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Abstract

Wind turbine development has been formidable in the last years. One of NOWITECH’s
goals are to do research on large offshore wind turbines. A bed plate and hub for the
NOWITECH 10MW reference turbine has been analyzed, according to IEC 61400. The
work is based on Ebbe Smith’s thesis about bed plate design, and Mohammad Akram
Khan’s thesis about rotor shaft and rotor hub design.

A completely new bed plate has been designed, and analyzed with more correct bound-
ary conditions including a yaw bearing with contact surfaces and bolt connections be-
tween flanges. The hub received minor modifications, and is analyzed with a bolt con-
nection and pitch bearings.

The mass of the new bed plate is 99.6 tons, and a has peak stress of 217.5MPa which is
justified in discussion. The peak stress in the hub is 126MPa.

Sammendrag

Utviklingen av vindturbiner har vert formidabel i de siste ar. Et av NOWITECHs mal
er a gjgre forskning pa stgrre vindturbiner som skal plasseres offshore. Det har blitt ut-
fort analyse og design av bunnplate og hub, for NOWITECHs 10MW referanse turbin.
Dette ifplge IEC 61400 standarden. Arbeidet er basert pa Ebbe Smith’s oppgave om
bunnplate design, og Mohammad Akram Khan’s oppgave om hub og aksel design.

En helt ny bunnplate har blitt designet og anlysert med mer korrekte grensebetingelser
som inkluderer yaw lager med kontaktoverflater samt boltede flensforbindelser. Huben
har fatt mindre modifikasjoner og har ogsa blitt anaysert med en boltet forbindelse og
pitchlager.

Massen pa den nye bunnplaten er 99.6 tonn og har en maksimal spenning pa 217.5MPa,
som er forsvart i diskusjonskapittelet. Huben har en maksimal spenning pa 126MPa.
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1 Introduction

1.1 Background

This thesis is about designing rotor hub and bed plate for the Norwegian Research
Center for Offshore Wind Technology (NOWITECH) turbine with respect to structural
stress. Two theses have already been written on this subject, but with different focuses.
The first thesis focused on design of the nacelle bed plate and main bearing selection
for the rotor shaft [3], and the second thesis on the hub and rotor shaft design [6]. The
main scope in this thesis is to combine the previous work into one single assembly
and see how they work together to create realistic stress states. Previous simulations
were done with artificially stiff boundary conditions which gave uncertain component
stresses. With this in mind, a part of the simulation will go to create better component
boundary conditions which will give better stress results. More specifically, bearing ar-
eas and bolt connections will also be modeled and simulated using contact analysis.

Wind turbines are machines that convert kinetic energy in a wind stream into mechani-
cal rotational energy[[12]. Their energy has been used for a over a millennium to power
various mechanisms. In their early years they powered water pumps and grain mills. As
more efficient machines were invented, they took over the work, and windmills werent
used so much. Nowadays, most of the world is relying on non-renewable fossil fuel
which is known to be very polluting, and in that aspect, scientist has been focusing on
environmental friendly and renewable energy resources like wind energy in order to
reduce global warming, and search for new ways to be more energy efficient.

Figure 1: Offshore Windmills [12]
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Figure 2: Mechanical principle of a wind turbine [11]

1.2 Goal

The goal of this thesis is to dimension the nacelle/bed plate which transfers loads to the
tower, and to dimension the hub which transfers loads to the bed plate. The focus is to
create a simulation that contains realistic boundary conditions so more accurate stresses
are unveiled. Also, the mass should be kept as low as possible.

1.3 Scope of Work

First, a general introduction will be given before all the theory applied in the thesis will
be presented. Then the method of how the bed plate and hub was designed and simulated
is explained thoroughly before results and the discussion around it is presented.

2 NOWITECH turbine

The NOWITECH turbine project is a joint project in cooperation with NTNU. The aim
of the project is to make a complete model so other firms can compare their results with
the projects, in order to make it easier for them to make their own turbines. One pur-
pose behind this would be to promote wind turbine technology and take a step closer to
pollution free renewable energy resources [2].

The NOWITECH turbine is a virtual model of a three bladed, horizontally shafted, up-
wind wind turbine rated at IOMW power. It has been chosen to use a direct drive layout
for this turbine (fig. @). In a direct drive system, the rotor hub is connected directly to
the generator through the rotor shaft. In more traditional layouts, the rotor hub must first
transfer power to a gearbox through the rotor shaft, and from the gearbox to the gen-
erator via the output shaft. With the gearbox removed, the reliability and efficiency is
increased. A more complete comparison is shown in figure [3|and more detailed criterias
are shown in figure [5]

Sandeep Singh Klair NTNU - PuMa



Advantages of DD

Dizadvantages of DD

* Mo gearbox and related wear and tear
on mechanical components

» Simpler turbine with fewer parts

# Higherelectrical [FM) and overall drive
train efficiency, producing higher energy

& Lower maintenace and greater
reliability with less downtime

¥ |mproved thermal charateristics due to
absence offield losses

* Full power conversion imporves the

turbine's grid compatibility

* Larger diameter of generator/nacelle

complicates transportation and
Installation

* Higher top-mass weight *}
» Expensive PM material-
potentially uncertain security of

# More complex assembly of generator
using PMs

# Demagnetization of PM at high
temperature

* More advanced cooling system required

# Full power rather than partial power
conversion makes turbine expensive

Comments:

induction genergtor and 3-f stage gearbox

operation

This comparizon is based on o traditional drive train comprizing a doubly feed

*] The general trend towards higher top-mass weight for direct drive turbines seems to
have been broken by the new DD turbine 5WT 3.0 from S5iemens Wind Power

When comparing the FMG solution to the Enercon DD design, the latter is heawer and
the absence of o permanent magnet creates excitation loss when magnetising the coils,
but the concept has an impressive track record from more than 206W of capacity in

