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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies

(ISO memb

er bodies). The work of preparing International Standards is normally carried out through ISO

technical committees. Each member body interested in a subject for which a technical committee has been

established

has the right to be represented on that committee. International organizations, governmental and

non-govern
Internationg

Internationg

ental, i faison with 1SO,also take part i the work. SO —colfaborates closely with] the
| Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

| Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part2.

The main thsk of technical committees is to prepare International Standards. Draft International Standards

adopted by
Internationg

Attention is

rights. ISO shall not be held responsible for identifying any or all such patent rights.

the technical committees are circulated to the member bodies for voting, “Publication ag an
| Standard requires approval by at least 75 % of the member bodies casting-avote.

drawn to the possibility that some of the elements of this document miay be the subject of pdtent

ISO 81400-4 was prepared by AWEA and AGMA (as ANSI/AGMA/AWEA.6006-A03) and was adopted, under
a special “fast-track procedure”, by Technical Committee ISO/TC 60, Gears, in parallel with its approval by the

ISO membse

ISO 81400

r bodies.

s part of the IEC 61400 series.
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Introduction

The operation and loading of a wind turbine speed increasing gearbox is unlike most other
gear applications. The intent of this standard is to describe the differences. Much of the
information is based on field experience. This standard is a tool whereby wind turbine and
—____gearbox Imanuiacturers camnm Conmmmumnicate and—understand—each others—meds in
developing a gearbox specification for wind turbine applications. The annexes’|present
informative discussion of various issues specific to wind turbine applications apd gear
design.

A combined committee of the American Wind Energy Association (AWEA) and Amnerican
Gear Manufacturers Association (AGMA) members representing international wind turbine
manufacturers, operators, researchers, consultants; and gear, bearing, plus Iubricant
manufacturers were responsible for the drafting and development of this standard.

The committee first met in 1993 to develop AGMA/AWEA 921-A97, Recominended
Practices for Design and Specification of Gearboxes for Wind Turbine Generator Systems.
The AGMA Information Sheet was approved by.the AGMA/AWEA Wind Turbinje Gear
Committee on October 25, 1996 and by the AGMA Technical Division Executive Comnmittee
on October 28, 1996. This standard supetseded AGMA/AWEA 921-A97.

The first draft of ANSI/AGMA/AWEA 6006-A03 was made in March, 2000. It was approved
by the AGMA membership in October, 2003. It was approved as an American INational
Standard (ANSI) on January 9, 2004.

© 1SO 2005 — All rights reserved Vv
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INTERNATIONAL STANDARD
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Wind turbines - Part 4:
Design and
spacificati

gearboxes

1 Scqpe

andard applies to gearboxes for wind turbines
with power capacities ranging from 40 kW to 2 MW. It
applieq to all parallel axis, one stage epicyclic, and
combirled one stage epicyclic and parallel shaft
enclosed gearboxes. The provisions made in this
standatd are based on field experience with wind
turbinep having the above power capacities and
configyrations.

Guidelines of this standard may be applied to higher
ity wind turbines provided the specifications
are appropriately modified to accommaodate the
characieristics of higher capacity wind.turbines.

Life reguirements apply to wind(turbines with a
minimym design lifetime of 20 years.

2 Normmative referénces

The following_standards contain provisions which,
througlp referencein thistext constitute provisions of

revision, and part|es to agreements based on this
standard are encouraged to investigate the possibil-
ity of applying the most recent editions of the
documents indicated below.

AGMA 901-A92, A Rational Procedure for
Preliminary Design of Minimum Volume Gears

1) English translation available as ISO TC 4/SC 8 N254a

© ISO 2005 -- All rights reserved

AGMA 913-A98, Method for Specifying the
Geometry of Spur and Helical Gears

AGMA 925-A03, Effect of Lubrication on Gear
Surface Distress

AMS 2301, Aircraft quality steel cleanliness,
magnetic particle inspection procedure

5= ; ntities
used in mechanics of solids

ANSI/AGMA 1012-F90, Gear Nomenclature,
Déefinitions of Terms with Symbols

ANSI/AGMA 2101-D04, Fundamental Rating Fac-
tors and Calculation Methods 'for Involute Spdir and
Helical Gear Teeth

ANSI/AGMA 6000-B96;-Specification for Medsure-
ment of Linear Vibration on Gear Units
ANSI/AGMA 6001-D97, Design and Selectjon of
Components for Enclosed Gear Drives

ANSI/AGMA 6025-D98, Sound for Englosed
Helical, Herringbone, and Spiral Bevel Gear Drives

ANSVAGMA 6110-F97, Standard for Spur, Helical,
Herringbone and Bevel Enclosed Drives

ANSI/AGMA 6123-A88, Design Manual fgr En-
closed Epicyclic Metric Module Gear Drives

ANSI/AGMA 9005-E02, Industrial Gear Lubrigation

ASTM A534, Standard specification for carbdrizing
steels for anti-friction bearings

Det Norske Veritas Classification AS, Classifigation
Notes No. 41.2, Calculation of Gear Rating for
Marine Transmissions, July 1993

DIN ISO 281 Bbl. 4:2003, Dynamische Trggzahl!
und nominelle Lebensdauer - Verfahren zul Ber-
echnung der modifizierten Referenzlebenspauer
fur allgemein belastete Wélzlager (Dynamiq¢ load
ratings and life - Method for calculation ¢f the
modified reference rating life for generally Ipaded
rolling br;*ar/ngs)1

A37200€C gtigket Well-
en und Achsen (Calculation of load capacity of
shafts and axles)

DIN 6885-2:1967, Drive Type Fastenings without
Taper Action; Parallel Keys, Keyways

DIN 7190:2001, Interference fits - Calculation and
design rules
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ISO 76:1987, Rolling bearings - Static load ratings

ISO 281:1990, Rolling bearings - Dynamic load
rating and rating life

ISO R773:1969, Rectangular or square parallel
keys and their corresponding keyways (dimensions
in millimeters)

ISO 1328-1, Cylindrical Gears - ISO System Of
Accuracy - Part 1: Definitions and Allowable
Values of Deviations Relevant to Corresponding
Flanks of Gear Teeth

3 Definitions and symbols

3.0 Terms and definitions

For the purposes of this document, the terms and
definitions given in 3.2 through 3.4 and the following
apply, wherever applicable, conforming to ANSI/
AGMA 1012-F90, and ANSI Y12.3-1968.

3.1 Symbols

The symbols, terms and units used in this standard
are shown in table 1.

ISO #1406:1999 (SAE J1165), Hydraulic fluid power
- Fluids - Method for coding the level of
contamination by solid particles

ISO $336- 1: 1996, Calculation of load capacity of
spurland helical gears- Part 1: Basic principles,
intro@luction and general influence factors

ISO B336- 2: 1996, Calculation of load capacity of
spur|and helical gears- Part 2: Calculation of
surfdce durability (pitting)

ISO $336- 3: 1996, Calculation of load capacity of
spurland helical gears- Part 3: Calculation of tooth
bending strength

ISO B336-5: 1996, Calculation of load capacity of
spurfand helical gears- Part 5: Strength and quality
of materials

ISO/PIS 6336-62), Calculation of load capacity_ of
spur|and helical gears - Part 6: Calculation of
servige life under variable load

ISO [8579-1:2002, Acceptance code’ for gears -
Part 1: Determination of airborae~sound power
levels emitted by gear units

ISO [8579-2:1993, Acceptance code for gears -
Part|2: Determination.of-mechanical vibration of
gearlunits during aceeptance testing

ISO/FR 13593:1999, Enclosed gear drives for
indugtrial applications

ISO/[FR #3989-1:2000, Calculation of scuffing load
capagity, of cylindrical, bevel and hypoid gears -

NOTE: The symbols and terms contained in this
document may vary from those used in ©thef AGMA
standards. Users of this standard should.assufe them-
selves that they are using these symbols and ferms in
the manner indicated herein.

3.2 Wind turbine terms

active yaw: A system to retate the nacelle relative to
the changing direction‘ofthe wind. See passiye yaw.

airfoil: Two dimensional cross section of a plade.

annual average'wind speed: The time avéraged,
mean, horizontal wind speed for one calendar year
at a particular site and a specified height.

annuahaverage turbulence intensity: A measure
of the ‘'short-time and spatial variation of th¢ inflow
wind speed about its long time average.

availability: The ratio of the number of hourg that a
turbine could operate to the total number of Hours in
that period, usually expressed as a percéentage.
Downtime due to faults or maintenance (scheduled
or otherwise) generally make up the unayailable
time.

bedplate: In a modular system, the structyre that
supports the drive train components and phacelle
cover. Also called a main frame.

blade: The component of the rotor that cpnverts
wind energy into rotation of the rotor shaft.

brake: A device capable of stopping rotatiop of the
rotor or reducing its speed.

certification: Procedure by which a third party gives
written assurance that a product, process or service
conforms to specified requirements, also knpwn as
conformity assessment

=t Ty - ") g
Pal’t r.riasrr tierriperaturc rrictriou

ISO 14104:1995, Gears - Surface temper etch
inspection after grinding

ISO/TR 14179-1:2001, Gears - Thermal capacity -
Part 1: Rating gear drives with thermal equilibrium
at 95 C sump temperature

2) Presently at the development stage.

certification standard: Standard that has specific
rules for procedures and management to carry out
certification of conformity.

control system: A system that monitors the wind
turbine and its environment and adjusts the wind
turbine to keep it within operating limits.

© ISO 2005 -- All rights reserved
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Table 1 - Symbols

Where
Symbol Term Units first used
C Basic dynamic load rating N Eq 1
Co Basic static load rating N 5.1.3.1
fma Mesh misalignment - - 51.1.3
Ka Ratio between the equivalent and the nominal torque -- 51.1.5
Knp Load distribution factor - - 51.1.2
Kic Ratio of maximum contact pressure to contact pressure for line -- Eq 4

contact without misalignment
Km Ratic-of-maximum-contact-pressure-with-misalignment-to-maximum Eg4—
contact pressure without misalignment

Ky Dynamic factor - - 5141
k Load sharing factor for the maximum loaded roller - - Eq 2
Lagy Combined advanced rating life hours 5.1.3.213
Ladv, i Advanced rating life on the ith load level hours Eq5
Lh1o Basic rating life hours Eq 1
Lye Effective roller length mm Eq3
L1or Combined nominal reference rating life hours 5.1.3.213
n Rotational speed rpm Eq 1
P Dynamic equivalent bearing load N Eq 1
Py Equivalent static bearing load N 5.1.3.1
Py Rated power of wind turbine kW Eq6
p Exponent in bearing life equation -- Eq 1
Pline Contact pressure for line contact MPa Eq3
Pmax Maximum contact stress MPa Table 3
Q Single roller maximum load for a clearance“free bearing N Eq2
Oty Recommended oil quantity liters Eq6
qgi Time share on the ith load level - - Eq5
Ra Roughness average wm 5.2.8.2
Rz Mean peak-to-valley height um 5.2.8.2
Sk Safety factor for bendingsstrength - - 5.1.1.4
SH Safety factor for pitting resistance - - 51.1.4
YN Stress cycle factorfor bending strength - - 5.1.1.4
YNT Life factor for bending - - 5.1.1.5
VA Total numbet™of rolling elements - - Eq2
ZN Stress cygle’factor for pitting resistance - - 51.1.4
INT Life factor for pitting resistance - - 5.1.1.5
ag Neminal contact angle of the bearing degrees |Eq2
ZPline Curvature sum for line contact - - Eq3
K Viscosity ratio - - 5.1.3.3

cut-in wind speed: The minimum wind speed at
hub height at which the control system calls for the
turbine to produce power.

cut-out wind speed: The maximum wind speed at
hub height at which the control system calls for the
turbine to produce power.

© ISO 2005 -- All rights reserved

damped yaw: A device used to slow yaw motions.

design life: The period of real time that the system
is expected to continue functioning. Includes
operating, idling and stopped time.

downwind turbine: A HAWT where the wind
passes the tower before the rotor.
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dynamic equivalent bearing load: A hypothetical
load, constant in magnitude and direction, acting
radially on radial bearings or axially on thrust
bearings, which if applied, would have the same
influence on bearing life as the actual loads to which
the bearing is subjected.

emergency shutdown: A rapid shutdown of the
wind turbine triggered by the control system, a
protection system or manual intervention.

longef satisfies the design requirements. This load
can be either forces, moments, torques, or a
combjnation of the three. This load, supplied by the
wind furbine manufacturer, includes all partial load
safety factors.

extreme torque: The extreme torque is that torque
from any source that is the largest single torque that
the gearbox will see during its design life beyond
whichl the gearbox no longer satisfies the design
requifements.

extreme wind speed: The highest short-term
average wind speed that is likely to be experienced
by th¢ wind turbine during its service lifetime. It is
typicglly based on statistical estimates of the fong
term behavior of the wind speed.

feathering: In a variable pitch HAWT, the“action of
pitchipg the blades to a minimum power production
positipn.

fixed|pitch rotor: A rotor with blades that do not
change pitch during operation. The pitch angle of the
rotor [blades may be~changed manually for site
specific or seasonalwind spectrum changes.

free yaw: See\passive yaw.

HAWT: Horizontal axis wind turbine. The rotational
axis ¢f-the rotor is approximately parallel to the

idling: Operating condition where the rotor is
rotating and the generator is not producing power.

input or mechanical power: The mechanical
power measured at the gearbox low speed shaft or
the wind turbine rotor shaft.

input shaft: See rotor shaft.

integrated system: A system architecture in which
the gearbox housing supports the rotor directly, and
in some cases, the generator(s) and other

lock: The use of a mechanical device. to prevent
movement of the rotor or yaw drive.

main frame: See bedplate.
main shaft: See rotor shaft.

maximum operating load: The maximum pperat-
ing load is the highest-lead in the load spectfum.

maximum power:\The highest level of net electrical
power delivered by a wind turbine in normallopera-
tion.

Miner’s'sum dynamic equivalent bearing load:
The,dynamic equivalent bearing load obtained by
¢ombining loads and speeds in a wind spectrum
using Miner’s rule.

modular system: A system architecture i) which
the rotor shaft assembly, gearbox, generator(s) and,
possibly, a yaw drive, are separate components
mounted to a common main frame. See int¢grated
system.

motoring: Operating condition where the geperator
is consuming power.

nacelle: The structure that contains the driye train
and other components located at the top of a|HAWT.

nacelle cover: The housing that covers the nacelle.

nominal speed: The gearbox low speefl shaft
speed at which mechanical power is defined.

non-rotating: Operating condition where trre rotor

horizon.

horizontal axis: The axis of rotor rotation is
approximately parallel to the horizon.

hub height: For a HAWT, the height to the center of
the rotor.

hub: The structure that attaches the blades to the
rotor shaft.

fsTotrotating:

normal shutdown: Transitional operating condition
where the rotor decelerates from operating speed to
standstill or idling and the generator ceases to
generate power.

operational wind speed range: The range of wind
speeds between the cut-in and the cut-out speed.

output shaft: See high speed shaft.

© ISO 2005 -- All rights reserved
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parked: Operating condition where the rotor is not
rotating because the parking brake is applied.

parking brake: Adevice capable of preventing rotor
rotation.

passive yaw: The forces of the wind are used to
align the nacelle (rotor disk) relative to the changing
direction of the wind. See active yaw.

pitch: The angular position of the rotor blades about
their long axis.

