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@ ° ®
Motivation

o Main bearing health affects the reliability of wind turbine drivetrain
o Increasing evidence of failures and repair costs associated with main
bearings from existing fleets of wind turbines

o Many of the main bearings in three-point mounting (TPM) have failed to
survive beyond 6 years.
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Figure on left hand side: From Owner/Operator
Failure rates in Approximately 50 wind sites
Each marker represents a wind site site
The sites were grouped according to their age
The percentage of failures on Y axis corresponds to failure rate within each site. Here is an example for interpreting this chart, the failure rate in majority of 6 year old fleets is more than 4%. 
The plot also suggests that failure begins as early as 1 year in operation especially for the three point mounting drive-trains. 
While none of the fleets with 4-point suspension have experienced failures( green markers) and have lasted more than 8 years.

Figure on the right hand side:
Main bearing replacements are proving to be expensive although their failure frequencies are relatively lower than generator and high speed bearings. 
Costs estimated in 2013 by Romax
Replacement costs for example for generator bearings, gearbox bearings-include crane fees, replacement component costs, man power costs for uptower repairs



N Spherical roller bearings: most
main bearings fail to achieve
design life of 20 years

o Chosen with adequate C/P margin

Catrier Gagrbox suspension
bearing Gearbox

o Withstand rolling contact fatigue

o Low value of ‘e’ (axial/radial load ratio) up
to 20%—35%.

o Some reports suggest actual values of ‘e’

can be up to 60% (lonescu and Pontius
TPM drivetrain (Hau 2013) 2009) .

o Field life of most bearings < 6 years

o Load limit = contact design e =1.5 tan[_]
(LJs the contact angle)(I1SO 281).

C- Dynamic load rating

P-Dynamic equivalent load
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TPM

Spherical roller bearings: most
main bearings fail to achieve
design life of 20 years

o Chosen with adequate C/P margin

o Withstand rolling contact fatigue

Image courtesy(SKF product catalogue)

o Low value of ‘e’ (axial/radial load ratio) up
to 20%—-35%.

o Some reports suggest actual values of ‘e’
can be up to 60% (lonescu and Pontius
2009).

o Field life of most bearings < 6 years
Load limit = contact design e =1.5 tan[_]

Loading beyond this limit results in:
o Unloaded upwind row
o Roller unseating effects/skewing,
retainer distress, and excessive heat
generation (lonescu and Pontius 2009)
Large raceway axial displacements

O

further exacerbate these problems (LJs the contact angle)(ISO 281).
o Rollers tend to roll and slide
excessively C- Dynamic load rating
o Low lambda conditions = Micropitting P-Dynamic equivalent load
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Roller Bearing Types — Load Capacity

i Radial load capacity | Axial load capacit
Bearing Type i 3D 43! b < i

Cylindrical Roller(") h
Bearings @

(b)

Tapered Roller
Bearings

Spherical Roller
Bearings
Wind Turbine Main Cylindrical roller bearing

Shaft Fixed (a) Single row and (b) double row
position (lllustration by SKF)

Note(") The bearings with ribs can take some axial loads.
Load capacity table reproduced from NSK

 Cylindrical roller bearings (CRBs): Clearance is a critical setting
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This slide has been included to differentiate the three popular options for roller bearings for wind turbine main shaft
SRBs, TRB, CRB ( only in 4 –point mounting)

Classification based on the shape/geometry of the races

SRB- spherical race
TRB- cone/ tapered race way
CRB- cylinder-shaped race

TRB- TDI bearing is a more common option (eg; TIMKEN)

The load capacities for three bearings are shown here
1,2,3,4 can be imagined as 25%,50%,75% and 100% respectively


If the number 4 represents 100% actual radial load, Wind turbine main shaft fixed position has more than 60% axial load

CRBs do not carry any thrust loads- unsuitable for main shaft fixed position in three point suspension – more common in four point suspension
TRBs can support greater thrust loads – but they tolerate little misalignment
SRBs – very low axial load capacity- but they are good at tolerating misalignment