Srwroer OTM Coveali - A Par! of Naspan! Coviealbng - March 2577

Figure 3: Advantages and disadvantages of a directdrive turbine

Figure 4: A directdrive turbine with a cut to show the mechanical principle [1]
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Symbol Unit
Extreme wave height 30 m
Maximum sea current velocity 1.2 m/s
Water depth 60 m
Rated power output P 10 MW
Electrical Frequency T 50 Hz
Weibull parameter A 11.75 -
Weibull parameter k 2.04 -
Density of air Dair 1.225 kg/m*
Density of seawater P 1025 kg/m’
Water salinity 35 %
Water temperature (min/max) 0/22 °C
IEC turbulence parameter et 0.12 =
IEC reference wind speed U e 50 m/s
Average wind speed at hub height | 58 104 m/s
IEC wind shear exponent o 0.14 =
Rotor diameter D 141 m
Number of blades 3 -
Hub diameter Do 4.94 m
Length between blade tip and the L 55 m
tower
Maximum rotor speed n 13.54 rpm
Maximum allowed tip speed 100 m/s
Extreme wind speed, 50 years U 70 m/s
Extreme wind speed, 1 year Ugy 56 m/s
Design wind speed Upesign 13 m/s
Rated wind speed Urated =15 m/s
Cut-in wind speed Ucut-in 4 m/s
Cut-out wind speed W i 30 m/s
Optimum tip speed ratio TSRope 7.8 -
Blade pre-curvature 3.06 m
Turbine blade coning angle 2 degrees
Main shaft tilt angle 5 degrees

Figure 5: Criterias of the NOWITECH turbine [5]
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2.1 Requirements

The requirements for the bed plate structure are to keep it within the given geometrical
constraints, and dimension it according to IEC 61400 standard with a maximum stress
of 200MPa. Secondary requirement is to keep the structure mass as low as possible.
The maximum mass wanted per part is 50 tonnes or less. Geometrical constrains are
shown in the figure [0

R
Generator rotor ———_ﬁ_—i; !

Generator stator

Yaw bearing

Figure 6: The geometrical constraints for the bed plate, rotor and rotor hub [5]

Further, the bed plate must be strong enough to fully withstand the forces from the
generator, rotor with hub and axle, and the blades. The bed plate must then transfer all
of the loads to the tower through a yaw bearing.

The requirements for the hub is to keep the maximum stresses below 166MPa, transfer
loads to the bedplate via the rotorshaft, and at the same time keep the mass as low as
possible.
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3 Theory

In this section theory applied to the thesis will be described.

3.1 Wind energy convertors

In general, the only purpose of wind turbines are to convert kinetic wind energy into
mechanical energy. And from there we can decide where to put the energy. This im-
plies that the primary part of a wind turbine is the rotor disc and its properties. How
a rotor disc extracts energy from a wind stream was first described by Albert Betz [3].
He first describes the power extracted from a wind stream through energy conservation,
and secondly power extracted through momentum conservation.

Through energy conservation he describes the power (P) extracted from a airstream
as,

J— (v} — v3 1
where m is the mass flow and v; and v, are velocity in and out of a rotor disc, respec-
tively.

And through momentum conservation,

P = m(U1 — Ug)ﬁ (2)

where ¢ is the velocity through the rotor disc.
Rearranging equation (1) and (2) with respect to ¥ gives,

1
0= 5(1)1 + UQ) (3)

Combining equation (3) with the mass flow gives,

1
P= ZpA(v% - v%)(vl + v9) 4)

By making a ratio of this and a free reference airstream, it gives us the ideal power

coefficient. The maximum value of this is cp = % = 0.593 which is called the Betz
factor [3]. This is the highest efficiency a wind turbine can have. In other words, only

about 60 percent of the energy in a wind stream can be extracted.

From this we get the velocity relation,

1
Uy = gvl (5)

Which means that in order to have maximum energy extraction, the exit velocity should
be one third of the incoming velocity. [3]

Sandeep Singh Klair NTNU - PuMa
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3.2 Loads

At first glance loads appearing on a wind turbine are quite simple and obvious. An
airstream pushing on a rotor disc, which in turn generates torque transferred to a gen-
erator. A closer look reveals more loads that first guessed. Along with wind loads,
the complete structure is also subjected to inertial, gravitational and turbulent wind/gust
loads. One of the most common simplification done is to think that the wind is a con-
stant airstream, all over the rotor disc. The wind is in fact highly non-uniform and its
direction will change over time. This creates additional forces and moments around the
rotor hub which puts the hub and bed plate into complex load cases. These load cases
creates stresses in different areas, and with them, the highest stress needs to be identi-
fied. The blades will in fact experience forces in every direction and moments around
every axis. Some of these loads are steady, some are cyclic and some are completely
non-cyclic. This makes a wind turbine a highly dynamic machine and subjected to fa-
tigue.

Aerodynamic forces TR 20 000y
forces
(%)
.S
=]
=
L
(-]
E™
7]
centrifugal forces
4 I |
B vertical tower shadow gravity forces gyroscopic
= wind shear forces
0l =2
e
HiE 3 |
- A (::ﬁ‘
-1
E - \
—— -
7
S ross winds tower dam
yaw agle upwind rolors
A .
3
o
B,
=
g
.
el
=
[=]
[~

Figure 7: Loads acting on a wind turbine [3]
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The Wind turbine has to be designed according to the IEC 61400 standard. The standard
specifies several load cases that a wind turbine can experience. A load case contains dif-
ferent load conditions like wind speed, wind model, and different operational status of
the turbine like idle, standby or power production. In the early stages of development
its difficult to determine whether its fatigue or plastic collapse which gives the dimen-
sioning load. Therefore, a number of different load cases are made to make it possible
to identify which condition that gives the highest stress. Load case used in this thesis is
DLC (Design Load Case) 1.3ETM (Extreme Turbulence Model) which previously gave
the highest peak stress [5] In order to understand how the loads of DLC 1.3 ETM works,
a reference coordinate system is presented by figure [§

Figure 8: The reference coordinate system MAK

A simple list of what the specific DLC 1.3 is about, is presented by figure [9]

1.3- Extreme Turbulence Model Wind speed = 13m/s | Fx [kN] 1746
Fy [kN] 132
Fz [kN] -1410 -1806
Mx [kNm] 9129

My [kNm] | 14550 | -10440
Mz [kNm] | 15330

Ultimate loads Fx [kN] 2176
Fy [kN] 340
Fz [kN] -1542 | -1919

Mx [kNm] | 11690
My [kNm] | 28660 | -16050
Mz [kNm] | 22480

Figure 9: Design Load Case 1.3 Extreme Turbulence Model [5]

Forces and moments listed in figure [9]are calculated with a software called FAST [9],
which is a free aero elastic software which simulates different operating conditions for
wind turbines. It is important to understand that the calculated results are working from
one single point. More specifically in the coordinate system’s origin.
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3.3 Dimensioning

To ensure that a part will not fail it must contain enough material to cope with the loads
applied. But at the same time it must be as material efficient as possible. This is done
through dimensioning where stresses are calculated and evaluated. The dimensioning
requirement is expressed [3] :

op < OR (6)

Where o is the design stress and o is the maximum resistance stress.