ISO 81400-4:2005 (E)

upwind turbine: A HAWT where the wind passes
the rotor before the tower.

variable pitch rotor: A rotor whose blade pitch can
be varied during operation. The pitch angle may be
actively controlled to optimize power or limit loads in
response to the conditions.

variable speed: Rotor shaft torque limiting is
accomplished by using high voltage electronic
components and special generator designs to allow
a wide range of rotor speeds. This method utilizes

pitch gontrol: Rotor shaft torque limiting is accom-
plished by actively adjusting the pitch.

preventive maintenance: Scheduled work in-
tended|to prevent failure or unscheduled repairs.

rated power: The continuous electrical power
output assigned by the WTGS manufacturer that the
wind tyrbine is designed to achieve under normal
operating conditions at rated wind speed.

rated wind speed: The specified wind speed,
assigned by the WTGS manufacturer, at which the
rated power is produced.

rotor: [The hub/blade assembly.

rotor Rearing(s): The bearing(s) that supports the
rotor shaft.

rotor diameter (horizontal axis): Diameter of the
disk swept by the rotation of the blades.

rotor ghaft: The shaft that supports the rotor and
transmijts the rotor torque to the gearboex: Also called
the majn shaft.

rotor $peed: The rotational 'speed of the wind
turbine|rotor about its axis; inrevolutions per minute.

stall cpntrol: Rotor,shaft torque limiting is accom-
plished by aerodynamic design (airfoil selection,
blade taper, bladetwist, blade pitch, rotor speed).

standstills“See non-rotating.

startup:
accelerates from standstill or idling to operating
speed and the generator begins to generate power.

tower: The structure that supports the nacelle in a
HAWT.

turbulence intensity: A statistical measure of the
variation inthe wind speed. The ratio of the standard
deviation of the wind speed to the mean wind speed.

© ISO 2005 -- All rights reserved

changes in inertial energy in the rotor to absofb the
effect of wind gusts.

VAWT: Vertical axis wind turbine. Therotational axis
of the rotor is approximately perpéndicular fo the
horizon. This kind of turbine is\beyond the scppe of
this standard.

wind turbine generator.system (WTGS): A system
that converts the kinetic energy of the winf into
electrical power,

wind turbine_manufacturer: Entity that depigns,
manufacturés and warrants wind turbines.

wind turbine operator: Entity that operates and
maintains wind turbines.

yaw: Rotation of a HAWT’s nacelle about th¢ long
axis of its tower. Used to orientate the nacelle|(rotor
disk) with respect to the prevailing wind.

yaw bearing: The bearing system that suppofts the
nacelle in a HAWT. It permits the nacelle to fotate
about the tower axis.

yaw drive: The system of components uged to
cause yaw motion.

3.3 Gearbox terms

alloy steel: Steel containing significant quantities of
alloying elements such as nickel, chrome, or molyb-
denum to improve its properties such as hardgnabil-
ity or toughness.

ambient temperature: The dry bulb air tempera-
" A ) L -

annulus gear: Gear wheel with teeth on the inner
surface of a cylinder. Also known as an internal gear.

aspectratio: The ratio of the pinion face width to the
pinion operating pitch diameter.

bearing basic rating life: The life where adjust-
ment factors for reliability, material and environment
are taken as unity (1.0).
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bearing manufacturer: Entity that designs,
manufactures and warrants bearings for wind tur-
bine gearboxes.

bulk oil: The oil that is most representative of the
overall physical condition of the lubricant within the
lubrication system. With splash lubricated gear-
boxes, the location of this lubricant is at or near the
midpoint of the oil sump level shortly after the drive is
shut down at operating temperature. With pressure
fed lubrication systems, this is represented by the oil

withi o-pressure-ling 86
filter agssembly during system operation.

tempgrature or they are cooled, reheated and
quenghed. The carburizing and hardening is
followed by tempering where the gears are reheated
to a r¢latively low temperature and slowly cooled.

coupling: Adevice that connects two rotating shafts
to trapsmit power, accommodate misalignment, and
compensate for axial movement.

doubje helical gear: Gear wheel with both right-
hand gnd left-hand helices. The teeth are separated
by a gap between the helices.

epicyclic: Gear arrangement consisting of multiple
parallel axis gears including a sun pinion,sseveral
planets that mesh with the sun, planet carrier, and an
annulus gear that meshes with the planets.

gear:| Of two gears in a gearset,the one with the
largeff number of teeth is the gear. Also known as the
wheel|. See pinion.

gearox: A complete)assembly of gears, shafts,
bearings, housing,‘seals, lubrication system and
assodiated components.

gearbox.< manufacturer:  Entity that designs,
manufactures and warrants gearboxes for wind

helical gear: A gear with teeth that are inclined to
the gear axis like a helical screw.

helix modification: A manufacturing modification
of a pinion or gear obtained by changing the shape of
the tooth flank along the face width.

high speed shaft: The highest speed shaft in a
gearbox that drives the generator.

housing: The enclosure that contains the gearbox
components such as gears, shafts, bearings and
associated components.

inner ring: In a bearing, the material between the
inside dimension of the roller/ball and. the’ putside
diameter of the part the bearing is mounted pn.

involute profile modification;. A" manufgcturing
modification of a pinion or @ear where a small
variable amount of material 'is removed algng the
tooth profile in the root to tip direction.

low speed shaft:. CThe lowest speed shaft in a
gearbox. See rotor shaft.

lubricant manufacturer:  Entity that designs,
manufactdres’ and warrants lubricants fogr wind
turbine:gearboxes.

module: The ratio of the pitch diameter in millime-

ters to the number of teeth in a gear.

nitriding: Heat treatment process where gegars are
heated in a nitrogen atmosphere that causgs nitro-
gen to diffuse into surface layers of gear te¢th and
form hard nitrides. Distortion is small, becquse ni-
triding is done at low temperatures and thefe is no
quench.

outer ring: In a bearing, the material betwgen the
outside dimension of the roller/ball and the pore of
the part the bearing is mounted within.

parallel shaft: A gear arrangement where the
pinion and gear mesh on parallel axes.

pinion: Oftwo gears in a gearset, the one with fewer
number of teeth is the pinion. See gear.

planetary: An epicyclic gear arrangement where
the annulus is fixed, the planets rotate about their

turbin€és.

gear ratio: The ratio of the larger to the smaller
number of teeth in a pair of gears.

gearset: A pinion and gear that are intended to run
together.

grinding notch: A discontinuity produced by a
grinding tool between the start of active profile and
tooth root that increases the tooth root stress.

own axes, and the planet carrier rotates.

power take-off (PTO): Additional output shaft for
driving auxiliary equipment, such as oil pumps.
profile shift: A modification of a gear where the
tooth profile is radially shifted.

protuberance cutter: A tool for cutting gear teeth
that cuts a relief in the profile of the gear teeth to
avoid grinding notches.

© ISO 2005 -- All rights reserved
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purchaser: Entity that issues purchase contracts for
wind turbine gearboxes.

rim thickness: The radial distance from the roots of
the teeth to the inner diameter of the rim or to the
bore on an external gear, and to the outside diameter
on an internal gear.

split power path: A gear arrangement consisting of
multiple parallel axis gears. The arrangement is
analogous to epicyclic gears except there is no
annulus_gear

ISO 81400-4:2005 (E)

4 Design specification

4.1 Introduction

This clause provides the minimum required informa-
tion for the specification of wind turbine gearboxes. It
is important for the purchaser to identify what is
expected of the gearbox manufacturer. A thorough
specification is the method by which this is done.
The scope of the specification may range from only
performance and life requirements to detailed de-
sign and method of calculation requirements. If wind

spur gear: Gear with teeth that are parallel to the
gear axis.

star: |An epicyclic gear arrangement where the
annulug rotates, the planets (stars) rotate about their
own axes, and the planet carrier is fixed.

h hardening: Heat treatment process where

predominantly martensitic microstructure,
pered. Gear teeth are machined after

torquelarm: A structural componentthat attachesto
the hdusing of a shaft mounted gearbox and
prevents rotation of the gearbox about the rotor
shaft.

wheel:| Of two gears in a gearset, the one-with the
larger mumber of teeth is the wheel. Also’known as
the geqr.

3.4 Filtration terms

cleanliness level: The c¢leanliness level as defined
by 1SO| 4406 is a code.system used to quantify the
numbel of particles<of a certain size in a given
volumg of oil. Sé€e)annex F.

filter:
liquid

device for removing solid particles from a
ream, typically by means of porous media.

turbine certification is required, the purchasef shall
clearly specify all certification documents-elejant to
the gearbox. The specification shauld.contgfin the
information noted in annex E.

4.2 Specification introduction

An introduction shall be provided that identifigs the
intent of the procurement) specification. Thig shall
include a description.of’the type of wind turbipe, its
basic modes of operation, the application ¢f the
gearbox in the wind turbine, and a description|of the
interfaces 1o the gearbox such as generator,|rotor,
bedplate, torque arm, lubricant system| and
accessories.

4.3 Gearbox configuration
4.3.1 Configuration

The general configuration of the gearbox shall be
specified. This may include: the type of moynting;
the type of gearing; the gear arrangemen; the
number of high speed shafts; the location and type of
power take-off gears (PTO); and the method of
lubrication.

All requirements for the geometric configuration of
the gearbox shall be specified. This may include: the
overall length, width, or height; the distance befween
shaft centers; length of shaft extensions; angle of
shaft tilt or offset; gear housing split plang; the
maximum weight, or other features.

A detailed description of all components intefffaced
to the gearbox shall be provided. Each intgrface
shall be detailed for mounting, support and Ioiding.

inline filter: A filter installed in the main oil
circulation system that supplies gears and bearings
with oil.

offline filter: A filtration device independent of the
main lubrication system, typically with a separate
pump, that operates continuously to improve oil
cleanliness. Also called bypass filter, kidney loop
filter, or side stream filter.
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4.3.2 Rotor speed

The rotor speed, or speed range, shall be specified.
This shall include expected speed during power
production and idling mode. The direction of rotation
for each of these situations shall be specified.
4.3.3 Gear ratio

The overall gear ratio and its tolerance shall be
specified for the drive gears and any PTO gears.
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The overall gear ratio of the gearbox is set by the
requirements for rotor speed and generator speed.
However, if there is more than one stage of gears,
the gearbox manufacturer can select gear ratios for
each stage to maximize load capacity and minimize
weight (see AGMA 901-A92).

4.4 Loading
4.4.1 Description of loads

It is the responsibility of the wind turbine manufactur-

It shall be clearly stated as to which portion of the
turbine lifetime the spectrum refers.

For variable speed wind turbines, it may be neces-
sary to separate each torque bin into several speed
bins.

Specified torque level of each bin shall represent the
highest level of torque represented in that bin. To
avoid excessive conservatism, sufficient quantity of
bins (atleast 40) shall be used. Bin width need notbe
uniform, and, in fact, finer resolution at the highest

erto Tovide all loads applied to the gearbox to allow
adeqguate evaluation of the design life requirements
for all|gears, bearings, shafts and the housing (see
annex B). The details of this load description are
presented in the following sections.

The Ipads should be thoroughly detailed in a load
descrjption document.  This document should
incluge:

- | torque-frequency histogram including all
operating loads;

- | transient loads described as annotated time
seflies. Refer to section B.5.2.2 and figure B.2 for
a gample of an annotated brake event;

- | torque-speed relationships; and

- | other structural loads described in fatigue-
based cycle counts at pertinent interfaces. These
loads can be presented as a representative time
seflies of the loads or the results of a Rainflow
Colmt [1] with mean value, amplitude. (peak-to-
peak), and frequency of occurrence.

The purchaser shall indicate in the loads document
the partial safety factors and load-uncertainty factors
used |n deriving the loads.cAny additional multipliers
to be[applied to the loads shall be explicitly stated.
The qource and rationale for the use of the safety
factors or multipliers or both shall be described or
sufficlently refetenced.

4.4.2 Torque loads

torque bins is preferred. The load spectrum shall
also contain one bin that accounts fer.idling and
stopped time. The load spectrum total time Will then
match the design life of the turbine!

The torque spectrum shall inglude all fatigug loads,
including all external transient loads such a$ brake
loads, if applicable. If morethan a single drivgn load,
such as multiple generators, pump drives, gr other
PTO’s exist, the-torque spectrum for each| driven
load shall be defined.

4.4.2.2 Extreme torque loads

Extremetorque shall be specified by the windfturbine
manufacturer:

- torque level;
- number of occurrences;
- source, such as rotor, generator or brake.

Extreme loads shall not be included in the load
spectrum.

4.4.3 Structural loads
4.4.3.1 Non-torque load sources

In the case that the wind turbine rotor ogeration
imparts non-torque loads to the gearbox low speed
shaft, these loads shall be sufficiently descyibed in
the specification. Such loads may occur|in any
operating mode of the wind turbine including idling
mode or when the turbine is parked. In modular
arrangements the shafts are subjected to logds that
need to be tolerated and transferred to the base

4.4.2 4-Fatigue

The low speed shaft torque spectrum shall be
specified in bins with:

- torque level;
- cycles or revolutions per torque level,
- nominal speed for design;

- idling speed.

mount (see A.5). Also, the generator, brake and
other interfaced components can affect reaction
loads on the gearbox and shafts. Such loads may
occur in any operating mode of the wind turbine
including idling mode or when the turbine is parked.
These loads shall be sufficiently described in the
specification. Stiffness in all loading directions of
compliant supports, such as elastomeric bushings,
shall be specified by the purchaser.

© ISO 2005 -- All rights reserved
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4.4.3.2 Structural fatigue loads

For each type of external load applied to the
gearbox, fatigue loads shall be defined at the
interface in a prescribed coordinate system as
moments and forces in three directions.

Loads for each axis shall be defined in a spectrum,
specified by bins, with:

- moment level;

- pycles per revolution per moment/force level.

Multi-gxis loads shall be provided in such a way that
the phgse relationship is preserved. The interpreta-
tion andl use of data shall be a joint effort between the
wind furbine manufacturer and the gearbox
manufgcturer.

4.4.3.3|Structural extreme loads

For eafh type of external loading to the gearbox,
extreme loads shall be defined at the interface, in a
prescriped coordinate system, with moments and
forces |n three directions.

4.4.4 Idling, parking and transient operation

Featurgs such as duration and frequency of speeds
and loads, method of lubrication, and temperature
ranges|during idling, parking and transient operation
shall b¢ specified.

4.4.4.1| Idling

Rotors|should be allowed to idle whenever possible
to avojd false brinelling, fretting corrosion, and
corrosipn on gear teeth, splines; bearing rollers and
bearing raceways.

4.4.4.2| Parking

Parking should“be minimized to avoid false brinel-
ling, frgtting €orrosion, and corrosion on gear teeth,
splines, ¢bearing rollers, and bearing raceways.
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4.4.5 Dynamic loading

The loads specified by the purchaser shall include
effects from the system’s dynamics. Depending on
the layout of the drive train and nacelle, the
purchaser should quantify static and dynamic rela-
tive displacements of the different subsystems. The
purchaser should also specify absolute movements
and accelerations of the gearbox. Implementation of
this dynamic analysis is a joint effort between
purchaser and gearbox manufacturer. To enable the
the development process, the gearbox manufactur-
er should supply general gearbox data) suph as
center of gravity, stiffness, inertia,\damping, and
clearances.