The optimum lies between SRB and TRB designs




Roller Bearing Types — Load Capacity

i Radial load capacity = Axial load capacit
Bearing Type i 3D 4¥ 41102% cap i

Cylindrical Roller(")
Bearings

Tapered Roller
Bearings

Spherical Roller
Bearings

Wind Turbine Main Spherical roller bearing
Shaft Fixed (lllustration by SKF)

position

Note(") The bearings with ribs can take some axial loads.
Load capacity table reproduced from NSK

» Spherical roller bearings (SRBs) : Use barrel-shaped rollers; excellent tolerance to
misalignment.
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This slide has been included to differentiate the three popular options for roller bearings for wind turbine main shaft
SRBs, TRB, CRB ( only in 4 –point mounting)

Classification based on the shape/geometry of the races

SRB- spherical race
TRB- cone/ tapered race way
CRB- cylinder-shaped race

TRB- TDI bearing is a more common option (eg; TIMKEN)

The load capacities for three bearings are shown here
1,2,3,4 can be imagined as 25%,50%,75% and 100% respectively


If the number 4 represents 100% actual radial load, Wind turbine main shaft fixed position has more than 60% axial load

CRBs do not carry any thrust loads- unsuitable for main shaft fixed position in three point suspension – more common in four point suspension
TRBs can support greater thrust loads – but they tolerate little misalignment
SRBs – very low axial load capacity- but they are good at tolerating misalignment

The optimum lies between SRB and TRB designs




Roller Bearing Types — Load Capacity

i Radial load capacity = Axial load capacit
Bearing Type i 3D 4¥ b < i

Cylindrical Roller(")
Bearings

Tapered Roller
Bearings

Spherical Roller
Bearings (a)

Wind Turbine Main Tapered Roller Bearing

Shaft Fixed (a) Single row (b) Double row-Outer (c) Double row-Inner
position (/llustration by SKF)

Note(") The bearings with ribs can take some axial loads.
Load capacity table reproduced from NSK

 Tapered roller bearings (TRBs): Low tolerance to misalignment, preload is a critical setting
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This slide has been included to differentiate the three popular options for roller bearings for wind turbine main shaft
SRBs, TRB, CRB ( only in 4 –point mounting)

Classification based on the shape/geometry of the races

SRB- spherical race
TRB- cone/ tapered race way
CRB- cylinder-shaped race

TRB- TDI bearing is a more common option (eg; TIMKEN)

The load capacities for three bearings are shown here
1,2,3,4 can be imagined as 25%,50%,75% and 100% respectively


If the number 4 represents 100% actual radial load, Wind turbine main shaft fixed position has more than 60% axial load

CRBs do not carry any thrust loads- unsuitable for main shaft fixed position in three point suspension – more common in four point suspension
TRBs can support greater thrust loads – but they tolerate little misalignment
SRBs – very low axial load capacity- but they are good at tolerating misalignment

The optimum lies between SRB and TRB designs




»
SRB Failure Modes and Mitigation Strategies

o Micropitting — bearing race damage

Single piece cage failure

o

Roller edge loading

O

Cége
R

_.ailur.e g e
o Debris damage - B« 1)

Micropitting | # L " ‘ s

Photo from (Brooks 2013)

Photo from (Brake 2013)
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Low cycle miro-pitting is the most widely reported failure mode


All of these failure modes are not related to surface/inclusion initated damage modes 

Wear resistant – Engineered surfaces 
Coated rollers- Diamond-like coating , black-oxide coated rollers

Surface engineering is the practice of altering the chemical and/or
topographical properties of the surface of a component or device. Example an amorphous carbon coating applied to superfinished rolling elements

These types of surfaces are especially beneficial
to mechanical components operating in boundary layer lubrication since the
opportunities for asperity interactions in the contact areas are greatly reduced


Coating - two to three times harder than steel, have low friction
coefficients when sliding against steel. The durability of these coatings greatly
depends upon their processing conditions and their microstructures.


coating and a superfinished surface on the main shaft
bearing rollers can eliminate or significantly delay the onset of micropitting
by dramatically reducing the cyclic shear stresses associated with moderate roller/raceway sliding.