Because the material’s strength is based on statistics, the resistance stress must be re-
duced by a safety factor. A safety factor also applies to design stress, but instead used
increase its numerical value. This gives us,

1
OpYs < Op— (7)

m

Where 7 is the stress safety factor and +,, is the material safety factor.

IEC 61400-3 specifies a load safety factor of 1.35 [4]

When a component changes cross section e.g. changing diameter of a rod along its
length it will experience multiaxial stress regardless of its loading type. The Von Mises
Yield criterion is a method for adding these stresses. The criterion adds up all the
stresses and turns them into a single, one dimensional stress. The Von Mises stress is
then compared to the maximum allowable stress (resistance stress modified with safety
factor).

\/03 + 02— 0,0y + 372, < ORmod (8)

3.3.1 Stress concentration

A very important thing to consider is stress concentration. A stress concentration is
defined as a stress that is higher than the average stress in a component. When there is
a change in geometry a stress concentration will occur. A good example is a hole in a
plate (which is in fact a change in geometry) where the stress concentration is 3. If we
look at the stress as lines in the plate, its easy to understand that the concentration of
stress lines will be higher at the edges of the hole. This is easily illustrated by figure

The area in, and around a stress concentration, will contain a multiaxial stress state.
Because of this, the exact stress state in these areas is sometimes not easy to tell. This
is even more important in fatigue analyzes where it can lead to direct failure of the
structure without a warning. In there cases different approaches than Von Mises must
be used. However, in simpler fatigue cases this is not a problem.

Sandeep Singh Klair NTNU - PuMa
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Figure 10: Stresslines in a plate with a hole [§]
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4 Method
4.1 The Model

4.1.1 Introduction

The objective of this thesis is to combine Ebbe Smiths (ES) [5] bed plate model with
Muhammad Akram Khan’s (MAK) [6] rotor model. By the authors personal point of
view, the bed plate model was not satisfactory. The main reasons behind this was com-
plex structure surfaces and too flexible transfer points for the yaw bearing. Because of
this, the author decided to make a complete new bed plate model with a better transfer
area and simpler geometries/surfaces. This has naturally lead to a lot of time going to
a part which was not directly the scope of this thesis. The model from MAK also had
a shortcoming. The length of the shaft didn’t match ES’s bearing distance. But with
ES bearing distance, the hub did not match. So the solution was to increase the length
MAK’s shaft to 4250mm between the bearings. With a modeling/simulation task like
this, its obvious that its going to take a lot of iterations before one is satisfied with the
result. It would been outside the scope of this thesis to describe all the iteration steps
done. So instead of detailed steps, a small summary is presented.

4.1.2 Previous Models

The first primitive model was created with two tubes with slightly different diameters.
A large flange was then created in the connection points of the tubes. The purpose of
the flange was first of all to add material where the expected stresses were to be highest.
The flange was also used as a connection point for the eccentricity between the tubes,
which created an additional bending stress in the structure. The flange was also placed
in such a position that it tangent the rear rotor bearing support. The rear rotor bearing
support had a cross section of a [I-beam around the rotational axis. The Front rotor bear-
ing support was just the same as ES’s. The first models did not contain an inspection
hole, but was later added when the design was satisfactory. This hole was placed on the
top of the structure at first. It was later decided to move it to the rearmost part. It was
also decided not to add a yaw bearing in the first models to keep the simulation time
down, so the design iteration could be more productive. Models are shown in figure [I1]
and

After a couple of analyzes it was realized that the applied loads were without a safety
factor. This in turn meant that the structure wasn’t stiff enough between the flange and
the rear bearing support. With the safety factor applied the stresses were now over
260MPa. In order to cope with these stresses, straight and rectangular bar stiffeners
were used. It was decided to use 4 of them to stiffen the transition part where the front
tube meets the flange. These four stiffeners work together to make the whole bed plate
more stiff in bending. The two other stiffeners where used to reduce bending in the
flange, as the flange tended to bend because of different tube diameters.

After a design review, it was decided to redesign the bed plate so the tubes connected
concentrically instead of eccentrically. This was first of all chosen to see if it was pos-
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Front rotorbearing
support

——

Inspection hole
Stiffener flange e

Figure 12: One of the earlier models, closed

sible to remove the internal stiffeners. Still, a centric connection between the tubes
weren’t enough. This lead to adding stiffeners anyway.

The shaft has just the same geometry as originally by MAK, but with a longer total
length. MAK’s design didn’t match ES’s bearing spacing, so it had to be lengthened a
bit. But still a little shorter that ES bearing distance, in order to make the hub fit. To
simulate bearings, two large cylinders are used. This is done in order to use contact
analysis so the total analysis will be more accurate.
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Figure 13: Structure with stiffeners

Front bearing surface

Rear bearing surface

Figure 14: The modified shaft

Sandeep Singh Klair NTNU - PuMa



18

4.1.3 Final Model

The final bed plate model consist of two parts. The first part to be described is the tower
part of the bed plate, then comes the nose part.

Connection flange to nose part

Support flange

Figure 15: The tower part of the bed plate

The tower part (figure [I5]and [I6) is the structure that has the highest loads, and have
the most complex shape. This translates into high stresses, and its naturally the part
where the stresses are highest. It consists mainly of two pipelike structures. The part
connected to the yaw bearing area is a simple pipe with a outer diameter of four me-
ters, and has a cut that is approx. 45 degrees to the X-Y plane. From this cut, a pipe
shaped structure is swept into the nose connection flange, with a diameter of 3130mm.
In other words, it goes from a 45 degree, four meter pipe, into a straight 3130mm pipe.
This eliminates the eccentricities that were a problem previously, because the pipes now
have the same diameter at their meeting point.