4.5 Certification

diligence efforts anddnsdrance requirements. All
requirements for certification shall be descriped in
the specification, including:

Wind turbines are usually certified to facilita¥ due

— name,of classification society;

— standard or certification document pame,
number, and revision level;

£\ applicable section or paragraphs;
— any exceptions to the above documen

Safety factors in excess of certification stapdard
requirements shall be specified. Itis the respopsibil-
ity of the purchaser that the purchase specification is
consistent with the relevant certification standards.

4.6 Operating environment

The expected operating environment of the gearbox
shall be specified. As a minimum this shall intlude:
the ambient temperature range, air temperatue and
air velocity across the gearbox, maximum relative
humidity, extent of exposure to direct suplight,
precipitation and airborne particulates. See annex E
for additional information on this subject.

4.7 Control and monitoring

Requirements for monitoring and control sgnsors

Dynamictoadsoma parked-wind—turbime—stattbe
specified in detail, for example, by an annotated time
series.

4.4.4.3 Transient operations

Transient load events such as braking, cut-in,
cut-out, generator shift, and blade pitch operations,
shall be specified in detail, for example, by an
annotated time series.
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associated with the gearbox shall be specified. This
may include: lubricant level, temperature, pressure
sensors, vibration sensors, filter bypass sensors,
particulate accumulation sensors, or others.

4.8 Qualification testing
4.8.1 Prototype tests

Type and conditions of any qualification testing shall
be specified. These tests shall be performed on a
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prototype unit of the gearbox with gears and
housings previously measured and recorded. Test
duration shall be agreed to between the purchaser
and gearbox manufacturer. The test shall observe
the development of contact pattern with rising load
(documented at defined steps). The test shall be
performed up to the design load for the helix and
profile modifications. The test results shall be well
documented by photos and shall be compared to the
design calculations in order to verify the calculation
model.__In addition, bearing and oil temperatures

ition to the contact pattern development and
| capacity test, an instrumented overload,
long furation prototype qualification test may be
requined. Test conditions for such a test are to be
agregd to between the purchaser and the gearbox
manufacturer at the time of purchase.

4.8.2 |Sound emission testing

Acceptance tests for verification of the sound
emisgions from the gearbox shall be specified.
Testing conditions for the acceptance measure-
mentg shall also be specified. = ANSI/AGMA
6025+D98 (sound pressure measurement) and ISO
857911 (sound power measurement) are two pos-
sible nethods for measurement. The specification
of tept conditions may include: speed;. dorque,
temperature, type of lubricant, direction(of)rotation,
mounting of gearbox, type of drive motor, type of
measurement device, range of Arequencies, and
others. In addition, it may be desirable to specify the
tonal pharacter of the sound emission.

4.8.3 | Vibration testing

Acceptance tests for-Verification of the vibration of
the ggarbox shallbe specified. Testing conditions for
the acceptapce” measurements shall also be
specified« ANSI/AGMA 6000-B96 and ISO 8579-2
are tvI/o possible methods for measurement. The

tion. At this point, the roughness profile of gears and
bearings is still dominated by the texture generated
in the finishing process. High local contact stress at
roughness peaks may cause micropitting, surface
distress, scuffing or other irreversible wear pro-
cesses. The surface finish achieved during the
manufacturing process significantly influences
these risks. Methods like super-finishing, surface
plating or run-in at controlled power levels may be
required to reduce these risks.

earbox
manufacturer shall mutually agree among.thg above
methods with consideration of the actual gepmetry,
manufacturing processes, stress level, slide ratio,
A-ratio, and operating modes_6f\the wind {urbine.
The suitability of the selected means shall be
documented, for example, by prototype festing.
When possible, the wind turbine operator|should
also agree on the above methods.

Uncertainties of the wind make it difficult to achieve
proper run-jin.conditions during field commisgioning,
therefore@ run-in will typically be performed at the
factory.\\Operating and load conditions of g run-in
shall b& selected with care to avoid initial damage to
gears and bearings. Refer to table 17|for olil
cleanliness at the run-in test.

The wind turbine manufacturer and the dearbox
manufacturer shall mutually determine and dgree to
startup, commissioning, operating and maintgnance
procedures designed to avoid gearbox damage
during initial turbine startup. The wind [turbine
manufacturer shall include these procedures in the
startup, commissioning, operating and maintgnance
documentation. The wind turbine operatqgr shall
follow the procedures as outlined in the ogerating
and maintenance documentation.

4.10 Transport and construction

There are many possible sources of damagg to the
gearbox during transport, storage, and constfuction.
Of particular concern are contamination, cofrosion,
fretting corrosion and false brinelling. It shal| be the

specitication of test conditions may include: speed,
torque, temperature, type of lubricant, direction of
rotation, mounting of gearbox, type of drive motor,
type of measurement device, range of vibrational
velocity or acceleration, and others.

4.9 Startup requirements

Wind turbines are subject to operating at their full
design load capabilities immediately after installa-

10

responsibility of the gear manufacturer to ensure
appropriate steps are taken to minimize potential for
contamination, corrosion, fretting corrosion and
false brinelling during storage at their facilities and
transport. It shall be the responsibility of the
purchaser to ensure appropriate steps are taken to
minimize potential for contamination, corrosion,
fretting corrosion and false brinelling during storage,
transport, and construction. This is especially true
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for turbines that are parked after blades are installed
prior to commissioning and operations.

5 Gearbox design and manufacturing
requirements

5.1 Component rating

The required design life shall be specified for each of

ISO 81400-4:2005 (E)

6336-1:1996. Profile and helix modifications shall
be used to compensate for the detrimental effects of
these deviations.

5.1.1.3 Advanced contact analysis

Load distribution factors shall be determined by nu-
merical analysis with an advanced contact analysis.
If the advanced contact analysis indicates a value of
Kpp < 1.15, then a value of Kpyp = 1.15 shall be used
in the rating calculation. Lower values may apply to

the ma self adjusting systems. The load distribution shall be
: ) ° S validated by testing as described in clause 48.1.

gears, pearings, housings, shafts and seals. To the
extent possible, the specification should identify the
minimym required life, the reliability associated with
the life palculation, and the method or standard to be
used fqr the calculation.

The gearbox shall be designed to withstand a
momeitary, maximum load as defined in annex B
and specified by the purchaser. All major compo-
nents ¢f the gearbox including gears, keys, shafts,
splines, bearings, housing and fasteners shall be
capable of withstanding the extreme load without
incurring significant permanent deformation that will
affect performance. The maximum load capacity
should| be calculated in accordance with ANSI/
AGMA| 6110-F97, or ANSI/AGMA 6123-A88, or
ANSI/AGMA 6001-D97, or ISO/TR 13593, or DIN
743 ag agreed to between the purchaser and the
gearbox manufacturer.

5.1.1 Gear life rating

Pitting [resistance and bending strength shall be
rated ir) accordance with ANSI/AGMA'2101-D04, or
ISO 63B6:1996. The following clauses give applica-
tion rdles for each of these ‘standards. The
purchapger and gearbox manufacturer shall agree to
the applicable standard:

5.1.1.1| Dynamic factor, K,

The dynamic<factor, K,, significantly affects gear
rating. |A minimum value of K, = 1.05 shall be used
unless |a-detailed dynamic analysis using a proven

The design load for profile and helix-modification
should correspond to the load that contributeq most
to the surface fatigue. The value for’K}g established
at this load shall be held constant across the |entire
load spectrum for gear rating. Additionally, |maxi-
mum operating loads and extreme tolerance| com-
binations shall be .checked with their regulting
contact stress. Spe&cial care shall be taken to|avoid
stress risers atthe extremities of the contact area.

There are Qumerous computer codes available for
analyzing.the load distribution along the face width.
The design process of a wind turbine gean shall
employ a code that allows analysis of thg load
distribution in helix and profile directions at the[same
time, providing full information of the local loading in
the entire contact area. In addition to the reguire-
ments of 5.1.1.2, an advanced theoretical cpntact
analysis of the load distribution shall at least agcount
for:

load distribution in helix and profile diregtions;
influence of adjacent meshes;

- influence of local discontinuities ip the
stiffness at the extremities of the contact afea.

The effect of production variation on shaft pdrallel-
ism and tooth alignment of pinion and gear shopld be
included in the value of mesh misalignment, fna.
Annex G suggests a method that can be used.

5.1.1.4 Gear rating according to ANSI/AGMA

2104 D04

multi-body simulation, shows otherwise.
5.1.1.2 Load distribution factor, Ky

The load distribution factor, Ky, significantly affects
gear rating. Load distribution along the face width is
influenced by many parameters such as elastic
deflections, manufacturing tolerances, and thermal
deformations as described in clause 15 of ANSI/
AGMA 2101-C95 and clauses 7.1 and 9.1 of ISO
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Miner’s Rule (see ISO 6336-6) shall be used to
calculate gear life using a load spectrum supplied by
the purchaser. Gear life calculations shall be based
on areliability of 99% and the lower curves for stress
cycle factors, Zy and Yy. Pitting and bending fatigue
lives shall be a minimum number of hours specified
by the purchaser, but not less than the design life
hours. The minimum safety factor for pitting

11
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resistance shall be Sy = 1.0. The minimum safety
factor for bending strength shall be Sg = 1.0.

Scuffing resistance shall be rated in accordance with
AGMA 925-A03. If scuffing temperature is deter-
mined from FZG tests, one stage lower than the fail
load stage shall be used for the scuffing analysis.
The risk of scuffing shall be less than 5%.

5.1.1.5 Gear rating according to ISO 6336:1996
Miner’s Rule (see ISO 6336-6)
calculate—ss cte Ste
supplled by the purchaser. Life factors, Zyt and YnT
shall be reduced to 0.85 at 1010 cycles. Pitting and
bendinpg fatigue lives shall be a minimum number of
hours| specified by the purchaser, but not less than
the d%sign life hours. Alternatively, a rating calcula-

shall be used to

7/ cl O Cl O—a Oat v, Cl

tion using an application factor, Ka, in accordance
with annex H, may be used if agreed to by the
purchaser and the gearbox manufacturer. In this
case,| K5 is defined as the ratio between the
equivalent and the nominal torque.

In both cases, safety factor calculations shall be
based on a reliability of 99%. The minimum safety
facton for pitting resistance shall be Sy = 1.25. The
minimum safety factor for bending strength shall be
Sg = 1.56.

ISO 68336:1996 does not provide a rating method for
scuffing. The purchaser and gearbox manufacturer.
shall therefore agree on the rating method for:this
failure mode. It is highly recommended to-use a
methgd based on total contact temperature;such as
AGMA 925-A03, or ISO/TR 13989-1,"or DNV
Classjfication Note 41.2. If scuffing.femperature is
determined from FZG tests, one stage lower than the
fail load stage shall be used for the scuffing analysis.
Wher| using AGMA 925-A03; the risk of scuffing
shall be less than 5%. Wher using ISO/TR 13989-1
or DNV 41.2, the minilum safety factor shall be 1.25

5.1.2 | Gearbox thermal rating

Gearbpox thermal power rating should be calculated
in adcordance with ANSI/AGMA 6110-F97, or
ANSI|AGMA 6123-A88, or ISO/TR 14179-1. These

lines. Calculated bearing lives are valid for compari-
son of different bearing options, but may not reflect
actual bearing lives under service conditions.

5.1.3.1 Static rating

The static safety factor of any bearing shall be
greater than 3.0 at the maximum operating load on
that bearing, and 2.0 at the extreme load on the
bearing.

5.1.3.2 Rating life

Bearing life shall be calculated using DIN 1$O 281
Bbl. 4:2003 (see 5.1.3.2.3). Proprietary adyanced
life calculation methods developed by many bearing
manufacturers may be used. When proprietary
methods are utilized,-the' results shall be compared
to DIN ISO 281 Bhl. 4:2003 and the values prpduced
by 5.1.3.2.1 thtough 5.1.3.2.2.  Discrepancies
should be~rationalized between the bearing
manufactlrer, gearbox manufacturer, and ptyirchas-
er.

5.1:3.2.1 Basic rating life

For a preliminary selection of bearings in the{design
process of the gearbox, the basic rating life ¢alcula-
tion should be used.

This standardized calculation method for dynpmical-
ly loaded rolling bearings is based on equivalent
load, speed, bearing dynamic load rating and
simplified load distribution assumptions. See ISO
281 and the catalogues of rolling bearing manufac-
turers. Table 2 offers minimum values for the basic
rating life, Ln1g, which is determined in accdrdance
with ISO 281:
108 (c\’

Lo = 0 (7) ®

where

Lp1o is basic rating life, hours;
n is rotational speed, rpm;

documents provide tools to determine maximum
operating temperatures of a given gear design. Ifthe
purchaser and the gearbox manufacturer agree,
alternate methods can be used to compute the
gearbox thermal rating.

5.1.3 Bearing rating

Bearings shall be rated according to 5.1.3.1 and
5.1.3.2. These requirements are empirical guide-

12

is basic dynamic load rating according to
ISO 281, N;

P is dynamic equivalent bearing load, N;
p is life exponent.

Miner’s rule shall be used to combine loads and
speeds given in the load spectrum supplied by the
purchaser. The exponent, p, shall be 3.0 for ball
bearings and 10/3 for roller bearings.

© ISO 2005 -- All rights reserved
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Table 2 — Minimum basic rating life, L9
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where

0 is single roller maximum load for a

5.1.3.2|2 Contact stress

The contact stress using the Miner’s sum dynamic
equivalent bearing load should not exceed the
values|listed in table 3. Contact stress is calculated
with equation 4 or methods described in 5.1.3.2.3,
and differences between these methods should be
resolvgd between the bearing manufacturer, the
gearbox manufacturer and the wind turbine
manufacturer. The results of an advanced contact
analysis per 5.1.3.2.3 are preferred.

Tablg 3 — Guide values for maximum contact
stresp for rolling element bearings at Miner’s
stim dynamic equivalent bearing load

Maximum contact

Befiring position stress, Pmax, MPa

High gpeed shaft 1300
High gpeed 1650
intermediate shaft
Low speed 1650
intermediate shaft
Plane 1450

(there is no equivalent
load on the input shaft)

Low speed shaft

NOTE
Valueslin.this table are valid for a design life of 20

Required life, ) )
Bearing position Li1o, hr clearance free bearing, N;
High speed shaft 30,000 Py is equivalent static bearing load, N;
High speed intermediate shaft 40,000 Z s total number of rolling elements;
Low speed intermediate shaft 80,000 is nominal contact angle of the bearing
og | [ ing,
Planet 100,000 degrees;
Low speed shaft 100,000
NOTE: k is the load sharing factor for the maximum
Values in this table are valid for a design life of 20 loaded roller.
years @nd shall be adjusted for designs with different o
design|life. 3 1
Pine = 270 /5 (L_we)z Pline 3)

where
piine is contact pressure fonline contact, MPa;
Lye is effective roller length, mm;
3pjineis curvature sumrfor line contact.
Pmax = Kjc KmPjine (4)
where
Pmax iS.maximum contact stress, MPa;

K| “\isratio of maximum contact pressure tp con-
tact pressure for line contact without
misalignment;

K, is ratio of maximum contact pressurg with
misalignment to maximum contact prgssure
without misalignment.

