.

15.

Open the ‘DataView’ module.

Power’ as the variable (as shown to the right).

16. Click ‘OK’.

17.
Power’
respectively.

18. Click ‘View Graph’.

Although the powercurves are very similar,
there are small differences in power output at

windspeeds below rated.

from your

Click Channel 1 and select your ‘-2pitchangle\spcurve’
file. Select Steady Power Curve, and choose °‘Electrical

Do the same in channels 2 ,3 and 4, selecting ‘Electrical
-1, 0 and +1 pitch angle files

.Repeat steps 8 to 12 for a fine pitch angle of 0, and also for +1. (Your new Optimal Mode Gain
values should be 0.294304 and 0.248725 respectively.)

§ Data for Viewing: Graph channel 1

=] = ==

‘D.\Druglam files [+86]\bladed 4.3 educationalh+1pitchangle

=l

Run Name: =||2%| _ Refresh | Path:
[speurve | et

Data G
Stea

3 program files (+85)
3 bladed 4.3 educational

Diive:
[ = ¢ sdisk]

Prepare T-MON file |

Prepare ASCI file |

Steady power curve

Wariables:

Weominal wind speed at hub position
Shaft power

el
Pitch angle

Rotor speed rad/s
Aerodynamic torque MNm
Generator speed radds

Independent Yariables: (double-
Hub wi ed >

Select value:

View Messages... |

4 Data View

w

1400000

1200000,

Electrical power

200000

0

2000000 ——

1800000——

1600000——

1000000——

800000~

609000

400000

[Run 'speurve’]

Hub wind speed (m/s]

UesseH
peses) 19 10] pesusor - [EUOESNPE pepeld

7 Vapichange

19.The final step is to compare Annual Energy Yield for the four different fine pitch angles.

20. Select ‘Annual Energy Yield’ in the Post Processing tab of the Calculation window.

- Calculations

fe o )

Main calculations

Post Processing

Basic Statistics

Probabiity Diensity

Fourier Harmarics

Pask Analysiz

Feiiodic Companent

Level Ciossing

Ertreme Predicti

Buto Spectum
Cross Spectum

Channel Cambination
C—
Cinear Model

Offshore Code Checking

Selected Calculation: Minimum data requirement

Lnnyal enerqy. peld

Defined.

Annual wind distribution

Defined

Colculation Parameters.. |

Show Oplions >> \

| eeiien, |

[ RunNow ||

[ Runin Batch_ ||

Click on this to open the post processing

window shown to the right:

~ Post Processing Calculations o] @ =]
Calculation: [Annual Energy Yield =
Data to be processed
 Single Power Curve
' Multiple Power Production Runs
Directory: [e-\program files [x8E]Nbladed 4.3 educational
Fun Marme: [speurve | Select..
Variable: [Electrical power

Annual Energy Yield

Annual Mean wind Speed

‘Eul-ln wind speed | mis |4 \

ot wind speed [ |® | 5 s
Mlnd turbine availabilty | % |1 i) ‘ ‘weibull Shape Factor
Curntent wind distibution:  Weibul Define 2 .

¥ Scale annual wind distibution for a range of annual mean wind speeds

Starling anrual mean wind speed wE |5
End arnual mean wind spesd ws |10
fnnual mean wind speed step ws |1

Add to Batch Execute Now

Apply Reset

Cancel

21.Click ‘Select’ to choose the data to be processed. Start by selecting your ‘-2pitchangle’ spcurve
file, with ‘Electrical Power’ as the variable. Click ‘OK’.
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For accurate Annual Energy Capture values you will need to define the wind distribution. However if
you simply want to compare the relative Energy Capture of the different pitch angles, it is fine to leave
the wind distribution with the default settings that already appear.

22.Click ‘Execute Now’ in the Post Processing Window. As always, select a sensible location to save
your file. For example you could save the run in your \-2pitchangle folder, with a run name of
‘energy’. Click ‘OK’, and run the calculation.

23.Repeat steps 21 and 22 for the -1, 0 and +1 pitch angle data.

24.Return to the DataView window. Use channels 1 to 4 to display the Annual Energy Yield for the
four pitch angles (as shown below).

i Graph Parameters EI = @
File Data Preferences
Clear Graph | Befresh Data | Channel data 1 Legends and Styles 1
[~ Autcrrefresh graph every | 0 seconds m
Graph Type - Channel 1. crhprogram files [x86)4Bladed 4.3 Educational\-2pitchangleheneray. 217 J -
& X plot ' Special Clear | Annual energy yield [5] | |
¢ 3D plat = Channel 2. | crhprogram files [x86)5Bladed 4 3 Educationals-1pitchangleheneray %17 ”J j
Graph Style Clear | Annual energy yield (5] | |
Ol (@ e Channel 3. | c:\program files (+86]\Bladed 4.3 E ducationalOpitchanale'energy. %17 ”J j
" Points v
Clear | Annual energy yield [5] | |
’gl;?ér;nd A!’xe:)arksl | c:\program files [+86)\Bladed 4.3 Educationalv+1 pitchanale\eneray. %17 ”J ﬂ
W Y Grid grids | Linnual energy yield [E] | |
I~ Logarithmiz #-duis Channel 5. -
I~ Logarithmic ¥-Axiz - Cloar I | || J
Kbz |Defaul »
— Channel & | “ j
¥ Show Legend Clear | | |
5 10 05 mis ~ | |&nnual Mean Hub wind speed [m/s]
- GE+12 Annual energy vield [J]
Top Title JIEENENT]
Use Shift+Click to freeze/unfresze entries Hultiple: Plats | Stats | Wiew Graph ‘ Tabulate | Llose |

25.You could now click ‘View Graph’, but in this case it is probably better to display the data
numerically by clicking 'Tabulate’ at the bottom right of the Graph Parameters window.
Choosing the ‘Screen’ option displays the data directly on the screen (as shown below).

Tabulated Data EI@
lIRun ‘energy’]
The data shows that the optimum | [annual energy yield [J]
. Annual Mean
pltCh ang le from the four Hub wind zpeed |\-Zpitchangle ‘-1pitchangle \pitchangle “+1pitchangle
. . . [m#s]
investigated is -1 degree. 1 5 B.OSE+12 B.6BI9E+12 B.6B2EX12 B8.533E+12
2 b 1.404E+13 1.42E+13 1.417E+13 1.395E+13
3 7 1.98E+13 1.997E+13 1.991E+13 1.965E+13
4 8 2.524E+13 2.54E+13 2533E+13 2 505E+13
L] 9 3.001E+13 3.016E+13 3.008E+13 Z298E+13
[ 10 3.393E+13 3.406E+13 3.398E+13 3.371E+13
Coov data | Coov with headers I Cloge

EXTENSION: In step 5, Bladed calculates Optimal Mode Gain. Find out what formula Bladed uses to
perform this calculation. Use the formula to manually calculate the Optimal Mode Gain values in this
investigation. You could also have a go at deriving this formula from first principles.
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