A large support flange is placed between the pipe connection points. The purpose of
this flange is to stiffen the bed plate in the pipe meeting area and absorb stresses. The
flange has a complex shape in order to make the geometric transitions as smooth as
possible. The basic cross section is rectangular with a height of 200mm and a width of
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: Inner support flange §
Maintenance access PP g &

Stiffener block
Diagonal stiffener

Figure 16: The tower part of the bed plate, with a through cut

400mm. On this rectangle, one corner is expanded into a 75 percent circle with diameter
of 200mm. The circle expansion is done to make surface transition smoother.

The front end contains the rear bearing support (RBS) and a another flange to mount
it to the nose section. The RBS still has a cross section of an I-beam like the previ-
ous models. Right after the RBS, a large stiffener "block" is added to stiffen up this
area. Further, this then connects to the inside of the stiffening flange. These integral
stiffeners are both thicker and wider than the original flange in order to further stiffen
the structure. On the sides of the inside, large diagonal stiffeners are placed to stiffen
the structure in both torsional load situations and in bending the structure up or down.
These were a key part in increasing the whole stiffness of the tower part.

In the rearmost end of the structure a maintenance access is added. As mentioned in the
theory part, the stresses near a hole can be around 3 times the average stress. Because
of this, relatively large flanges are placed around the hole. The flange connecting the
tower part to the nose part is reinforced on the upper side (fig[I8)). This flange was orig-
inally 100mm in thickness and had a 50mm radius at its connection point to the tower
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part. In this configuration stresses at the radius reached 300MPa. After the reinforce-
ment, stresses went down to somewhere between 100-110MPa. The bottom obviously
contains the flange connection to the yaw bearing. Even with stiffeners placed in right

places, the stress magnitude requires increased wall thickness in certain areas (fig
near the RBS.

p—
"-.\_
XC

Figure 17: Highlighted areas have a thickness increase of 20mm
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Figure 18: The reinforced flange

Estimated mass of the tower part is 59 tonnes, which is 9 tonnes over the maximum
target mass. This part can further be mass optimized in the RBS, the stiffener block,
support flange and diagonal stiffeners using geometry optimization. How big the mass
advantage can be has not been estimated. The total mass is now 99.6 tons, which is 17.2
tons higher than ES’s design. This is mainly due to added stiffness required when the
whole structure is placed on a bearing.

The nose part is much simpler in construction. It consists of a simple pipe with a outer
diameter of 3130mm (fig. [I9). The foremost end contains the Front rotor bearing sup-
port (FBS). The dimensions used here are the same as ES used in his analysis. The
rearmost end contains a thick mounting flange which mounts against the tower part.
This flange is modeled to be 200mm thick in order to avoid bending stresses in the tran-
sition zone between the flange and the pure pipe section. Another critical part is the
radius that is blending the flange to the pipe. This radius is 190mm. Right under this
radius on the inside, a stiffener ring is added to reduce stresses in the radius (fig. [20).
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Figure 19: The nose part of the bed plate
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Stiffenerring

Figure 20: The nose part of the bed plate cut
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4.1.4 Yaw Bearing

In order to have realistic stress states, the whole bed plate must be connected to a bearing
in order to eliminate the unrealistic infinite stiffness given by a fixed constraint.

The yaw bearing (fig. 21)) has been selected to be a double row angular contact ball
bearing [S]. The load diameter of this bearing is 4 meters which means that the loads
from the bed plate is transferred directly to the rolling elements in the bearing, without
an eccentricity. The bearing design is based on the yaw bearing from SKF used in
ES’s model. The rolling elements has been simplified from spheres to rings in order to
simplify simulation. The diameter of the spheres/rings were calculated simply by linear
scaling:

_ , ball diameter of the bearing bd
bearing ratio = , =br=— 9)
mean diameter D
Which gives,
100
br = —— =0.034 10
"~ 2900 (10)
Where Br is a ratio between sphere diameter and mean diameter.
By using these values,
sphere;
0.034 = 11
4000 (h
The calculation gives us,
spherey = 137.93 (12)

Which is rounded up to 140mm.
Other dimensions was further scaled from this value.

The inner bearing ring also contains internal stiffeners in order to make it stiffer in
the radial directions (fig. 22). This stiffening action contributes to lower stresses in the
bedplate. In order to constrain the whole structure to freely rotate around the global Z-
axis, four simple grooves were made and spread around the inside of the inner ring. The
outer bearing ring is connected to a simple, but massive support cylinder which simu-
lates the tower. This cylinder also contains four "constraining keys" which fits inside
the grooves in the inner ring. These two together makes a lock in yaw direction.

4.1.5 Pitch Bearings

The pitch bearings are identical to the yaw bearing in construction, but naturally have
different dimensions to match the hub. It has a mean diameter of 3670mm and its
sphere/ring size is 130mm. Their rotational constraint is modeled with a hole in the
inner bearing ring and a simple rod. The rod goes through this hole and is fixed in the
hub’s pitch motor mounts, and prevents the bearing from rotating.
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Figure 21: The complete yaw bearing
Inner bearing ring Internal stiffener
Yaw locks

Figure 22: The complete yaw bearing, cut
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4.1.6 Bolts

The model was even in late stages modeled with a glued mesh between the tower part
and nose part, and between the tower part and inner bearing ring. Just after the model
was complete, it was chosen to make a bolt connection instead of mesh mating in men-
tioned areas. The reason behind this were unrealistic stresses in terms of incorrect force
transfer between such components. The bolt diameter chosen for this is 100mm in diam-
eter, and 30 bolts between each connection. The bolt pretension was calculated simply
by using a empirical relation:

Fpretens = aoye (13)

Where a is the bolt area, o, 1s the yield stress and e is a tension factor from experience.
Normally, a bolt is pretensioned to around 0.7 to 0.8 times its yield strength.