For more details refer to annex I.

5.1.3.2.3 Advanced rating life

The advanced rating life shall be equal to or gfeater
than the design life specified by the wind tlirbine
manufacturer.  Calculations shall be perfgrmed
bin-by-bin using the load spectrum specified py the
wind turbine manufacturer. If the combined ad-
vanced rating life, Laqy, is greater than 10 X Lqgf
(combined nominal reference rating life according to
DIN ISO 281 Bbl. 4:2003), then the comnlbined
advanced rating life, Lagy, shall be set eqpal to

10 x [ +or Note that L +oriS ovprnccnr‘l nnu er of

years and shall be adjusted for designs with different

design life.

A simplified method to approximate this contact
stress in radial roller bearings is as follows:

Py
0= yol
Z cosay

2
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rotations in the DIN ISO 281 Bbl. 4:2003 document.
This needs to be converted to hours for comparison
Wlth Ladv.

Miner’s rule shall be used to reduce the number of
bins in the spectrum, to facilitate data processing,
but not less than 10 load bins shall be used. The life
exponent used for spectrum reduction should be the
same as used in the advanced life rating calculation.

13
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Combined rating life shall be calculated by the use of
equation 5:

Eqi
Lagv = q; ()
ZL
adv, i
where

Lagy is combined advanced rating life, hours;

qi is time share on the ith load level;

these temperature levels. [f operating oil tempera-
ture is unknown, 5 °C below the shutdown tempera-
ture specified by the purchaser shall be used.

The operating temperatures of the bearings shall be
verified during the prototype test of the gearbox.

Table 4 — Bearing lubricant operating
temperature for calculation of viscosity ratio,

Operating Operating
Lagy, iis adjusted rating life on the ith load level. temperature for | temperature
. ; ) splash for pre$sure
The avanced calculation shall include the effects of: Bearing lubricated lubrichted
- | radial, axial and moment loads; position bearings hearihgs
- | internal design of bearings; SHrlggtspeed Oil sump +15°C
- | operating internal clearance (see 5.1.3.4); High speed Oil sump +10°C
- | elasticity of bearings and shafts; intermediate
oad sharind bet ling ol st shaft Oil inlet
- oad sharing petween rolling elements; Low Speed O|I sump +5 oC temperature
- | load distribution along roller length, consider- intermediate +5°C
ing actual roller and raceway profiles; shaft
. ) Planet Oil sump +5 °C
- | truncation of ball/raceway contact; _
Low speed Oil sump
- | lubricant viscosity at operating temperature shaft

(sge 5.1.3.3);
- | operating lubricant cleanliness (see 5.1.3.5).

The gdvanced calculation may further account for
elasti¢ity of mounting. Advanced calculations may
furthgr be used to study the sensitivity of load sharing
and load distribution against misalignment_and
manufacturing variation. Statistical tolerance-analy-
sis should be used to determine the misalignment.
Annex G suggests a procedure that\can be used.
Special care shall be taken to avoidexcessive stress
risers|at the roller ends and contact truncations.

5.1.3.3 Bearing operating-temperature

The Yiscosity ratio, k, Shall be calculated at the
operating temperattre”of the lubricant supplied to
the bearing as. defined in table 4. For splash
lubricpted bearings, the operating temperature can
be verified{by measuring the temperature of the
non-rotatihg r|ng The temperature grad|ent glven
for pressé

flow to the bearlng provides sufficient cooling to the
bearing.

The oil sump temperature is the steady-state
operating oil sump temperature. The oil inlet temper-
ature is the steady-state temperature at the gearbox
inlet port.

On-site tests of the prototype wind turbine shall
verify that the cooling system is sufficient to maintain

14

5.1.3.4 Operating clearance

The operating clearance used in the advancef rating
life calculation shall include the effects |of the
following:

- bearing initial clearance;
- fitting tolerances of shaft and housing;

- smoothing of fit for the specified surface fin-
ishes;
- temperature gradient between inngr and
outer ring according to table 5;

- thermal coefficient of the

materials;

expansion

- operating temperature (see 5.1.3.3).
It may further consider static deflection of mqunting.

Stat|st|cal tolerance analy5|s should be Used to

) is not
available, the RMS value of all extremes shall be
used. In addition, extreme tolerance combinations
shall be checked.

Table 5 provides typical temperature gradients
observed under constant operation. Higher gradi-
ents may occur, for example under startup
conditions, and these extremes may be relevant for
selecting bearing internal clearance. The operating

© ISO 2005 -- All rights reserved
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clearance used in the advanced life rating, and the
assumptions made for determining this clearance,
shall be documented.

Table 5 —-Temperature gradients for calculation
of operating clearance

ISO 81400-4:2005 (E)

This issue shall be negotiated between the gearbox
manufacturer, bearing manufacturer, and purchaser.

5.1.4 Shaft life rating

Shafts shall be designed and rated for fatigue and
yielding in accordance with ANSI/AGMA 6001-D97,
or ISO/TR 13593, or DIN 743. All shaft loads shall be

5.1.3.5| Lubricant cleanliness

An oil [cleanliness level of —/17/14 based on ISO
4406 shall be used when calculating bearing life for
filtered| systems unless operating cleanliness is
demongtrated to be better.

An oil [cleanliness level of —/21/18 based on ISO
4406 shall be used when calculating bearing life for.
non-filfered systems unless operating cleanliness is
demongtrated to be better.

In casg¢s where cleanliness levels better than the
defaultp are used in the calculation;-the value used
shall e one class worse than the documented
cleanlipess.

5.1.3.6/ Minimum required operating load

When $electing beafing’size and type, one should
consider the risk of skidding damage between rolling
elements and raceways at minimum load. The risk of
skidding damage is affected by factors such as:

- pearing design and size;

Temperature difference considered including applied structural loads.
between inner and outer Fatigue life at 99% reliability shall exceed the
ring as a function of rated specified design life. The purchaser shall specify
Bearing power of the turbine applicable partial factors on loads and material in
sition =500 kW > 500 kW accordance with the certification rules. Theggarbox
High dpeed shaft 5t0 10 °C 10to 20 °C manufacturer shall select and documept.mirimum
High dpeed 310 8 °C 510 15 °C safety factors in accordance with the calcylation
intermediate shaft methods selected.
!_ow saeed 3t08°C 0to10°C 5.1.5 Housings
intermediate shaft
Plane 510 0°C 5100 °C Housings, planet carriers}»and other partg that
Low sheed shaft 0105 °C 0105 °C support gears or bearings shall be checkegd for

deflection under load/ either by calculatipn or
extrapolation of test,data from previous similar [parts.
Planet carriers‘shall be treated the same as fhafts
for fatigue caleulation. The influence of planet ¢arrier
deflectionon gear mesh alignment shall also be
checked:

5.1.6 Shaft seals

Seals can have limited life, thus the type of sefl and
its expected life should be discussed betwegn the
gearbox manufacturer and purchaser. LaRyrinth
seals are preferred over lip seals because lip|seals
have relatively short life and are difficult to replace in
the turbine. See 7.1 for additional information.

5.2 Gear elements

Requirements for features of each gear el¢ment
should be specified. The following list is récom-
mended as a minimum. For resolution of|parts
deviating from these specifications refer to anmex C.

5.2.1 Aspect ratio

The aspect ratio is an indicator of how sensfitive a
gearset is to misalignment. To achieve good load
distribution on spur and single helical gearg, the

- speed;
- acceleration;

- rate of change from unloaded to loaded con-
ditions;

- lubrication factors, such as quantity, viscosity,
temperature and additives;

- operating internal clearance.

© ISO 2005 -- All rights reserved

aspect ratio should be 1ess than 1.25. For double
helical gears the aspect ratio should be less than 2.0
(see AGMA 901-A92). Different limits may apply to
self adjusting systems.

5.2.2 Profile shift
Profile shift is used to:
- prevent undercut;
- balance specific sliding;
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- balance flash temperature;
- balance bending fatigue life;
- avoid narrow top lands.

The profile shift should be large enough to avoid
undercut and small enough to avoid narrow top lands
(see AGMA 913-A98). For wind turbine gears,
which are speed increasers, it is usually best to
design the profile shift for balanced specific sliding.

5.2.3 Involute profile modification

accordance with ISO 6336-5:1996 respectively, with
the following exceptions:

- core hardness should be 28-45 HRC;

- certification in accordance with AMS 2301 or
ASTM A534 should be required;

- the gear teeth shall be inspected for surface
temper in accordance with 5.2.8.3.

Low hardenability alloys (such as AISI 8620) should
not be used for modules coarser than 5 without
special quality assurance procedures. The steel

Involdte profile modification shall be used to mini-
mize fetrimental effects of tooth deflections, assem-
bly tolerances, and tooth variations. Proper involute
profilg modification increases load capacity and
reduges noise. Since the loads on wind turbine
gears| are variable, the design load point for the
involyte profile modification must be chosen careful-
ly begause the involute profile modification can be
desigped for only one load, and over modification is
detrimental. The design modification shall account
for gffects of maximum loads, scuffing risk,
maxirpum manufacturing variations, and transverse
contart ratios at low loads.

5.2.4 |Helix modification

Helix [modification shall be used to minimize the
detrinpental effects of bending and torsional deflec-
tions | of teeth, shafts, bearings, housing, and
manufacturing variations. Proper helix modification
incregses load capacity and reduces noise.Since
the Idads on wind turbine gears are variable, the
desigh load point for the helix modificatien’ must be
chosen carefully because the helix medification can
be depigned for only one load, and over modification
is detfimental.

5.2.5 | Planet gear rim thickness

Plangt gear rim thickness shall equal at least 3
modules. Rim strefngth, tooth strength, and risk of
movement of the-~'bearing outer ring shall be
consiglered.

5.2.6 | Gear'materials

The reguired-properties and-heat treat response of
bt L L L

alloy shall be selected, and the heat drdatment
process shall be controlled, to obtain a‘mictostruc-
ture that has strength and fractire~ toughness
meeting the requirements for grade 2 matferial in
accordance with ANSI/AGMA-2101-C95, of grade
MQ material in accordance with ISO 6336—%:1996.
PTO gears are not covered, by this clause.

5.2.6.2 Internal gears

Internal gears shall be made from alloy ste¢ls with
sufficient hardenability to obtain properties meeting
the requirements for grade 2 material in accdrdance
with ANSI/AGMA 2101-D04, or grade MQ material
in accordance with ISO 6336-5:1996. Theg gears
shall,be heat treated to obtain a microstructdre with
strength and fracture toughness meeting the re-
quirements of the application. The strength of the
rim, the influence on tooth strength and the effects of
bolt holes and threads shall be congidered.
Carburized or nitrided internal gears haveg better
wear properties than through hardened geatrs.

5.2.6.3 Case depth

For both external and internal gears, casg depth
shall be selected based on the stress distrjbution.
Attention shall be paid to the risk of embrittlement,
subcase fatigue and case/core separation] Heat
treatment distortion and resulting variation ¢f case
depth from grinding shall be evaluated for carpurized
and ground gears.

The effective case depth should be designed to
avoid subcase fatigue failures and be in accdrdance
with ANSI/AGMA 2101-D04 or ISO 6336-511996.

the gear material should be specified. The following
items are recommended as a minimum.

5.2.6.1 External gears

All external gears shall be made from carburizing
grade alloy steels with sufficient hardenability to
obtain case and core properties meeting the require-
ments for grade 2 material in accordance with
ANSI/AGMA 2101-C95, or grade MQ material in

16

5.2.7 Gear accuracy

Geometric accuracy of gear elements shall be
specified in accordance with ISO 1328-1. The
maximum grades used shall be per table 6.

Gear accuracy may change when a gear wheel is
assembled to its shaft. Therefore, the above
accuracy specifications shall apply to the assembled
gears. Where maximum accuracy is required,
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grinding after assembly with shafts should be
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Table 7 - Recommended gear tooth surface

considered. roughness
Recommended
Table 6 - Required gear accuracy Gear maximum roughness,
Maximum Ra, as manufactured,
Gear type Heat accuracy per _ _ pm
treatment ISO 1328—1 High speed pinion and 07
External Carburized 6 lgear i _ .
Internal Carburized 7 gneteel:me late pinion an 0.7
Internal Nitrided ’ Low speed pinion and
(WILN & 101 run- ear U.0
out and total 9
cumulative Low speed sun and 05
pitch deviation) planet
Infernal Through 8
hardened 5.2.8.3 Surface temper inspection after grinding

5.2.8 Giear manufacturing

The method and processing of the gear elements
shall b¢ specified.

5.2.8.1|Method of manufacturing

All external gear teeth should be cut with protuber-
ance cpitters with minimum tool tip radius of 0.25 x
normallmodule.

All external gear teeth should be ground on the
flanks ¢nly. Grinding notches in the tooth flanks or in
t fillets are not permitted. The grinding
requires appropriate design, selection of
nd planning of the production process:

5.2.8.2| Gear tooth surface-roughness

Wind tyrbine gears require’smooth tooth surfaces to
ensure| adequate load-capacity. Smooth surfaces
are especially important with regard to micropitting
resistapce. Maximum surface roughness shall be
Ra=0.8] wm_or Rz = 5 um. Maximum surface
roughnessior internal gears shall be Ra = 1.6 um. To

Surface temper inspectiony-after grinding shill be
specified by a sampling(plan agreed to betwegn the
gearbox manufacturerahnd the purchaser. Sampling
rate shall be based on effectiveness of prpcess
control and rejection rate on similar parts.

A well established, reliable inspection method is
surface femper etch inspection in accordancg with
ISO 14104. All other inspection methods| shall
explicitly be agreed to between the purchaser and
the gearbox manufacturer.

5.2.9 Gear arrangements

Requirements for the arrangement of the [gears
inside the housing may be specified.

5.2.10 Lifting holes

All large gears shall have some means for [ifting,
such as holes or threaded holes designed to gccept
shackles or eye bolts for lifting, when there is
sufficient material between the root diameter and the
bore of the gear.

5.3 Bearings

Requirements for features of each bearing ele¢ment
should be specified. The following list is r¢écom-
mended as a minimum.

reduce the risk of micropitting, the surface rough-
ness listed in table 7 is recommended.

Active flanks of gear teeth should not be shot peened
after final finishing because shot peened flanks are
more likely to produce micropitting on mating gear
teeth.

See annex F for further information about surface
roughness and boundary lubrication.