Larger bearing- 240/600 the most common retrofitting option for 1.5MW turbines

Asymmetric roller profile- is currently under research by some manufacturers- optimise roller load zones

Tighter internal clearance – eg: TIMKEN



SRB Failure Modes and Mitigation Strategies

Industry recommendations for mitigation include
using:
o Wear-resistant SRBs: coated rollers
o Larger main bearing® with higher static/dynamic
load rating
o Asymmetric roller profile*
o Tighter internal radial clearance.*

* Each of these may lead to a difference in the There is a need to:
stiffness and bearing load response

e Revisit bearing operating

The impact of these upgrades on the rest of the ~ conditions

drivetrain and vice versa are unknown. : : :
* Investigate potential solutions

to mitigate failure.
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Low cycle miro-pitting is the most widely reported failure mode


All of these failure modes are not related to surface/inclusion initated damage modes 

Wear resistant – Engineered surfaces 
Coated rollers- Diamond-like coating , black-oxide coated rollers

Surface engineering is the practice of altering the chemical and/or
topographical properties of the surface of a component or device. Example an amorphous carbon coating applied to superfinished rolling elements

These types of surfaces are especially beneficial
to mechanical components operating in boundary layer lubrication since the
opportunities for asperity interactions in the contact areas are greatly reduced


Coating - two to three times harder than steel, have low friction
coefficients when sliding against steel. The durability of these coatings greatly
depends upon their processing conditions and their microstructures.


coating and a superfinished surface on the main shaft
bearing rollers can eliminate or significantly delay the onset of micropitting
by dramatically reducing the cyclic shear stresses associated with moderate roller/raceway sliding.


Larger bearing- 240/600 the most common retrofitting option for 1.5MW turbines

Asymmetric roller profile- is currently under research by some manufacturers- optimise roller load zones

Tighter internal clearance – eg: TIMKEN



Study Objective and Methodology

The objective of this work is to identify an optimal system design solution that
results in improved bearing life in TPM configuration by:

* Establishing a multibody simulation model for TPM configuration in SIMPACK
 Validating the model against field measurements
* Assessing bearing load mitigation strategies

* Evaluating bearing load sensitivities to roller clearance, stiffness, and roller geometry profiles.

Parametric sensitivity analysis

This presentation

Field measurement

(motions) 0 o A
12 sl2 2
Hub loads l =l B 3 t’é %
(Aero-elastic code) Zls &~ &
1 Validation °
MllltibOdy model in H
SIMPACK (motions)
v v v
Mitigation case studies Optimal Detailed bearing Optimal
. . — .
Bearing load analysis solution analysis using Calyx system design
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This presentation focusses on 

1. results from simulation using multi-body models

2. Preliminary validation results

3. Few mitigation case studies

3. Future work – detailed analysis of optimal solution involving detailed bearing load analysis



TPM Model in SIMPACK

 SIMPLIFIED model focused on key elements on
nontorque load(NTL) path

- Main shaft and main bearing, planet carrier,
ring, torque arms and bed plate(Guo 2014)

- Intermediate and high-speed stages are less

Multi-body model of TPM in SIMPACK influenced by NTL(Guo 2015)
Turbine rating 1.5 megawatts e Structural flexibilities from housing, carrier not
included
Rated speed 19 rpm
* Main shaft: flexible beam using node-based
Main bearing 230/600 CAW33

finite difference approach

* Eleven sets of load cases representing the
turbine’s normal operation at wind speeds
from cut-in to cut-out

* For each simulation, SIMPACK yielded a time
series of integrated bearing reactions (for e.g.,
forces/moments and displacements).
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Main bearing is a key element in the Non-torque load path

Main shaft was modelled as a flexible body with nodes defined by cross-section- each node has 6 DOF