By using e = 0.75 and bolt quality of 8.8,

The formula gives,

10027640 - 0.
Fpretens — 2007 40 075 _ 57690113 (14)

Which is rounded up to Pretension = 3770kN and used on every bolt connection in
the simulation. While the bolt connection between the tower and the nose part is made
by bolts with nuts (fig. 23)), the situation is slightly different in the connection between
the tower part and inner bearing ring. Here, a combination of bolts with nuts, and studs
with nuts are used because of the tower part’s complex structure (fig. 24)).

Figure 23: Bolted connection between bed plate parts
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Figure 24: Bolted connection between bearing and bed plate. A stud is used where the diagnoal
stiffener meets the flange.
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4.1.7 Hub

The hub base is the same as MAK’s model. That means few geometry changes is done
to it. The pitch motor mounts have an increased thickness of 40mm and their radius
towards the edge is increased from 100mm to 250mm. A smaller change is added bolt

holes (fig. 25).

Pitch motor mounts

Figure 25: Hub with bolt holes

4.2 Meshing

The mesh in the model contains various types of elements. The bodies are meshed with
3D CTETRA(10) elements in general(fig. 26| and fig. 27)), and supplemented with 2D
CQUADS elements in critical radiuses and bearing surfaces. The average mesh size for
the CTETRA10 elements are naturally different from body to body in order to make the
analysis as time efficient as possible. The nose part also has a mesh control applied to it.
This is done to reduce the number of elements where the stresses are not concentrated.
The element size along this control line is specified to be 200mm. A complete 3D
element size overview i presented in the tables [Tjand 2

Table 1: 3D Mesh size for bed plate

Where Size(mm)
Hub 500
Shaft 500
Nose part 325
Tower part 192
inner bearing ring 191
bearing rings 286
outer bearing ring 423
tower connection 428
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Table 2: 3D Mesh size for hub

Where Size(mm)
Hub 271
Shaft 500
inner bearing ring 222
bearing rings 265
outer bearing ring 370

Figure 26: The whole structure meshed

Figure 27: Mesh for hub simulation

In the bearing and flange areas (fig. 28] and [29), 50mm CQUADS elements are used.
The reason for using this mesh in the bearing areas is to keep the original shape of the
area in order to make the load transfer correct. The flanges have this mesh in order to
catch the correct stress.
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Figure 28: How the Bearing mesh look like

Figure 29: The flange mesh

One RBE3 1D element (fig. [30) on each part are used to connect the rotor shaft to the
nose part (fig. [31I). The reason why RBE3 are used instead of RBE2 is because of the
relative node stiffness with a RBE2 element is higher. In other words, the "‘node legs
cannot deform independently which makes them more suitable in pure load transfer sit-
uations. In this simulation it is assumed that the structure is flexible enough to justify
movement of "‘node legs"’, which means RBE3 elements. One RBE3 element is also
used in the front of the hub for transferring the moments applied here.

no

"o

The bolt connection in the simulation uses one CBEAM element for the bolt shank, and
two RBE2 elements as head and nut (fig. 32). Both the head and nut diameter is speci-
fied to be 1.5 times the diameter of the bolt shank.
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Spider node

~ _~—Node legs

e

Figure 30: Showing spider node and its legs

Mesh mating is used between the rotor and the hub (valid only for the bed plate simula-
tion), and the yaw bearing and tower platform. In reality they would have been bolted,
but the exact stresses in these areas in this simulation is not important. Mesh mating
means that the simulation thinks the mesh mated parts are welded or casted in one piece.

For the hub simulation the situation is a bit different. Mesh mating is used between
the pitch bearings and the hub. The pitch bearings are in reality bolted to the hub, but
because of the small contact area and nearly zero offset bolts, it is chosen to simulate
it with mesh mating which should give approximate the same results. Between the hub
and the shaft, a bolted connection instead of mesh mating is used in order to "‘catch"’
stresses induced by force eccentricities.
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Figure 31: The RBE3s. The highlighted one is RBE3 connected to the shaft (which is hidden)

CBEAM

Figure 32: The bolt mesh with RBE2 spider and CBEAM element
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4.3 Simulation

This chapter explains how the simulation is put together.

4.3.1 Assembly of The Bed Plate

The assembly consists of the tower part, nose part, rotor shaft, rotor hub and the assem-
bled yaw bearing (fig. [33]and [34).

An important thing to mention is the modification done to the rotor shaft. Two massive
cylinders added to the shaft to simulate bearings in order to have a realistic load transfer

(4.

Figure 33: The whole assembly of the structure

Figure 34: The whole assembly of the structure, cut
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4.3.2 Assembly of The Hub

The hub assembly consists of the hub, the rotor shaft, and three pitch bearings (fig. [33)).

Figure 35: The complete hub

4.3.3 Loads on Bed Plate

The loads are taken from ES thesis appendix A [5]] which are results from FAST. These
loads are then further scaled up with a safety factor of 1.35, like the IEC 61400 specifies.
In order to have realistic stresses, the loads are expanded to be placed right on the hub
instead of just being concentrated in one point. Loads are presented in table[3|and shown

in fig. 36

Table 3: Applied loads

Force FAST value | SF | Applied value | Unit | Applied where
F, 726 1.35 980.1 kN | Each blade connection
F, 114 1.35 153.9 kN | Each blade connection
F. 640 1.35 864 kN | Each blade connection
M, 4550 1.35 6142.5 kN | Each blade connection, like a force
M, 28660 1.35 38691 kNm | Concentrated on the hub
M, 22480 1.35 30348 kNm | Concentrated on the hub
Gen. rotor 295 1.35 398.25 kN | Nose part and Shaft
Gen. stator 1970 1.35 2659.5 KN | Nose part
G 9.81 1.35 13.25 m/s? | Whole structure

Because the wind direction changes over time, load directions will also change. This
means the whole structure must be checked with different load combinations in order to
see if the stresses are within the limit. This is basically done by changing the directions
of M, and M, to make all four possible load combinations. TableElbelow explains how
M, and M, are applied in the different load directions.
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Figure 36: Loads on bed plate assembly

Table 4: | oad combinations
Load combination | M,, | M,

1 + | +

2 - +

3 - -

4 + -

4.3.4 Loads on Hub

The loads acting on the hub (fig. [37) is taken from MAK’s appendix 2 [6] DLC 1.2 10
m/s with a safety factor of 1.35 (table[S). According to MAK, DLC 6.1 gave the highest
stresses. But after investigating the results for DLC 6.1 in MAK’s appendix 2, several
questions about the validity of results needs to be answered before it can be used. One
major concern is that DLC 6.1 is called "‘parked state"’, but the forces in Z-direction
for each blade is the same. That means that the turbine is actually rotating. MAK
mentioned early in his project that DLC 6.1 is either totally parked or idling (spinning
with blades pitched in feathered position), but what the actual situation is like is not
confirmed. Therefore, DLC 1.2 10m/s is used instead of DLC 6.1 which gave MAK the
second highest stress.