© ISO 2005 -- All rights reserved

5:3-1+ Bearing-types-and-arrangements—
Tables 8 through 16 provide guidance for selecting
appropriate bearing types and arrangements for a
wind turbine gearbox. The guidelines shall not
replace a detailed analysis of each bearing and
arrangement during the design phase. Special care
shall be taken before using bearing types or
arrangements not shown or described as not
experienced.
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Table 8 - Bearings for combined loads

Symbol

Type Abbreviation

General comments

spherical roller SRB

bearing

The high load and misalignment capability of the SRB can
be advantageous in wind turbine gearboxes. A careful
evaluation of operating conditions (see notes in bearing
selection matrix tables) shall be performed on a
case-by-case basis.

cylindrical roller CRB

bearing NJ-design

If this bearing is chosen for supporting axial load, flange
strength of the inner ring shall be carefully evaluated in
respect to fatigue bending and shock loads, as well as
heat dissipation. Proper support of the flange by a well

designed-abutmentis-randatory

NUP and NJ+HJ type may be used as locating-Hearings,
if the necessary precautions are taken)to |prevent
looseness between the bearing and the ‘HJ ring.

full-complement fc CRB
cylindrical roller

bearing

Full complement bearings should onlyte selectgd where
centrifugal forces do not contribute.significantly tq contact
forces between rollers. If significant contact forces occur,
special considerations need ta be taken. If this bearing is
chosen for supporting axial load, flange strength of the
inner ring shall be carefultyevaluated in respect tp fatigue
bending and shock Jloads, as well as heat dispipation.
Proper support of the-flange by a well designed gbutment
is mandatory.

tapered roller TRB

bearing

Tapered rollerbearings shall preferably be used gs paired
bearings, <Nt shall be evaluated depending|on the
application” whether the pairs need to be [natched
togethet’ to achieve the designated clearance in
operation.

Single-row TRB in cross-locating arrangement
used only where endplay can be controlle
acceptable limits under typical operation conditid

shall be
1 within
ns.

deep-groove ball BB

bearing

The suitability of this type may be restricted by itsflimits on

load carrying capacity.

angular contact ball~JACBB

bearing

The suitability of this type may be restricted by its[limits on

load carrying capacity.

double-row~full- dr fc CRB
complement
cylindfical roller

bearing

Full complement bearings should only be selectgd where
centrifugal forces do not contribute significantly tq contact
forces between rollers. If significant contact forces occur,
special considerations need to be taken. If this bparing is
chosen for supporting axial load, flange strength of the
inner ring shall be carefully evaluated in respect tp fatigue
bending and shock loads, as well as heat dispipation.

Proper support of the flange by a well designed gbutment

IS mandatory.

Bearing recommendations are valid assuming:

18

- the bearing is appropriately sized in
accordance with this standard, and the
recommendations of the bearing manufacturer;

- theload spectrum for the bearings includes all
external and internal loads;

- the bearing is adequately lubricated in
accordance with this standard and the
recommendations of the bearing manufacturer;

- the design of the adjacent components is in
accordance with this standard and the
recommendations of the bearing manufacturer.

© ISO 2005 -- All rights reserved
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Bearing types shown in table 8 support radial and
axial loads.

5.3.2 Bearing arrangement

Except for sun pinions, pinions should be mounted
between bearings. Overhung pinions should not be
used. Sun pinions should be designed without
bearings to achieve load sharing between planet
gears.

Bearing types shown in table 9 support only radial
loads. They may be used as a non-locating bearing

ISO 81400-4:2005 (E)

support the axial load. Outer and inner rings shall be
axially fixed in their journals.

Bearing types shown in table 10 support only axial
loads. They shall be used only in combination with
an additional bearing to support the radial load. The
additional bearing should be a pure radial bearing to
avoid axial load sharing. It shall be ensured that the
axial bearing itself does not share any radial load, for
example, by providing clearance in the radial direc-
tion at the outer ring. Appropriate means shall be

taken to prevent the outer ring from spinning, for

or in ¢ombination with an additional bearing to example, by a locking pin.
Table 9 - Bearings for pure radial load
Symbol Type Abbreviation General comments
] cylindrical roller CRB NU This type has an outer ring with two.flanges and ipner ring
bearing NU-design without flanges. The outer ring tan retain a smallamount
of oil to avoid dry startup.
cylindrical roller CRBN N-designs may be considered on rotating $haft or
bearing N-design rotating outer ring to minimize rollers skidding at fhe inner
ring contact underlowload running conditions. When this
standard was_deyveloped, there was little docymented
experience forN-designs in wind turbine gearbgxes.
toroidal bearing TORB Axial displacement of the inner ring relative to the outer
ring affects the radial clearance of the bearing. This effect
shalkbe considered when determining the ge@r mesh
alignment.
full-complement fc CRB Full-complement bearings should only be selected
cylindrical roller where centrifugal forces do not contribute significantly to
bearing contact forces between rollers. If significant|contact
forces occur, special considerations shall be takpen.
Table 10 - Bearings for pure axial loads
Symbjol Type Abbreviation General comments
four-point contact ball | 4PCBB Alternating axial loads may cause oscillating| contact
bearing points and excessive cage wear. Application of 4 4PCBB
should therefore be avoided in applications with loads al-
ternating at high frequency.
spherical roller thrust | SRTB This bearing shall have sufficient axial load underfall oper-
bearing ating conditions - refer to bearing manufacturer’s recom-
mendations.
taper rolter bearing TRB TS bearing shalthave sufficient axiatfoad under all oper-
ating conditions - refer to bearing manufacturer’s recom-
mendations.
cylindrical roller thrust | CRTB This bearing shall have sufficient axial load under all
bearing operating conditions - refer to bearing manufacturer’s
recommendations. A CRTB has unfavorable sliding and
requires special properties of the lubricant. The bearing
selected should have a small mean diameter and a small
sectional height to minimize sliding.

© ISO 2005 -- All rights reserved
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Each shaft should be supported by one of the
arrangements shown in the selection matrices
tables 12 through 16. For interpretation of the
matrices refer to 5.3.2.2 and table 11.

5.3.2.1 Terms and definitions

shaft designations: Figures 1 and 2 show the
designation for 3-stage parallel shaft gearboxes and
3-stage planet/helical hybrids. In 4-stage gear-
boxes, the intermediate shafts shall be called “low

]

speed intermediate shaft”, “medium speed inter-

complement and their axial capacities are oppo-
site. Examples are two TRB or two ACBB in face-
to-face or back-to-back arrangement.

- combined bearings: Two bearings of different
types at the same location to fulfil separate func-
tions. An example is 4PCBB with CRB-NU.

- tandem bearings: Two bearings of the same
type at the same location so their radial and axial
capacities complement.

- double row bearings: Paired bearings with
common inner rings, outer rings, or both. For ex-

medidie shafl”, and “high speed intermediate shait .
Depending on the speed range, tables 13 or 14 may
apply|for selection of bearings for the medium speed
internpediate shaft. Gearboxes with more than one
planet stage are not covered by these recommenda-
tions.

Key
1 high speed shaft
2 high speed
intefmediate shaft
3 low|speed
intefmediate shaft
4 low|speed shaft

Figure 1 - 3-stage parallel shaft gearbox

Key 6
1 high speed shaft  [EE558
2 high_speed intermediate shaft

ample, fc CRB are available as double<re bear-
ings.
bearing function:

- locating: A bearing supporting axial fgrces in
both directions. Another common term for[this ar-
rangement is “fixed bearing”. The locating func-
tion can be achieved-by one bearing suitable for
combined loads_(see table 8) or by combined
bearings.
- non-locating: A bearing supporting ¢nly ra-
dial load{ Another common term for this afrange-
ment,_is “floating bearing”. The non-Ipcating
function can be achieved by a bearing suitgble for
pure radial loads (see table 9) or a bearing suit-
able for combined loads (see table 8) with gne ring
floating on its shaft or in its bore. The non-Ipcating
bearing shall be free to absorb any axial|growth
due to thermal change. Bearings that shift inter-
nally (like CRB) are preferred because their rings
can have tight fits.

- cross-locating: A bearing arrangement
where either bearing supports the axial Igad de-
pending on the direction of the axial loafl. The
bearing and shaft assembly shall have sufficient
axial clearance to absorb any axial growth} due to
thermal change. Bearings that shift internglly (like
CRB) are preferred because their rings cgn have
tight fits.

5.3.2.2 Bearing selection matrices

The following rules apply to tables 12 through 16:

- The symbol for a NJ-CRB is used| for all
caged CRB. However, NU- or N- begarings

3 low speed intermediate shaft
4 internal ring gear

5 planet

6 low speed shaft

Figure 2 - 3-stage planet/helical hybrid
bearing arrangements:

- paired bearings: Two bearings of the same
type at the same location so their radial capacities

20

should be used in locations without axial load.

- Where one of the axial bearings (4PCBB,
SRTB, CRTB) is recommended as the locating
bearing, this shall implicitly mean this axial bear-
ing combined with a radial bearing. The radial
bearing shall be selected from the “non-locating”
row, preferably one of the true radial bearings.

- Where TRB or ACBB are recommended as
locating bearings, this always refers to paired

© ISO 2005 -- All rights reserved
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bearings arranged face-to-face or back-to-
back.

5.3.3 Bearing shaft and housing fits

Bearings in wind turbine gearboxes require very
heavy duty fitting practices as defined by bearing
manufacturers. Tight fits are necessary to prevent
damage to the bearing or housing. One bearing ring
shall be tight; the other ring should be tight or
adequate means should be provided to prevent
spinning of the inner or outer bearing rings. Planet
bearingouterTing i
with a tplerance of at least R6 for metric bearings as
a gengral guideline. Other fits may be required
depending on operating conditions and planet wheel
design| Tolerances selected should be reviewed
with the bearing manufacturer. Planet bearing inner
rings should be clamped to avoid rotation, except
when gpherical roller bearings are used.

5.3.4 Bearing cages

Bearing cages that both guide and separate the
rollers [such as SRB) shall be steel or brass.

For begpring cages that only separate the rollers,
other gage material may be considered, if they are

= %\

:

ISO 81400-4:2005 (E)

proven to be resistant to embedding of hard particles
and resistant to ageing due to operating temperature
and lubricant for the design life. The suitability of
other cage materials shall be agreed to between the
purchaser and the gearbox manufacturer and shall
be based on thorough evaluation of field experience.

5.3.5 Bearing internal clearance

Internal clearance shall be designed to accommo-
date heavy interference fits and temperature differ-

ce tak appropriate jion shall
be checked at worst tolerance combination at-startup
condition. Radial clearance shall be controlled to
limit misalignment of the gear meshes. This is
especially important for the low speed shaft of
gearboxes that support rotor forces.

5.3.6 Bearing assembly

Bearings can be easily-damaged during installation.
For example, figure 3'shows how blind installafion of
cylindrical roller bearings can be especially|risky.
Therefore, the.gearbox manufacturer should|avoid
blind assembly. Bearings shall be installed [using
appropriate tools and techniques that minimize the
risk of*damage.

Key
1 Roller jams on inner race
2 Roller cocks

© ISO 2005 -- All rights reserved

View A

Figure 3 - Bearing assembly
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5.4 Shafts, keys and splines

There are many requirements for shafts, keys and
splines that may be specified. The following items
are recommended as a minimum.

5.4.1 Shaft material

All shafts shall have sufficient surface hardness and
should be made from alloy steels with sufficient
hardenability to obtain a microstructure that has
strength and fracture toughness meeting the re-

ends shall have threaded holes designed to
accept|eye bolts for lifting.

5.4.3 Teyless fits

Interfelence fits without keys (keyless fits) shall be
designed per ANSI/AGMA 6001-D97 or DIN 7190.

5.4.4 :rterference fits with keys

Interfeflence fits with keys shall be designed to
transmjt the maximum reversing torque only by
interference. No benefit from keys shall be consid-
ered when calculating the reverse torque capacity.

5.4.5 Keys

All keyls should be designed in accordance with
ANSI/AGMA 6001-D97 or ISO/TR 13593. Key slots
should|not extend into the bearing journals. Intersec-
tion of [key slots with diameter changes should be
avoidefl. Edges of key slots should be ‘uniformly
deburred or chamfered, free of nicks,.gouges or any
sharp transitions that may act as stress risers.

5.4.6 Key material

All keys shall be made-from steel with sufficient
hardengbility to obtain ‘@ microstructure that has
strength and fracture toughness meeting the re-
quirements of the application.

5.4.7 Key hardness

All keys“should have a surface hardness that is

ISO 81400-4:2005 (E)

5.4.9 Flexible splines

Flexible splines that transmit significant torque shall
be designed to prevent fretting corrosion. Refer to
the internal couplings clause of ANSI/AGMA
6123—A88 for additional information on this topic.
External and internal teeth should be case hard-
ened, preferably by nitriding. Lubrication should be
adequate to prevent fretting corrosion. Pressure fed
lubrication is preferred. The oil flow through the
connection shall be directed to flush out all debris
i ' info the
sump.

5.5 Housings

There are many requirements for the housing that
may be specified. The following items are r¢écom-
mended as a minimum.

The location of gearboxycomponents, partiqularly
those that require maintenance, should be agreed to
by the gearbox manufacturer and the purchaser to
assure safe, agcessible maintenance (see anhex E
for details). {An outline dimension drawing pf the
installation location should be provided by the
purchaserthat shows space constraints and logation
of the components.

Gearboxes are subject to being climbed | over,
stepped on, or used as work surfaces. Thergfore,
components should be placed or shielded sp that
they are not damaged during maintenance actiyvities.

Two piece housings, split on a plane through the
bearing bores, are preferred for parallel [ shaft
designs. One piece housings make assemply of
gears and bearings more difficult, and risk danfaging
bearings. However, they may allow larger bearing
sizes.

5.5.1 Housing material

All housings for integrated systems should bg¢ cast
ductile iron, cast steel or fabricated steel. Mdular
systems may have cast iron housings.

5.5.2 Housing distortion

The housing should be designed and construated to

consistent with the strength requirements of the
application as determined from calculations in
accordance with ANSI/AGMA 6001-D97 or ISO/TR
13593.

5.4.8 Key geometry and shaft fit

Key, shaft and hub shall be designed in accordance
with ISO R773 or DIN 6885-2. All keys shall be fitted
to their shaft with an interference fit.

© ISO 2005 -- All rights reserved

prevent harmful distortions resulting from thermal
deformation, mechanical deformation or both.

5.5.3 Housing accuracy

The housing bores shall be machined to an accuracy
that ensures all gearsets and all bearings contact
correctly. Bearing journal cylindrical form and form
tolerance of abutment shoulders shall be in
accordance with bearing manufacturer’s recom-
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mendations. The tolerances for parallelism of shafts
shall match the shaft alignment assumed in the
determination of Ky (see 5.1.1.2). For further
information see ISO/TR 10064-3.

5.5.4 Inspection covers

Removable inspection covers with reusable gaskets
should be provided for field inspection of the face
width of all parallel shaft gear meshes. The

inspection openings should be a minimum of 90% of
the gear face \A/idfh(c) Thn\ll should be Is\rgn 2nol |gh

are compatible with the lubricant should be used.
Apply all sealing compounds in accordance with the
manufacturer’s recommendations. Do not apply
excessive amounts of sealing compounds. In the
uncured state, these materials may dissolve in the
lubricant and lead to residue formation on critical
surfaces during gearbox operation. Split plane
housings shall have positive locking devices such as
dowel pins. Bearings shall not be used for centering
housing splits.

to allgw easy access for direct visual inspection of
the gear teeth and lubricant as well as the measure-
ment pf bearing axial or radial endplay.

The inspection covers, especially those on top of the
gearbox, should be easy to clean of any debris
buildyp prior to their removal. They should be light
and gmall enough to be easily handled within the
confines of the turbine nacelle. They may be of one
or multi-piece construction. They should have
raiseq mounting faces on the housing to minimize
the potential of contaminants.

Thredded holes should be provided to permit
separating inspection covers from the housing with
jack screws. Tapped holes for securing the covers to
the hpusing should not penetrate into the housing
interiqr.