11 load cases represent normal operation DLC 1.2
Cut-in : 4m/s
Cut out: 24 m/s

Please use the animation sequence to show the different possibilities of nontorque load path
From main shaft – to  bearing to bed-plate  
 main shaft  to carrier bearing to gearbox housing to elastomer supports(trunnion) to bedplate
Main shaft to carrier bearing to planet gears to ring gear to housing to trunnion and bedplate
The last option- least possible path- the mainshaft- carrierbearing—planet gears to spline to IS/HSS stage –to housing-to trunnion and bedplate.
1,2,3 are most likely and chosen for this study.



TPM Model in SIMPACK

 SIMPLIFIED model focused on key elements on
nontorque load(NTL) path

- Main shaft and main bearing, planet carrier,
ring, torque arms and bed plate(Guo 2014)

- Intermediate and high-speed stages are less
influenced by NTL(Guo 2015)

e Structural flexibilities from housing, carrier not

v el oy e InCluded
F, £ . . .
7 BVF panetces 3] necear | 1 © Main shaft: flexible beam using node-based
" T finite difference approach
Main shaft Carrier Bearing i i
| GWbW — 4 . * Eleven sets of load cases representing the
earbox Housing Il . . .
Main v turbine’s normal operation at wind speeds
Beari .
e [ esomersuoports | from cut-in to cut-out
L

* For each simulation, SIMPACK yielded a time
2 series of integrated bearing reactions (for e.g.,
forces/moments and displacements).

Bed Plate
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Main bearing is a key element in the Non-torque load path

Main shaft was modelled as a flexible body with nodes defined by cross-section- each node has 6 DOF

11 load cases represent normal operation DLC 1.2
Cut-in : 4m/s
Cut out: 24 m/s

Please use the animation sequence to show the different possibilities of nontorque load path
From main shaft – to  bearing to bed-plate  
 main shaft  to carrier bearing to gearbox housing to elastomer supports(trunnion) to bedplate
Main shaft to carrier bearing to planet gears to ring gear to housing to trunnion and bedplate
The last option- least possible path- the mainshaft- carrierbearing—planet gears to spline to IS/HSS stage –to housing-to trunnion and bedplate.
1,2,3 are most likely and chosen for this study.



Field Measurements and Model Validation
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First set of results on
motion validation are
shown here

Trunnion displacement
measurements were
taken from a 1.5-
megawatt turbine

Measurements taken at
10m/s average wind
speed

SIMPACK results showed
good correlation

Further measurements

have been planned.
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Tri-axial Proximity sensors were used to measure the motions on the trunnion in the field

In simpack- these were taken extracted from force-element output

Further validation including measurement of main shaft /main bearing inner raceway  displacement are planned.




Loads at SRB and CRB

SIMPACK simulations showed :

250 T T T T T T T T T
" Turbulence Model2 Do * Thrust loads followed the blade pitch
200 + ® O Turbulence Model 3 _ .
e action
150 © ©
- ° . * Main bearing carried all of the thrust
o ®
Zi0F e S loads
g D
H
509 1+ CRB at the carrier did not support any
thrust
e @ @ @ (O] @ ®© (O] @ @ ®
_50 | | 1 1 | | 1

4 6 8 10 12 14 16 18 20 22 24
Wind speed (mv/s)

Results for three turbulence models are shown here
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CRB - planet carrier bearing can be imagined as the second main bearing in the non-torque load path
And hence shown here for comparison.

Average values are plotted corresponding to each wind speed
Maximum values can be much higher

Animation shows one row unloading during raceway sliding

Excessive load ratio and sliding are two of the three imporant conditions resposnible for low cycle micro-pitting


Loads at SRB and CRB

o T T SIMPACK simulations showed :
® Turbulence Model 1 « CRB| 4
100 - g Turbu}ence ﬁogeig i
Turbulence Mode s © * Both SRB as well as CRB supported
0. s ° . s ° 1 radial loads
z @ 8 P
- %% . L | * The reactions were opposite in sense
50 : ° ° 8 1 .
¢ ° ° * 4< C/P < 10 suggests high loads and
100 - ° reduced grease service life (Klueber
T Lubrication)
4 6 8 10 12 14 16 18 20 22 24
Wind speed(m/s)
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CRB - planet carrier bearing can be imagined as the second main bearing in the non-torque load path
And hence shown here for comparison.