"o
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Table 5: Applied loads on hub [6]

Force | FAST value | SF | Applied value | Unit | Applied where
F,1 508.6 1.35 686.6 kN | blade 1
F,1 -347.5 1.35 -469.1 kN | blade 1
F.1 1580 1.35 21333 kN | blade 1
M,1 -14220 1.35 -19197 kNm | blade 1
M,1 20450 1.35 27607.5 kNm | blade 1
M. 1 150.5 1.35 213.3 kNm | blade 1
F,2 478.8 1.35 646.3 kN | blade 2
F,2 -350.8 1.35 -473.6 kN | blade 2
F.2 1569 1.35 2118.2 kN | blade 2
M, 2 9198 1.35 12417.3 kNm | blade 2
M,2 19710 1.35 26608 kNm | blade 2
M.2 143 1.35 193 kNm | blade 2
F.3 510.6 1.35 689.3 kN | blade 3
F,3 -344.9 1.35 -465.6 kN | blade 3
F.3 1582 1.35 2135.7 kN | blade 3
M.3 9078 1.35 12255.3 kNm | blade 3
M, 3 21020 1.35 283717 kNm | blade 3
M.3 144.3 1.35 194.8 kNm | blade 3
G 9.81 1.35 13.25 m/s® | Whole structure
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Figure 37: The hub with its loads
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4.3.5 Constraints on The Bed Plate

There are two constraints in this model. The first one is applied to the tower structure.
All of the loads applied finally end here. The second one is between both RBE3 spiders
to connect the shaft to the bed plate. In order to make this connection work, a modeling
object called AUTOMPC must be enabled in the solution parameters. This modeling
object enables NX to connect two duplicate nodes and share their DOF’s. Constraints
illustrated in fig. [38]

Coupling Constraint

Fixed Constraint

Figuré 38: Constraints on bed plate
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4.3.6 Constraints on The Hub

The hub simulation is constrained simply by fixed constraints on each rotor bearing
surface. Constraints are applied here in order to remove artificial stiffness in the hub.
Exactly the same principle is applied on the bed plate. Constraints illustrated in fig. [39]

Figure 39: The hub with constraints
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4.3.7 Contact Areas on Bed Plate

Contact areas are established so relative motion between certain components can oc-
cur. Areas where the possibility of relative motion is wanted are: Between connection
flanges (fig. @2)), between inner and outer bearing ring and rolling element in the yaw
bearing (fig. 1)), and between rotor bearings and the bed plate (fig. 40). Yaw locks also
contains contact areas in order to constrain the bed plate from yaw motion. The only
areas where friction is applied is between the connection flanges. Friction is applied
here because its a big part of how a flange connection works in reality. The friction
coefficient used here is 0.35, which is a standard friction coefficient between two steel
bodies.

N

Figure 40: Highlighted areas are rotor bearing contact faces

Figure 41: Highlighted areas are Yaw bearing contact faces. Notice that one roller ring is
removed
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Figure 42: Highlighted area is a flange contact area. The nose part is not shown here.

4.3.8 Contact Areas on Hub

The hub has several contact areas. Most of them are located in the pitch bearings, except
contact between the hub and the shaft. Only the contact face on the shaft (fig. [d3) and
on the yaw lock (fig. 44)) are illustrated.

Figure 43: Shaft’s contact surface
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Locking rod Outer bearing ring

~~_Inner bearing ring

Figure 44: Yaw lock contact area for the pitch bearing is highlighted

4.3.9 Connections in The Bed Plate

The bed plate parts are connected with a bolt connection (fig. B3] of bolts and nuts,
instead of mesh mating. Mesh mating gives artificially good load transfer and can in
worst case eliminate some load effects. Nearly the same joining technique is used for
the connection between the bed plate and the yaw bearing. Here, instead of just bolts,
studs are also used. According to Maskindeler [[7]], the threaded part of the stud should
be somewhere between 0.8 or 1.5 times the diameter of the bolt. In this simulation a
thread length of 150mm is used.

CBEAM

Figure 45: A bolt connection

The rotor hub is connected to the rotor shaft through mesh mating in this simulation
(bed plate), in order to make it less complex because these areas are not investigated
here. The yaw bearing is connected to the tower structure via mesh mating. Again, this
is not an area to be investigated.
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Figure 46: The complete bed plate simulation model with geometries, loads, contacts and
constraints
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4.3.10 Connections in The Hub

The hub is connected to the shaft through a flange connection with 30 100mm bolts, just
like the other flange connections (fig. #7). The pitch bearings are connected to the hub
via mesh mating.

Figure 47: The hub’s bolt connection
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5 Results Bed plate

5.1 Load combination 1

zssembly52_simE : Solution T Result
Subcase - Static Loads 1, Static Step
Stress - Elemental, Averaged, Von-Mise,
Min . 003 Max 08, Units = N/
Ceformation : Cisplacement - Nodal

200.00
I 183,34

= 166.67

— 15001

B 13335
116.68
100.02
83.36
66,69
50.03
33.37
lea 70

*-JJJ“

Units = Nimm” 2(M Fz)

2ssembly52_sim6 : Solution 1 Result

Subcase - Static Loads 1, Static Step 1 -
Stress - Elemental, Averagec, Vor-Mises .
Min  0.03, Mex : 2109.0€, Units = NimmA”2
Deformation : Displacement - Nocal Magnit

200.00

I 183.34
& 168687
= 18001
B 13335
§ 116.68
100.02
83.36
66.69
50.03

333

Urits = Nfmmn2(V Fe)

Figure 49: Load combination 1 from one side, cut
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ads 1, Static Step 1

Wverzged, Von-Mises
9.06, Units = Nimm”2(MFz)
Deformation : Cisplacement - Nodal Magnituce