5.5.5 | Epicyclic gear inspection

Adequate access to sun, planet and intérnpal gears
shall |be provided. Inspection ports’ .and planet
carriers shall be designed to allow-Visual inspection
of the¢ sun pinions. Ports shall~be provided for
borescope inspection if necessary. Removable sun
pinior)s are preferred for.ifspection or replacement
on sitg.

5.5.6 |Bore covers

All bofe coversybearing retainer caps or seal retainer
caps |should™~be sealed with O-rings or suitable
sealirigCeompound and should be provided with

Bolted—hoetsing—joints—between—the—annttys and
mating housings in epicyclic gears requirespecial
design considerations to avoid motion _and [fretting
between the members. The joint should be gapable
of carrying the maximum operating load by|friction
under the design bolt tension) with an adequate
safety margin. If friction-issnot sufficient, the joint
shall be pinned with sufficient solid pins to carry the
maximum operatingdead without over stresging the
housing material in compression at the pin qurface.
The contribution of joint friction to pin capacity shall
not be counted in this calculation.

6 Lubrication

The selection, installation and monitoring| of the
correct lubricant are essential for optimum pervice
life and performance ofthe WTGS. The specification
of performance requirements for the lubricant shall
be the joint responsibility of the purchaser and
gearbox manufacturer. The selection of a $pecific
brand or type of lubricant shall also be apprqved by
the purchaser and gearbox manufacturerf The
bearing manufacturer shall also be consulted by the
gearbox manufacturer during this approval pfocess.
Minimum physical and performance specifications
for various types of lubricants are provided in
ANSI/AGMA 9005-E02. Additional infofmation
related to the lubrication of WTGSs can be fpund in
annex F. In addition to the gears and bearingg, there
are many other components that come in _fontact

threaded holes 10 permit removal With Jack SCrews.
Ports should be provided to access the tapped end of
the gear shafts to allow end play measurements.

5.5.7 Housing joint

If the housing has a split plane for gear removal, it
should employ a flat metal-to-metal joint that is
maintained oil tight with O-rings or suitable sealing
compound. O-rings and sealing compounds that
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with the gearbox lubricant. The requirements of
components such as seals, paints, pumps, heat
exchangers, and filters should be considered when
selecting the appropriate gearbox lubricant. There-
fore, many requirements of a WTGS lubrication
system should be specified. As a minimum these
include the type of lubricant, lubricant viscosity, the
method of lubrication, operating conditions and
system maintenance.

© ISO 2005 -- All rights reserved
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6.1 Type of lubricant

WTGS gears operate at low to moderate pitch line
velocity with high to very high contact loads. These
conditions require the use of lubricants fortified with
antiscuff additives and of the highest practical
viscosity. The base fluids of these lubricants should
be highly refined mineral oils, full synthetic fluids, or
semi-synthetic blends (mixtures of highly refined
mineral oils and synthetic fluids). The choice of
lubricant depends on many factors including viscos-

ISO 81400-4:2005 (E)

operating temperature results in excessive viscosity
during cold startup, several options are available.
Lubricant manufacturers often can provide synthet-
ic, semi-synthetic, or mineral oil based products,
with enhanced low temperature fluid properties,
such as low pour point, very high viscosity index, and
low dynamic viscosity at low temperatures. Another
option is to incorporate a low-power-density heater
in the gearbox sump or a space heater within the
nacelle to warm the lubricating oil to achieve the
proper startup viscosity.

ity, visgesityindex;-potr-pointadditives;and-overatt
lubricafion costs. Site specific operating conditions,
WTGS|performance, and serviceability influence the
selectipn of the most cost effective gearbox lubri-
cant. I{is imperative to maintain the proper lubricant
viscosily at the gearbox operating temperature.
Therefpre, parameters such as cold start and
operating temperature within the nacelle should be
closely| monitored. Lubricant type and viscosity
should|be appropriate for the operating conditions.
Micropltting resistance of a lubricant is very impor-
tant in [this application and should be tested. See
annex [ for additional information.

6.2 Lubricant viscosity

Viscosity is the most important physical property of a
lubricapt. The viscosity, at operating conditions of
tempergature, load, and velocity, has direct impact on
gearbox performance and durability. The correct
viscosity at cold startup is important to achieve
adequate lubricant flow to all critical surfaceswithout
channgling or creating excessive drag. The'correct
viscosity at operating temperature .is\required to
minimize metal to metal friction_and ‘wear without
contribpting to excess parasiticlosses such as
churning by the gear, or fluidfriction drag in bearings.

Mainta|ning proper viscosity over the entire operat-
ing temperature range0fthe gearbox also minimizes
the pgtential for \foaming and air entrainment.
Excesgive parasitic losses elevate the operating
temperpturefof the gearbox, which increases the

The operating conditions of a WTGS can site
specific. It is the responsibility of the purchaker to
accurately inform the gearbox manufacturer and
lubricant manufacturer of the anticipated ambient
conditions for each wind turbine. The gegarbox
manufacturer should include.the proper vistosity
range of the lubricating il at'operating tempetature
on gearbox nameplates-and in installation/mainte-
nance manuals. The lubricant manufacturer ghould
provide a chart.listing the viscosity of the selected
product at various temperature ranges from the
lowest anticipated cold start to the highest antici-
pated operating temperature.

6.3 Method of lubrication

The required application and method of lubrigation
may be specified. Depending on configufation,
features such as pump location, type of tubing,
hoses, fittings, type of filter element, filter change
interval and quantity of oil in reservoirs may be
specified.

6.3.1 Splash lubrication

Splash lubrication is the simplest system. The low
speed gear should dip into the oil bath for af least
twice the tooth depth to provide adequate splgsh for
gears and bearings. The oil level should be
designed to minimize churning while proyiding
adequate lubrication to all bearings and gears. The
gear housing should have troughs to capture the oil
flowing down the housing walls, and channels|to the

oxidatipn-rate of the lubricating oil. The useful bearings.
service—life—ef—a—lubriecant—is—reduecd—when—its

oxidation rate is increased. Byproducts of oxidation
include residue-forming material such as varnish
and sludge that can plug filters and small oil
passages such as oil spray nozzles, as well as
deposit on critical surfaces.

Selecting the correct viscosity grade of the lubricat-
ing oil for a gearbox should be based on operating,
not startup conditions. If the correct viscosity at

© ISO 2005 -- All rights reserved

Sptastrsystems withoutanofftme fittratiomrsysiem to
control contamination and prevent the distribution of
particles to critical gear and bearing surfaces are not
recommended. The offline filtration system shall be
designed to maintain an oil cleanliness level one
class better than the assumption made in bearing life
calculations (see 5.1.3.5).

Splash lubrication works well when a WTGS control
operating strategy uses rotor idling, so that lubricant
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is always present in rolling and sliding interfaces of
gears and bearings. When a parking brake is set
during cut-out or before cut-in, splash lubrication
may not prevent direct metal-to-metal contact in
gears and bearings. This is especially true with a
high speed shaft parking brake.

6.3.2 Pressure fed lubrication

Gearboxes 500 kW and above shall be lubricated by
an oil circulation system capable of maintaining an
oil cleanliness level as specified in table 17 by inline

Pressure spray lubrication should be required at
pitch line velocities greater than 25 meters per
second.

Spray nozzles and manifolds should be accessible
forinspection and replacement. Ifinternal tubing has
threaded components, they should be accessible for
tightening. Spray nozzles should be protected from
clogging by accessible inline filter screens.

6.3.3 Combined lubrication systems

Combined lubrication systems ufilize both splash

filters| offline filters or a combination of both.
Presdqure fed systems can also have a heat exchang-
er to|cool the oil. These systems can ensure
adequate lubrication of all rotating elements and
prolong the life of the lubricant and components. To
ensure adequate lubrication and control lubricant
tempgrature, the system must be properly designed
consiflering viscosity, flow rate, feed pressure, and
the s|ze, number and placement of the jets. All
bearings except those that submerge into the sump
operiing oil level shall be fed by the circulation
system. The WTGS control strategy can, during
idling|or parking, activate a pressure fed system
periodiically to minimize damage caused by lack of
lubricant.

Table 17 - Lubricant cleanliness

and pressure fed lubrication methods_toylensure
adequate oil is available to gears and bearings on all
shafts over a wide range of operatingiviscogity. Oil
filters and heat exchangers may_ be'integrated in this
system. Such systems allow. for smaller gizes of
pumps and oil lines, sinee 'they must dgnly be
dimensioned for low viscosity. Due to the rgduced
filtration time with /sueh a system, it may be
necessary to instalk-a secondary filtration| circuit
(offline filter - see’annex F) to maintain the required
cleanliness;

6.3.4 Qil scrapers

Lubricant can be transferred from gears by s¢rapers
thateither do not contact to avoid wear, or arefelastic,
or spring loaded, to accommodate the motiop of the
gears. Scrapers provide a flow of oil to troyighs or
channels that distribute it to gears and bgarings.
Care must be taken to ensure that scraper fagteners
cannot loosen.

6.4 Operating temperature

Operating temperature is an important pajameter
that is used to provide a closer approximatiop of the
actual state of the lubricant with respec{ to its
effective viscosity and film thickness. HoweVer, one
must be aware of where the measurement is taken
as the temperature of the lubricant varies within the
gearbox. Three different oil operating temperatures
are considered: bulk oil; gear mesh; and, bgaring.

6.4.1 Bulk oil temperature

This is the temperature of the oil that is représenta-

Required
cleanliness per
Source of oil sample ISO 4406
Oil apded into gearbox at any <311
locafjon
Bulk [oil from gearbox after
factgry test at the gearbox —/15/12
manyfacturer’s facility
Bulk [oil from gearbox after
havimg been in service 24 to
72 hpurs after commissioning -/15/12
of the WTGS (pressure fed
systems only)
Bulk [oil from~gearbox sampled
er thezoperating and mainte-
gan mcF.)nua! ’Srcscurc fed /16713
systems only) (see 6.7)

The pressure level in the oil distribution system and
pressure drop at the orifices shall be selected as low
as possible to reduce entrained air. For the same
reason, hard oil spray against rotating parts shall be
avoided. Pressure fed lubrication may not require oil
sprayed on the gears and bearings by spray nozzles.

30

tive of the overall volume of the lubricant within the
lubrication system. With splash lubricated or inter-
mittent pressure fed lubrication system gearboxes, it
is measured in a central area of the gearbox sump.
This measurement should be made in a relatively
large pool of oil away from stagnant areas. With
pressure fed lubrication systems, this is the tempera-
ture of the oil within the pressure line between the oil
pump and filter assembly during system operation.
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6.4.2 Gear mesh temperature

This is the temperature of the oil measured as it exits
the gear tooth mesh. This is a close approximation of
the gear tooth surface temperature that is important
for scuffing resistance calculations. The accuracy of
the gear tooth surface temperature measurement is
increased by making the measurement as close to
the mesh exit as possible.

6.4.3 Bearing oil temperature
This is
vicinity|of the rolling element bearing. The accuracy
of the|bearing oil temperature measurement is
increaged by making the measurement as close to
the rolling elements as possible. This is different

from the bearing temperature that is measured on
the outer ring/cup of the bearing.

6.5 Oi| quantity

Minimym quantity of oil in the lubrication system
should|be:

Qy [ 0.15 Py + 20 (6)
where
Oty | is recommended oil quantity, liters;
P; | is rated power of wind turbine, kW.

These [recommendations are based on experience
with typical multistage gearboxes where the gear
housing forms the oil reservoir. If the design is'net a
multist@ge gearbox or a separate oil tank isused, the
above |nformation may not apply.

6.6 Temperature control

Gearbgx operating temperature-should be con-
trolled through all phases of.operation. If necessary,
heaterg and coolers should be used to control
gearbox temperature.{_Controls should be set as
specifi¢d in 6.6.1 and.6.6.2.

6.6.1 Sump temperature

Maximpm~sump temperature above ambient and
maximpm./absolute sump temperature shall be

ISO 81400-4:2005 (E)

needed to achieve this. The gearbox shall be
equipped with appropriate monitoring devices to
ensure the lubricant system provides adequate flow
during periods of cold weather to critical components
such as gears, bearings, splines, filtration devices,
and external oil reservoirs. To meet these require-
ments, the overall gearbox and any external systems
may need to be heated. This could be done by a
number of methods including:

- air heating in the nacelle;

= i i ipation
system;

- using turbine idling with controlled spIed to
raise the oil temperature in the bearings andl gear
meshes. Make sure that upperbearings haye suf-
ficient lubrication at feathered-controlled speed;

- wrapping external*(Jubrication lines| with
resistive heating devices;

- continual pumped circulation of oil to mgintain
fluidity and utilize'viscous heating of the lubticant.

6.6.2 Bearingtemperature

Maximumbearing temperature above ambient and
above*the oil sump temperature, as well as [maxi-
mum~ absolute bearing temperature, shdll be
specified. The specified limits shall correspgnd to
the values used in the calculation of bearing |rating
life (see 5.1.3.3). As absolute maximum, cdntrols
shall be set to shutdown the turbine when the
bearing outer ring temperature exceeds 105fC for
ten minutes within any continuous sixty minutes of
operation. Maximum permissible continuous|bear-
ing temperature measured at the bearing optside
diameter shall not exceed 95°C. This tempefature
limit may need to be reduced for some lubricgnts.

6.7 Lubricant condition monitoring

Lubricant condition monitoring intervals and| tests
shall be specified in the operation and maintenance
manuals. The tests to confirm lubricant performance
characteristics shall include those recommended by
the lubricant manufacturer. Tests shall at| least
include:

specified. The specified limits shall correspond to
the values used in rating calculations for gears and
bearings (see 5.1.3.3). As an absolute maximum,
controls shall be set to shutdown the turbine when
the sump temperature exceeds 85°C for ten minutes
within any continuous sixty minutes of operation.
Sump temperature should be maintained at least
5°C above the lubricant pour point so lubricant will
circulate freely prior to startup. A heat source may be
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- oil cleanliness;

- viscosity;

- water content;

- wear metals;

- measure of oil oxidation.

Refer to annex F for further guidance. The wind
turbine manufacturer is responsible for preparing the
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operation and maintenance manual in accordance
with the requirements specified by the gearbox
manufacturer.

The first sample should be drawn from the gearbox
within 72 hours of commissioning. The second
sample should be drawn from the gearbox not later
than 1000 operating hours after commissioning of
the wind turbine. Six months has proven to be a
suitable interval for subsequent samples.

6.8 Lubricant cleanliness

shared by the purchaser, gearbox manufacturer, and
filter manufacturer. The purchaser shall provide the
gearbox manufacturer with environmental condi-
tions expected at the turbine installation site (see 4.6
and E.1.3). Refer to F.4 for further information on
filtration.

6.10 Ports

Requirements for the type and size of ports on the
gearbox shall be agreed to between the purchaser
and the gearbox manufacturer. The type of port may

For nlnaximum gear and bearing life, the lubricant
must [poe clean. Guidelines for maintaining cleanli-
ness fre:

- | filter new lubricant before adding to gear
boxes;

- | determine oil cleanliness after factory test to
deflermine assembly cleanliness (see table 17);

- | filter oil in service and maintain an oil cleanli-
ness level as specified in table 17;

- | monitor during service to detect contamina-
or other adverse changes to lubricant accord-

issioning meets the cleanliness:shown in table

dditionally, during the watranty period, the
purchiaser shall document by.test’results that the oil
has Heen maintained at the-cCleanliness shown in
table [I 7 in accordance with the requirements stated
in the|operating and.maintenance manual. The user
shoulfl continue16. monitor and document the
cleanliness of the)oil in the same manner throughout
the s@rvice life of the gearbox.