Average values are plotted corresponding to each wind speed
Maximum values can be much higher

Animation shows one row unloading during raceway sliding

Excessive load ratio and sliding are two of the three imporant conditions resposnible for low cycle micro-pitting


Loads at SRB and CRB

L ] SIMPACK simulations showed :
8 g Turbulence Model 2
8 Turbulence Model 3 » Axial/radial load ratio, e followed the
. ° thrust loads
® °© o (e}
: © L * Actual value of e > 22% for a majority of
T T the operating span of the wind turbine
T | * Maximum value of e was up to 47%
Results for three turbulence models are shown

Axial Displacement(mm)

NATIONAL RENEWABLE ENERGY LABORATORY

10

12

14

Wind speed(m/s)

Axial/Radial Load ratio (e)

16

18

24

0.12 021 035 047 044 039 037 030 028 026 023

2 T T T T T T T T T

- = == = = 230/600
p"\
/ ~
/ o,
15F 7 -
/ Sa,
o ~
/ ho)
/ AN
O~
1F ﬁo“‘o T
d, T~
/
’
7
7

05¢ .

0 1 1 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20 22 24

Wind speed(m/s)

here

thrust loads

Maximum displacement up to 1.78mm
was observed

Combination of large load ratio and
raceway displacement

Rollers=> excessive sliding with rolling.

Raceway displacement also followed the
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CRB - planet carrier bearing can be imagined as the second main bearing in the non-torque load path
And hence shown here for comparison.

Average values are plotted corresponding to each wind speed
Maximum values can be much higher

Animation shows one row unloading during raceway sliding

Excessive load ratio and sliding are two of the three imporant conditions resposnible for low cycle micro-pitting


Mitigation Case Studies for TPM

e Solutions to mitigate the damage from large thrust load
and roller displacements were investigated in the following
case studies:

Case Study I: Use of larger envelope bearings
Case Study Il: Variation of internal radial clearance
Case Study lll: Use of TRB as a carrier bearing.
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Case Study I: Use of Larger Envelope Bearings

The TPM configuration had a main shaft bore diameter of 600 mm, a 230/600/ CA
W33 bearing

Bearing envelope sizes. lllustration by SKF

In this case study, the larger bearing envelope series 240 and 231 were chosen.

Properties included:

* Increase in face width/ | jtem 230/600 | 231/600 | 240/600
outer bore diameter
. ) Rollers 28 29 22
e |ncrease in stiffness.
Dynamic load rating (kN) 6,252 8,580 10,738
Static load rating (kN) 11,400 17,000 18,000
Load limit 0.22 0.3 0.3
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1. 240 & 231 are the next available envelope sizes. 
2. Load capacities increase with increase in bearing envelope.
3. Larger beaings have larger axial and radial stiffness
4. 240/600 has longer, larger diameter rollers that are expected to spread out load more evenly


Results: Loads and Displacements
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- Yet, axial/radial load ratios
did not necessarily improve
with larger bearings
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The results of SIMPACK
simulations found:

o Larger bearings provided
larger C/P ratio—>
substantial load margin
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Average values are plotted corresponding to each wind speed

Differential raceway sliding can be the lowest with 240/600, but heathcote slip can be larger with longer rollers




Results: Loads and Displacements

g.lz 021 035 o.gm(l)/.l}jdiaggg ador.ggio (8?30 028 026 023 The results Of SlMPACK
- ——— 231600 simulations found:
/ ~ — — —-231/600
// \\ — — — - 240/600 .
Al / : o Raceway displacements
E} / could be significantly
3 // \\\\\\ - .
- Rl reduced with 240/600.
a /
—_— /
205 —//
0:::1'”’ ————————————————