200.00
183.34
B 166.687
= 18001
B 13335
116.68
100.02
83.36
B6.69
£50.03
2387

16.70
7
et

Urits = Nfmmn2(V Fe)

Figure 50: Load combination 1 from the other side. Peak stress area in red

Stress - Elemental, Averaged, Von-Mises
Min 003, Max : 210806, Units = Nimm*2(MPz)
Ceformation : Displacerment - Nocal Magnituce

200.00
I 183,34
= 166.67
= 150.01
B 133.35
116.68
100.02

83.36

66,69

Units = Nimm” 2(M Fz)

Figure 51: Load combination 1 from the other side, cut
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5.2 Load combination 2

2ssembly§2_simé : Solution 1 Result
Sub
Stre
Min: 017, Max : 2060 86, Unts = N/immy
Ceformetion . Displacerment - Nocal Mg

200.00
I 183.34

= 186.67

— 15001
Bl 13335
o 1668
I 100.02
B s336
. BB.69
50.03
3337
1? 70
‘\SLM

Units = Nimmn 2(V Pz)

Figure 52: Load combination 2 from one side

embly52_simE : Solution 1 Result
c Lozds 2, Ste 1
rtz
Min: 0.11, Mex : 2050.85, Units = Nimm*2(Mij
Ceformation . Displacement - Nodal Magnitug

200.00
I 18334

& 166.67

= 15001

Bl 13335

116.68

100.02

83.36

B6.69
50.03
3337

16.70

;
P s

Units = Nimm” 2(M F=)

Figure 53: Load combination 2 from one side, cut
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Min - 0.17, Max . 2050 85, Units = Nimm*2(MPz)
Ceformation : Lisplacement - Nodal Magnituce

200.00
I 183,34
= 166867
150.01

& 13335

116.68

! 100.02

16.70
7

‘: 04,
X

Units = NImm2(M Fe)

Figure 54: Load combination 2 from the other side

1, Max . 205095, Unts = Nimm~2(MPz) ’

Ceformation  Displacement - Nodal Magnituce

200.00
I 183,34

= 166.67

150.01
133.35

B 11668
! 100.02

50.03
2337

1870

7

ke,
3

Units = Nimim” 2(M Fz)

Figure 55: Load combination 2 from the other side, cut
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5.3 Load combination 3

= 18001

B 13335
116.68
100.02
83.36

66.69

u
50.03
3337
1670
8

Urits = Nfmmn2(V Fe)

Figure 56: Load combination 3 from one side

zssembly52_simE : Solution 1 Result
Subcase - Static Loads 3, Static Step 1
Stress - Elemental, Averagec, Von-Mises
Min: 0.10, Max : 2112 38, Units = Nimm~2(MPz)
Ceformation : Cisplacement - Nodal Magnituce
200.00
I 183.34
& 166,67 }
— 15001 /
B 13335
116.68

100.02
83.36
66.69
50.03
3337
1? 70

s

Urits = Nimmn 2(V Fz)

[ W

Figure 57: Load combination 3 from one side, cut
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ced, Vor-Mises

X Units = Nimm*2(MFz)
on . Displacement - Nodal Magnitude

o
a5
g
Soi

18324
= 16667
— 15007
B 13335

116.68

100.02

83.36

B66.89

50.03

3337

16.70

2

\35_354‘@

Units = Nammn2(V Pe)

Figure 58: Load combination 3 from the other side

simB : Solution T Result

case - Static Loads 3, Static Step '
< - Elemerts|, Averzgec, Vor-Mises o
in: 0.10, Max : 2112.38, Units = NimmA2(MFz)
eformation : Cisplacement - Nodzl Magnituce

3
<

w o

re

ox

200.00
183.34
& 18BET7
B 150.01
& 133.35
5 11888
100.02
8336
6668
50.03
3337
1670
7

Urits = Nfmm"2(M Fe)

Figure 59: Load combination 3 from the other side, cut
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5.4 Load combination 4

z2ssembly52_siméE | Solution 7 Result
Subcase - Static Loads 4, Static Step '

Min: 0,14, Max : 2043 88, Unts = himg
Ceformation : Displacement - Nodal

200.00
183.34
166.67
— 150.01
B 13335
116.68
100.02
83.36

66.69

50.03

Units = Nimm” 2(M Fz)

Figure 60: Load combination 4 from one side. Peak stress seen in red

zssemblyE2_simE : Solution T Result
Subcase - Static Loads 4, Static Step 1
Stress - Elemental, Averaged, Von-Mises
Min 014, Max . 2043 B8, Units = N/mm"2(MF3
Ceformation . Displacement - Nodal Mzagnituce

200.00
I 183.34
166.67

— 15001

B 13335
116,68
100.02
83.36
6669
50.03
3337
1{6 70

- .

Units = Nimm 2(M Fe)

Figure 61: Load combination 4 from one side, cut
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embly52_simeE : Solution T Result
case - Static Loads 4, Static Step 1
ss - Elementzl, Averagec, Vor-Mises
Min . 0.14, Max : 2043.88, Units = NimmA2(MFz)
Ceformation . Displacement - Nodal Magnituce

200.00

18334

166.67

B 150.01

= 13335

116.68

100.02

8336

66.69

50.03

iy 3

Units = Nimmn2(V Fe)

Figure 62: Load combination 4 from the other side

ssembly52_sim6 : Solution 1 Result
ubcase - Static Loads 4, Static Step 1
tress - Elemental, Averaged, Von-Mises
Min : 0.14, Max : 2043 8E, Units = NimmA2(MFz)
IR

Ceformation : Displacement - Nodal Magnituce
200.00 _'/

183,34

0w o

cz
s

166.67
— 150.01
T 13335

116.68

100.02

83.36

66.69

Units = Nimm” 2(M Fz)

Figure 63: Load combination 4 from the other side, cut
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6 Results Hub

Subc Static Step
Stress Von-Mise
Min. 000 = N2 (VPE)

Ceformation - Displacemert - Nocal Magrituce

166.00
I 152.18

138.36

124,54

T 11072

96.90

83.08

69.27

55.45

41.83

27.81

Units = NimmA2(M Fe)

Figure 64: Stress distribution in the hub

Figure 65: Stress at pitch motor mount, peak stress is 126MPa
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7 Discussion

The most critical load state is load combination 1. This load combination gives three
weak spots which needs to be considered. The first and worst weak spot is located
where the right diagonal stiffener meets the bearing flange (fig. [66). More specifically,
it’s located on the outer edge of the transition. The stress here is calculated to be as high
as 217.5MPa. There are several reasons for questioning its validity. First of all, this
is only in one single node. The other nodes have values that are under 200MPa. The
second thing is rough mesh quality in order to have an time efficient simulation. In fact,
that transition consists of only one CTETRA10 Element. It would be reasonable to say
that the peak stress here will be reduced if the mesh size is reduced.