6.9 Lubricant filter(s)

include an oil drain, pressure feed, suction.gtrainer,
oil level, oil pressure, oil filler, oil sampling, or
breather. The following items are fecommended,
depending on configuration.

6.10.1 Drain and fill plugs

Drain and fill plugs shouldbe placed where lipes are
easily attached. Thedrain should be at the bgttom of
a sloped sump so“that the oil can be completely
drained. The drain‘opening should be a minimum of
25 millimeters'to allow the oil to drain in a reagonable
time. A ballvalve should be provided for draifing the
lubricant\in the field. A plug should be provided to
seal the drain valve.

6.10.2 Pressurized ports

If an oil circulation system is used, all externgl ports
for suction and return should have O-ring typ¢ seals.
Drawings and manufacturer’s manuals shallfclearly
identify the connection points for the oil cir¢ulation
and offline filter system.

6.10.3 Non-pressurized ports

Ports exposed to only fluid head pressure may be
specified as tapered thread type (NPT).

6.11 QOil level indicator

The gearbox shall be equipped with a device for field
inspection of the oil level. The device shall bejplaced
where it will give an accurate reading and|not be
damaged during routine maintenance. Metal dip-
sticks shall have a positive seal and shall be

Filtration devices shall remove ingested atmospher-
ic and internally generated debris faster than they
can accumulate within the gearbox. The filtration
capabilities of the lubrication system shall maintain
the bulk oil at a minimum cleanliness as specified in
6.8. Responsibility for determining the appropriate
components, dimensional sizes of the filter ele-
ments, the nominal sizes of filter media pores, and
the efficiency ratings of the filter media should be
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dUD;HIIUd so—that—false |cad;||yo de—to—ot being
scraped off or picked up during removal and
replacement is not possible. Quantity lines shall be
permanently marked on the dipstick.

Sight gauges or glasses shall be made from
appropriate materials that do not become clouded or
opaque when in contact with the oil. The sight gauge
and its connections shall be large enough to avoid
sedimentation.
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6.12 Magnetic plugs

The use of magnetic plugs to detect wear metal
particles is recommended. Magnetic plugs shall be
placed in an area that is easily accessible in a
circulating region of oil. The plugs should be
regularly inspected for debris, and they shall be
cleaned or exchanged at each oil change. An oil filter
housing equipped with a removable magnetic ele-
ment in the inlet port is preferred for pressure fed
systems. Magnetic plugs are not recommended for

usein \J/efome that rol\Jl oninline pnrfir\ln counters.to
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endplay, overheating, maintenance and their param-
eters must be carefully considered when designing
the sealing system. Seal materials shall be compat-
ible with the lubricant and environment specified.
Labyrinth seals are preferred .

7.2 Interfaces

Requirements for all the interfaces to the gearbox
shall be specified. These may include a wide range
of features depending on gearbox configuration.
The following items should be considered

monitof the health of the gearbox.
6.13 Breather

The refguirements for a breather port with a filter
element shall be specified. The breather should be
of the disposable or serviceable spin-on type with a
threadgd inlet/mounting port, properly sized for
unobstfucted airflow during thermally and mechani-
cally inuced changes in the oil level within the gear
housing. It should be designed and located to
prevent discharge of oil to the atmosphere and to
prevent entrance of environmental dust and water,
brake dust, and other foreign material. Furthermore,
it shall be located such that it does not direct
contanjination to gears and bearings and is not
contaminated by oil spray from the gears and
bearings. For maximum gear and bearing life, the
breathgr should have a filtration rating equal to or
less than 5 micrometers with low flow resistance:
Depengdling on the environment and service_condi-
tions, g desiccant to minimize condensate(formation
in the gearbox may be required.

6.14 Qil sampling ports

Splash| lubrication gearboxes-should incorporate a
threadgd port on each side~of the housing at an
elevatipn equal to the midpoint of the operating oil
level. |Each port should be in a location of free
lubricant circulationswithin the sump. Pressure fed
lubrication systems should incorporate two oil sam-
pling pprts. ©ne should be between the pump and
the filtgr,.and'the other directly after the filter. See
F.5.1.1lforsampling techniques

depending on the application.
7.2.1 Low speed shaft

Features such as shaft size, length,” extepsion,
tolerance, strength and loading sholld be spegified.

7.2.2 High speed shaft(s)

Features such as shaft size, length, extepsion,
tolerance, strength and-{oading should be spegified.

7.2.3 Mounting

Depending an“configuration, features such ap ser-
vice access{geometry, size, bolt patterns, tolefance,
allowable deflection and loading shall be spedified.

7.2.4’;Torque arm

If the gearbox is a shaft mount, the housing shall
have mounting lugs for the torque arm. Mounting
lugs should be positioned to minimize hqusing
movement relative to the rotor shaft during normal
operation, feathering or braking. Features sych as
position, size, geometry, tolerance, and loading shall
be specified. If elastomeric bushings are used, their
elastic properties shall be specified.

7.2.5 Generator

If a generator is mounted directly to the gearbox
housing, features such as service access, geometry,
bolt patterns, tolerance, generator overall| size,
weight, overhang, rotating inertia, type of colipling
and loading shall be specified.

7.2.6 Pitch system

If an actuation device for the pitch system is maunted

7 Other important items

7.1 Seals

The high speed and low speed shafts shall have
seals to retain lubricant, and the appropriate elasto-
mer V-rings to exclude dust and moisture. Axial

© ISO 2005 -- All rights reserved

directly to the gearbox housing, features such as
service access, geometry, bolt patterns, actuator
overall size, weight, overhang and loading shall be
specified.

7.2.7 Yaw system

If an actuation device for the yaw system is mounted
directly to the gearbox housing, features such as
service access, geometry, bolt patterns, actuator
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overall size, weight, overhang and loading shall be
specified.

7.2.8 Lifting points

Features such as through holes in the housing or eye
bolts should be specified to facilitate lifting, assembly
and handling of the gearbox. Requirements such as
load rating and surrounding geometry should be
specified.

7.2.9 Brake

loadirjg shall be specified.
7.2.1Q Sensors

For each of the monitoring sensors (for example;
presspure, oil level and temperature), features such
as sefvice access, placement, geometry, tolerance,
expegted quantity, range and required electrical
conngctors shall be specified.

7.2.11 Safety systems

Depepding on configuration, there may be several
safety systems whose interface should be specified.
may include a rotor lock, a rotor brake, a yaw
r others. For each system, features such as

During periods of testing, maintenance (and repair,
technjcians may be required to be adjacent to or on
top offthe gearbox. Depending on-configuration, the
interface with personnel may in¢lude ladders, safety
clip goints, shaft guards, (heat shields or other
protegtive features to prevent injury. Requirements
for egch of the interfacesishould be specified.

Miscellaneaus

Depepding on eonfiguration, there may be several
other |nterfages that should be specified. These may

include Wwork platforms, nacelle covers or electrical,
hydra lie‘or. pRel imatic defnmc

6001-D97 or qualified by certified test. Wherever
feasible, hardware shall be standardized to common
sizes and finishes.

7.3.1 High strength hardware

High strength hardware is sometimes used where
high loads are concentrated, such as yaw bearings.

If hardware made from high tensile strength steels
(830 N/mm?2 and greater) is plated, strict quality
procedures should be followed to avoid hydrogen
esults in
low ductility and may cause nuts to spl|t, waghers to
crack and bolt heads to break off.

Purchasing of high strength hardware shquld be
source controlled. Substitutes(or changeq in the
plating process should not be allowed. Thg hard-
ware should be independently sampled and tested
using a stress/strain dgvice.

7.3.2 Internal fasteners

Staking is not, permitted. Hardware such|as set
screws, bolfs)nuts, pins, and fittings should not be
used inside the housing unless they are secufed in a
manner,approved by the purchaser.

7.4/Surface coatings

Exterior and interior surface coatings for cqrrosion
protection and esthetics shall be specified| to the
extent necessary. The specifications may jnclude
conformance to accelerated corrosion tests, such as
salt spray, or identification of particular produgts and
application methods. Interior surfaces shguld be
painted with a light colored protective Foating
compatible with the lubricant to provide g hard
smooth surface that is easy to clean. A p3rticular
color for the final topcoat of exterior paint may be
specified.

7.5 Quality assurance

All requirements for quality assurance of the dearbox
shall be specified. As a minimum, each of thg items
of annex C should be addressed.

7.6 Analysis, drawings and data

7.3 Hardware

All fasteners shall be metric grade 8.8 or better;
grade 12.9 shall not be used under dynamic loading.
Fastener size, tightening torque and engagement
should be in accordance with ANSI/AGMA
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The purchaser shall specify the requirements for
analysis and documentation of the design. The level
of detail, type of analysis, format of documentation,
method for review and acceptance should be
specified. A checklist for the required items is given
in annex E.
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Annex A
(informative)
Wind turbine architecture

[The foreword, footnotes and annexes, if any, are provided for informational purposes only and should not be
construed as a part of ISO 81400-4, Wind turbines - Part 4: Design and specification of gearboxes]

A. Purpose

A wind turbine is an energy conversion system that
harnesses wind as a power source for the production
of electtici his nne de ihe 1
compopents that de
the tyge of control systems used to regulate the
power putput.

A.1 Oyerview

All wind energy conversion systems have a rotor
consisting of one or more blades that convert wind
energy|to shaft torque. The nature of aerodynamics
limit the speed of the rotor to levels below that
required by standard generators. The speed
difference frequently requires a speed increasing
gearboi to operate the turbine economically.

Unfortynately, the blades transfer unwanted loads
from the wind. Changes in wind speed and direction
cause |loads on the wind turbine that are very
unsteafly and vary significantly in both magnitude

()
<

Gearbox

Ganarator

and direction. These forces need to be properly
transferred to the ground via the rotor shaft, bed-
plate, tower and foundation.

required to limit rotor loads and to providg
synchronization and safe operation.

A.2 Turbine configuration

There are two main configurations of turpines;
horizontal axis wind turbines,”"HAWT, and vertical
axis wind turbines, VAWT/ Only the HAWT is
discussed in this document.

A.2.1 Horizontalaxis wind turbine

A typical HAWThis shown in figure A.1. In thiq case
the rotor shaft rotates horizontally, or nearly sq, atop
a tower, \HAWTSs, the most common turbines| have
the gearbox and generator located at the top [of the
tower. Advantages of HAWTs are lower fatigue
loads, and the ability to utilize improved |blade
geometry to further reduce loads and costs.

—
3

~

Rotor blade

Rotor diameter

Nacelle

Hub height

Tower

Wind direction for an upwind rotor
Wind direction for a downwind rotor

©CON®OUIDWN =X

Figure A.1 - Horizontal axis wind turbine (HAWT)
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A.2.2 System components

Most wind turbines are composed of the following
major subsystems:

- rotor assembly;

- rotor shaft assembly (may be part of the gear-
box assembly);

- gearbox assembly;

yaw assembly (on upwind HAWTS);
- | generator assembly;

- | tower;

- | control system;

- | stopping, braking and fail safe systems.

A.2.3| Nacelle layout

Atypital nacelle layout fora HAWT is shown in figure
A.2. [This particular nacelle shows a modular drive
train [see A.5.2). The rotor weight and loads are
supparted by rotor bearings that transfer the loads
through the bedplate to the tower top. The bedplate
holds|the generator rotor bearings, gearbox and all
the control systems required at the tower top. The
comppnents of a HAWT nacelle can be arrangedin
integrgted, modular or hybrid layouts. For further
discusgsion of these options, see A.5.

Key

1 Gearbox
2 Brake

3 Colping
4,Generator
5 Rotor shaft

A.3 Rotor control

The control system is an integral part of the design
philosophy. Most turbines are designed around a
fixed pitch or variable pitch rotor.

A.3.1 Pitch control

Variable pitch machines regulate the power output
by pitching the blades. They may pitch the whole
blade, a control surface, or just the tip. Methods
used to pitch blades may be mechanical, electrome-
. The
blades are also pitched to optimize the amjpunt of
energy produced under varying wind-conditions.
Although the blades may not pitch.fast engugh to
react to the dynamics of the.wind, they fan be
pitched back and regulated toreéduce transient loads
caused by large gusts in Gigh wind conditions. The
blades can also be (pitched during startyip and
shut-down to reduce’the loads on the ggarbox.
Blades may piteh~ very rapidly to feather|during
emergency shutdown.

A.3.2 Stall control

Fixedpitch machines use the stall characteristics of
the'airfoil to regulate the amount of power prqduced.
The blades are designed to produce a specifi¢ power
at a given wind speed. At higher wind speqds, the
airfoil stalls and does not allow the rotor to groduce
more power. Blade pitch angle may be changed
manually to account for site specific or sgasonal
wind spectrum changes.

2
K—E“'“ >

6 Rotor bearing
7 Blade
8 Hub assembly
9 Torque arm
10 Shrink disc
11 Bedplate
12 Yaw bearing
13 Tower

12

[T )

Figure A.2 - Schematic of nacelle layout for a HAWT
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The fail safe method for stopping these machines is
usually a rotating blade tip, a mechanical brake or
both. The brake is sometimes placed on the high
speed shaft of the gearbox. This practice can result
intremendous shock loads on the gearbox. Extreme
care must be given to quantify these loads to insure
proper design of the gearbox.

A.3.3 Other control options

Some systems use sophisticated power electronics

ISO 81400-4:2005 (E)

A.4.2 Yaw drive

Active yaw drive systems typically consist of one or
more electric or hydraulic motor-driven reduction
gears driving an internal or external ring gear fixed to
the tower top.

A.5 Gearbox

A wind turbine gearbox is a speed increaser that
increases the relatively slow speed of the rotor to the
speed of the generator. The application is a

to limit forquearmdmitigate gustioads by attowinmg the
rotor speed to vary. Others use yaw control, variable
blade qoning and nacelle pitching to limit power.

A.4 Ygw system

A HAWT typically requires that the turbine be able to
rotate pr yaw about the tower axis. This yawing
action allows the rotor axis to align to the prevalent
wind difection.

HAWT4 have either passive or active yaw. Passive
yaw tugbines are oriented directly by the wind force
acting on the blades or nacelle. Active yaw turbines
have an electromechanical, mechanical or hydraulic
system, which is controlled by a direction sensor to
orient the nacelle.

A.4.1 Yaw bearing

One of fwo yaw bearing designs are commonly used.
In a “gliding shoe” design, the turbine weight is
carried| by a bearing material installed between the
nacellg and the tower and turbine thrust is resisted
by devices to limit horizontal and vertical motion.
The other common choice is a “slewing ring” which is

a large|diameter rolling element bearing.