4 6 8 10 12 14 16 18 20 22 24
Wind speed(ny/s)
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Average values are plotted corresponding to each wind speed

Differential raceway sliding can be the lowest with 240/600, but heathcote slip can be larger with longer rollers




Case Study ll: Adjusting Internal Clearance

diametrical distance that one race can move freely
relative to other

Diametrical clearance is defined as the maximum 5\\_. J
e '[iﬂ =
‘

|I'.'
i

- Influences bearing load distribution and fatigue life ‘
(Oswald 2012) -

——

| ==

Diametric Clearance
lllustration by Schaeffler Group
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Case Study Il: Adjusting Internal Clearance

The goal of this work was to analyze sensitivity to radial internal
clearance:

 The bearing was tested with five sets of radial internal clearance
values with specifications of the class as laid out in ISO 5753-1:2009

e C(Clearances studied : Baseline,
Baseline +15% to +30%, and Baseline -15% to -30%

/

/

Baseline Baseline Baseline Baseline Baseline

+30% +15% clearance -15% -30%
(C3) (Nominal) (Nominal) (Nominal) (C2)
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Loads and Raceway Motion
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Thrust loads and hence load
ratios did not improve with
clearance (the results overlap)
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SIMPACK simulations found:

Raceway axial displacements were
reduced with tighter clearance.
Every 15% change in clearance
changed the displacement values

by approximately 11%

The peak value of displacements
was still greater than 1 mm.

Axial/Radial Load ratio (e)

24
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TO bring down the displacements to < 1mm, the clerance has to be reduced more than -75% from baseline


Case Study lll: Using TRB as Planet Carrier Bearing

CRBs inherently support only radial loads

Clearance is a critical factor.

NREL is currently investigating a redesigned gearbox

with preloaded TRB at carrier (Halse 2012).

Pros: TRBs can support large axial and radial loads,

thus potentially relieving the main bearing loads.
\

Cons: Accurate setting of preload, costs,

mounting adjustments, and trunnion redesign.

j

Most TPM designs employ CRB/full-complement CRBs [

All of the thrust loads supported by the main bearing

NN

CRB-B

CRB-A

5%

N

N gz =

A RS S SES

= crn

N\

/ Sa— 3 |
! SN 1

Gearbox carrier model

Needs systematic
validation/field evaluation
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Results: Loads and Displacement
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** Results are based on preliminary simulations,
and are subject to change depending on axial
stiffness of trunnion mounts, operating axial
clearance on SRB and axial play on trunnion.
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Results: Loads and Displacement
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Results: Loads and Displacement
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Results: Loads and Displacement

Raceway displacements
reduced by an average of
23%.
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Preliminary Findings

o This study validated the presence of excessive thrust loading and raceway
displacement in SRBs in TPM

o Preliminary investigation on mitigation approaches contingent upon normal
operation are summarized in the following table.

Study case Load ratio Raceway Pros Cons
displacement
Larger bearings No Significant Larger C/P -
appreciable reduction margin
change
Tighter clearance No Moderate - -
appreciable reduction
change
TRB as a carrier Up to 20% Moderate Can help May require
bearing reduction reduction improve system redesign,
load esp. trunnion
distribution

o Further load cases can provide detailed insight to main bearing behavior.
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Presenter
Presentation Notes
Study Validates load ratio > 0.35

This study investigated both component and system level solutions
TRB option appears to be a promising solution, but a more detailed system level assessment is necessary



Further Work

* |nvestigate further design options, such as

1) larger main bearing and TRB as carrier bearing

2) bearing with tighter clearance and TRB as carrier bearing
* |dentify the most optimal solution for TPM
* Evaluate bearing loading distribution sensitivity using Calyx

 Compare results against four-point mounting drivetrain
configuration (subject to availability of data)

 Make recommendations for design improvements
* Publish results in a journal article.
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