The second weak spot is located at the transition radius between the nose part and its
connecting flange (fig.[67). The peak stress here is calculated to be 203MPa which also
appears in one single node. The stresses around shows right under 200MPa. If we take
the average of the stresses in that area, the average would be under 200MPa. So this
should in fact be considered safe.

The third (and most difficult to work with) is located on the transition radius on the
stiffener flange, on the outside of the structure (fig. [68). This region shows a peak stress
of 195MP, which is under the maximum limit. The reason for discussing this region is
the difficulties it has given under the whole process. It has been that area that nearly
always has given the highest stresses, because it’s double curved. This further gives it
higher stresses because of stress concentration, and because the difficulty associated to
modeling such surfaces.

The second most critical load state is load combination 4. Only one area needs to
be considered here. This region is also mentioned in the previous paragraph, and is
located at the transition radius between the nose part and its connection flange (fig. [69).
In this area, several nodes show values between 200-203MPa with 206MPa being the
peak value in one node. So this is an area that should be slightly reinforced with the
same method used on tower part’s connecting flange. Other load combinations are not
discussed in detail because their peak stresses slightly exceeds 100MPa only.

The reason behind load combination 1 being most critical is naturally because the com-
bination of applied loads sums up favorably. But it is also important to remember that
load combination 4 gives nearly the same stresses. In comparison, load combination 2
also gives nearly the same results as load combination 3. The difference between load
combination 1 and 4, and 2 and 3, is how M, is applied (table ). M, gives tension
on the upper side of the structure in load combination 1 and 4, and the opposite in load
combination 2 and 3. This means that the bed plate is much better to handle loads that
gives compression on the upper side. This is in fact favorable, because it’s more logical
that the wind speed would be higher at the top of the rotor disk than at the bottom of it
(which gives compression loads on top).

The most efficient part (in terms of stress unloading) of the bed plate structure, must
be the diagonal stiffeners which really contributes to the total stiffness. They are so
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efficient, that the back part of the structure should be considered to be profiled like them
(explained better in "further work"). The final thing to mention is the average stress in
the whole bed plate. With all load combinations considered, it’s somewhere between
70MPa and 100MPa. From this, it is simple to understand that stress concentrations
dominates dimensioning.

Considering the total mass, it is increased from ES’s design with 17.2 tons. This is
mainly due to the stiffness requirement when the structure is placed on the yaw bearing,
but also because of bolt connections. Artificial stiffness is removed (mesh mating, and
fixed constraint directly on the bearing flange), and higher stresses are shown. Most of
the mass is added (in order to reduce stress) on the inside between RBS and bearing
flange, and on the internal flange stiffener. Naturally, some mass has also gone into wall
stiffening. The mass can be reduced if the rearmost part of the tower part is redesigned
in such a way that it follows the lines of the diagonal stiffeners.

The last thing to be mentioned is the bearing flange stiffness. At the highest load (load
combination 1), its outer edge deflects 3mm from the inner bearing ring. In theory, the
flange shouldn’t move at all. But what the actual allowable limit is, is not known. At
least, the bearing doesn’t lift directly under the bolt head which is the most important
part.

The hub part doesn’t show any major weaknesses and is in fact good from the stress
point of view. The only part that has been modified is the pitch motor mounts. Before
the modification, the stress here peaked at 190MPa, which is a bit over the limit. After
the modification the stress went down to 126MPa, which is very good. Mass can actu-
ally be removed from the hub in order to make it more weight efficient. This can been
seen by its average stress which is around 30MPa. A rough guess is that its mass can be
lowered by at least one third of its current weight, as long as one takes care of the pitch
motor mounting brackets. But before anything can be fully concluded, the loads from
DLC 6.1 must be rechecked and verified.

Figure 66: Load combination1, stiffener transition with 217.5MPa
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Figure 67: Load combination 1, 203MPa stress in flange radius

Figure 68: Load combination 1, 195MPa outer transition radius
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Figure 69: Load combination 4, 206MPa stress in flange radius
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8 Conclusion

A bed plate and hub for a I0MW reference turbine with given geometrical constraints
has been designed according to IEC 61400 for NOWITECH.

In general, the new bed plate has a good design in terms of load transfer. This is be-
cause the bed plate has contact all around the yaw bearing, which means it transfers
load through the bearings complete circumference. This in fact means that the bearing
is used more efficiently. It also has relatively simple geometry so it should be easier
to manufacture than ES’s design. The stresses represented in the model are also much
more accurate compared to ES because the use of a bearing and bolt connections. The
requirements on the other hand is a bit exceeded. The maximum stress is 217.5MPa,
which is 17.5MPa above allowed stress. However, this is in an area that is subjected
to some uncertainties in terms of element size. In terms of percentage, the mass was
exceeded more. The mass of the tower part is exceeded with 17.2 tons. This was in
a way expected because reduced stiffness in the boundary conditions means that the
structure it self needs to be stiffer. The hub is dimensioned conservatively, but satisfies
all requirements.

Personally, the author is satisfied and reached his main goal. And that was in the first
place to understand and handle contact/bearing simulations and handle complex ana-
lyzes, but he also learned how to simulate bolted connections and got design experience
as a bonus.

9 Further work

Further work that can be done is:

Redesign the rear part of the tower part as a 90 degree pipe bend instead of a straight
pipe.

Do a geometry optimization on the tower part.

Do a new analysis on the hub with DLC6.1 with present boundary conditions and re-
duce its mass.

Do a fatigue analysis on both assemblies
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