If a sliling shoe design,is selected, the ability to
replace the bearing fmaterial should be incorporated
into thg maintenance requirements. If a slewingring
design|is used;-the bearing manufacturer’s recom-
mendations for mounting, surface flatness, stiffness
and bolting should be followed. Standard engineer-

demanding one that requires careful considgration
of the load spectrum to ensure that the gearbgx has
adequate load capacity, and is within constraipts on
size and weight. Gearboxes must,be designed to
maximize efficiency while minimizing sound|level.
Because of the large number of wind turbines, and
the limited accessibility fortmaintenance, religbility
and maintainability are-important considergtions.
The operational environment requires gearpoxes
that are resistant to.temperature extremes, contami-
nation and cortesion. For information on ggarbox
design see/[2], [3], [4], [5], [6], [7] and AGMA
901-A92;

Many’ manufacturers have used standard | shaft
mount and foot mount gearboxes in their tlirbine
configurations. Because these gearboxes afe not
specifically designed for use in a wind turbine,|some
bearing configurations may not be adequate for the
dynamic loading conditions of a WTGS. |Also,
housings may not be stiff enough to provide proper
bearing and gear alignment. It is suggested that full
load testing be performed on these types of|gear-
boxes before specifying them for use in a WT[GS.

A.5.1 Integrated gearbox

In an integrated system the gearbox housing pro-
vides the bearing supports for the rotor and|inter-
faces for other components such as gengrator,
brake and yaw drives. Because the rotor Smaﬂ is
integral with the gearbox, the gearbox houding is
subjected to rotor loads. The housing myst be

ing practice for joint design can be used for review of
bolt capacity, while the bearing capacity should be
reviewed using standard bearing formulas and data.
When investigating bearing capacity, it should be
recognized that the application is “non-rotational”,
since the turbine is oriented in one primary direction
for extended periods of time. This situation can
cause inadequate lubrication and damage to the
bearing ring.

© ISO 2005 -- All rights reserved

carefully designed so that the load path transfers the
rotor support loads to the tower without causing high
stresses or excessive deflection in the gearbox
housing. The complex shape of the gearbox housing
usually requires that it be designed using finite
element methods, FEM. These calculations should
be verified experimentally. It is especially important
to ensure that the housing deflection caused by
installation or operation does not misalign the gears.
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Field problems with the gearbox, rotor shaft or rotor
bearings usually require that the rotor blades be
removed and the generator, gearbox and rotor shaft
be removed as an assembly. The combined weight
of the assembly must be within the load capacity of
normally available cranes and soil conditions. In
large WTGS, this can be a major impediment to
service. For instance, repairing and servicing
components in WTGS with integrated gearbox
systems may necessitate blade removal and re-
placement, which can be significantly delayed (and

A shaft mounted gearbox requires a properly
designed and mounted torque arm to maintain
alignment of the high speed coupling. It also
requires periodic maintenance to align the high
speed coupling.

A.5.2.2 Foot mounted gearbox

Foot mounted gearboxes require a coupling that
provides torsional compliance and damping to
reduce the rotor dynamic loads before they reach the
gearbox and gear teeth. Stresses on the rotor shaft

causg significant downtime) by periods of high wind.

Integated systems can reduce misalignment be-
tweer) the rotor and gearbox. It allows the gearbox
lubricpnt to be used to lubricate the enclosed rotor
shaft [bearings. With an integrated system, seals
must [be carefully designed because there is the
change that the gearbox lubricant may leak into the
genetator, or wear debris or other contaminants from
the grnerator or rotor may get into the gearbox.

A.5.2| Modular drive train

A modlular system consists of a rotor shaft assembly,
gearbox, generator and possibly a yaw drive, which
are se¢parately mounted to a common bedplate. In
contrast to an integrated system, a modular system
transfers the rotor support loads to the tower through
bearings that are separate from the gearbox.

With p modular system, an individual component
such as the generator, gearbox or rotor shaft.can be
remoyed for repairs without disturbing-the other
comppnents.

A.5.2|1 Shaft mounted gearbox

Modujar gearboxes may be‘either shaft mounted to
the rgtor shaft or foot mounted to the bedplate.

Shaftjmounted gearboxes are fixed to the rotor shaft
with g rigid coupling'rather than a flexible coupling.
This gliminates\the need for aligning and lubricating
the low speed-coupling, and may save space.

Shaft|mounted gearboxes have a torque arm that

are reduced because there is no bending-mhoment
from a torque arm, or gearbox weight{on' the rotor
shaft or rotor bearings.

Foot mounted gearboxes require an accurate and
rigid bedplate to maintain_alignment of the high
speed and low speed codplings. They also require
periodic maintenance to)align the couplings| They
may not be as compact'as shaft mounted geafboxes.

A.5.3 Hybrid-drive train

A hybrid drive train format is a combinatior} of the
integrated and modular designs.

A.6>Turbine operation

At startup, a WTGS is normally induced by the wind
to accelerate up to speed at which pogjnt the
controller closes the generator contactor. | It will
produce power as long as the wind speed i$ within
operational range. In the event of a fault, excess
power production, or loss of line, the rotor is gtopped
by either actuating rotor control surfaces or applying
a brake.

Starting, running and stopping each have |unique
loads that must be considered when designing a
gearbox. For procedures to include these effects in
the load spectra, see B.5.

A.6.1 Startup

Depending on the type of electrical contrgls, the
contactor closure may not always be at syncHronous

err_\aari Thiscanresultintransientloads-thatican be

subjects the rotor shaft to a bending moment.
Unless it is properly designed and mounted, the
torque arm may twist the gearbox, causing the low
speed gear mesh to misalign. Two torque arms may
be used to cancel the bending moment, but this adds
weight. Most shaft mounts use shrink disks that may
be susceptible to fretting corrosion. Shrink disks
require maintenance to ensure that the mounting
bolts remain tight.
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several times the rated generator capacity. At some
sites such starts can happen quite frequently.

Some turbines use the generator as a motor to run
the turbine up to speed. This can also cause high
and reversing loads. WTGSs with two speed
operation may also result in transient loading as one
generator or generator winding is de-energized and
the other energized.
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A.6.2 Shutdown

Braking can have dramatic load effects on the
gearbox. During high wind conditions or emergen-
cies, the turbine may need to be stopped while
producing rated power. This can also produce high
loads.

A.6.3 Idling

Many hundreds of hours of operation can be
experienced without power production. This can be

ISO 81400-4:2005 (E)

tive power production is the result of practical
limitations of control during operation near the cut-in
wind speed. The gear designer should be made
aware of the relative amount of such operation.

A.6.4 Non-rotation

Due to low or no-wind periods during the year, the
turbine will not rotate for weeks or months in some
locations. Also, due to system faults causing
shutdowns there can be periods when the parked
rotor is subjected to wind loading. This can lead to

either gt low wind idling or negative power operation.
Idling ig operation at winds sufficient to start the rotor,
but inspfficient to sustain power production. Nega-

fretting corrosion and other problems if the |orake
acts through the gearbox to react to parked rotor
torque.

© ISO 2005 -- All rights reserved
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Annex B
(informative)
Wind turbine load description

[The foreword, footnotes and annexes, if any, are provided for informational purposes only and should not be
construed as a part of ISO 81400-4, Wind turbines - Part 4: Design and specification of gearboxes]

B. Purpose

Gearbox problems have plagued the modern wind
power industry since its initial growth period in the

reliablg wind turbine gearboxes to be developed.
Experignce has shown that to be successful, the
wind tlirbine manufacturer should work with the
gearbox manufacturer to assure that the gearbox
loading is accurately defined for the wind turbine
configyration being developed. This annex provides
guidange on how this can be achieved.

B.1 General discussion

Primarily, the wind turbine manufacturer must pro-
vide the torsional loads on the drive train compo-
nents for the lifetime of the wind turbine when
specifying a gearbox. In addition, all other loads
acting axially and laterally on the gearbox shafts or
critical jnterfaces must be provided. A discussion of
these gtructural loads is provided in B.6.

Torquelloads on a wind turbine gearbox are driven by
the response of the rotor and drive train to fluctuating
wind conditions and to actions_of the wind turbine’s
control| sub-systems, such’ as the contactors,
brakes| pitch control devices and over speed protec-
tion deyices. The magnitude and dynamic coupling
of thesp loads aredifficult to predict and extremely
variable. Additionally, loads arising from unsteady
aerodyhamics and atmospheric turbulence are com-
plex and-difficult to model. It is the responsibility of

safety” or “safety factor” is commonly used by
machine designers to define the ratio of allowable
stress to applied stress. There are no universally
initi icati rvice
factor or safety factor that relate to gearboxeg. One
must have a clear understanding of the meanir|lg and
significance of these terms when comparing gear
load capacity using different industrial standglards.
Most of these factors work best when they are
empirically determined from 'leng experience with a
particular application where the loads arg well
defined and do not vary,significantly.

There has been (sufficient experience with| wind
turbines to preclude the use of a single multiplier
such as adervice factor to specify a wind tlirbine
gearbox: Wind turbine gearbox requirements$ vary
significantly and are dependent on many factors
such~as wind turbine design class (see B.4.1),
turbine configuration and local/regional regylatory
requirements. Therefore, gearbox performance
must be calculated based on a turbine specifif load
spectrum and a cumulative fatigue damage criferion,
such as Miner’s Rule [8] and [9].

B.3 Wind turbine configuration

The loads on a wind turbine system are dreatly
affected by the turbine system configuration apd the
control strategy. It is the responsibility of thg wind
turbine manufacturer to include the effects of epch of
the specific control functions and operational ftates
that may be unique to the wind turbine’s confjgura-
tion. Two wind turbines with the same gengrator
power rating may have extremely different ggarbox
torque load spectra. Some of the configyration
features that influence the loading include, but are

the wind turbine manufacturer to include each load
condition and prepare a load spectrum that charac-
terizes the true loading of the wind turbine.

B.2 Application, service and safety factors

Traditionally, the gear industry has used the terms
“application factor” and “service factor” to describe
multipliers that relate the calculated load capacity of
a gearbox to the applied load. The term “factor of
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not limited to, the following:
- number of blades;
- method of regulating peak power;
- upwind or downwind rotor orientation;
- method of yaw control (passive or active);

- mechanical and aerodynamic braking meth-
ods and control strategy;
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- weight of rotating and stationary compo-
nents;

- configuration of integrated components (such
as generator mount, rotor support, yaw bearing
support and pitch control mechanism);

- controller response to fault conditions, for ex-
ample, variable speed control.

ration| description to the gearbox manufacturer to
show|how the gearbox fits into the drive train.

B.4 \Wind turbine operating conditions

In defermining the load spectrum for a wind turbine
gearbox, the designer must make specific assump-
tions pbout the wind conditions at the design site.
The sjte conditions will define the load spectrum. If
the wind turbine is operated in other locations where
the wind conditions differ, then the load spectrum
could|differ significantly.

B.4.1| IEC turbine classes

One gffort to standardize the design methodology-for
wind |turbines, which includes siting, has.been
condycted by the International Electrotechnical
Comnission, IEC. Under the IEC-61400-1 initia-
tive, wind turbine design classeschave been estab-
lisheq that define the basic turbine site parameters
for ggneric wind regimes of varying severity. The
parameters include a.‘reference extreme wind
speed, annual average“wind speed and annual
average turbulencesintensity. The reference ex-
tremg wind speed is used to define the extreme
conditions that:the wind turbine must survive at the
site. The<annual average wind speed, and annual
average-iurbulence intensity are used to define a

B.4.2 Wind conditions

The loads on a wind turbine are directly related to the
site and the design of the wind turbine. Wind turbine
sites are typically represented statistically using a
Weibull or a Rayleigh probability density function to
describe the annual average wind speed distribu-
tion. The Weibull distribution is a two parameter
function defined by the average wind speed and a
“shape factor”. The Rayleigh distribution is a special
case of the Weibull with a “shape factor” of 2. These

magnitude and frequency of occurrence;of.t
speed at the site. The severity of\'the gverage
turbulence is also provided. Wind!distributigns can
be determined from wind measurements taken over
several years [10], or generalized for typigal site
conditions using the statistical functions meptioned
above.

Wind distributions.denot give the designer informa-
tion about othetDimportant inflow characteristics
such as wind ‘shear, wind direction changgs, gust
magnitude’/or complex three dimensional vorticity.
These are necessary inputs for determining dynamic
turbine behavior. These characteristics shpuld be
rodeled using synthesized wind speed timg series
data. The algorithms for modeling the inflow are
included in the IEC-61400-1 standard. Analytical
wind turbine simulation models use the synthesized
time series data as input to generate dynantic wind
turbine loads [20].

It should be noted that the results of these models
are no more accurate than the inflow data sypplied,
and it is difficult to fully characterize the true
complexity of the wind across the rotor disc pr for a
period of time long enough to represent a full service
life. The nature and significance of such uncgrtainty
should be included in the loads description] to the
gear designer.

B.4.3 Wind turbine load conditions

It is the responsibility of the wind turbine desjgner to
consider each operational condition as a pbtential

wind distribution. This is then used as a basis to
determine energy capture potential and fatigue life.
A Class 1 wind turbine, for example, operates in the
most severe design site with a reference extreme
wind speed of 50 meters per second, an annual
average wind speed of 10 meters per second and a
turbulence intensity of 0.17. The methodology for
applying these parameters to the actual design load
cases is described in IEC-61400-1.
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load source and prepare a load spectrum that
characterizes the aggregate loading on the wind
turbine gearbox. Load fluctuations may result from,
but are not limited to, any of the following conditions:

- turbulent wind fluctuations due to terrain,
boundary layer and atmospheric effects, and
wakes from other turbines;

- vertical and horizontal wind shear;
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- gravity loads on overhung or cantilevered
components;

- yawing motion of the rotor;
- off-axis yawed operation;

- unsteady loading due to the blades passing
through the tower wake;

- transient starting loads due to generator con-
trol actions;

- aade duo o motarina:
G0 oterHgs

ISO 81400-4:2005 (E)

The results of analysis from the various load cases
may, or may not be pertinent to the gearbox loading.
In assembling the load part of the specification, the
wind turbine designer has to choose which of these
analyses to include. Any unusual transient events
must be included in the assembled load spectrum,
but time series descriptions should also be provided
to the gearbox designer.

B.5 Gearbox design loads

- fransient stopping loads from aerodynamic
and [mechanical brakes;

- lotor mass imbalance or aerodynamic imbal-
anc¢ due to blade pitch differences;

- puffeting during parked rotor conditions;
- fransportation and assembly;

- fault induced control actions.

The lo@ding is a combination of normal operating
loads gnd transient loads. The transient load cases
may bg numerous. The wind turbine designer must
determjne the torque load spectrum for each condi-
tion that affects the gearbox using an acceptable

methoq.

Table B.1 shows a matrix of design load cases that
typically have to be considered in developing a load
spectrym for wind turbine gearboxes. This isderived
from the IEC-61400-1 wind turbine design stan-
dard. Normally, a fully developed loads. document is
assembled from modeling the rotor-and the system
dynam|c response to the wind and control actions.

Table B.1 - Wind turbine design load cases

B.5.1 General description

The wind turbine manufacturer should supply the
design load spectrum to the gearbox’manufagturer.
It should be presented in tabularform, listing torque
level and percent time at each'\torque level.

The load spectrum should.specify all the torqugs that
the gearbox will experience during its design life
including the full range of operation. A more dqtailed
description pf\¢he loading will be requirdd for
integrated gearbox designs to account for loading at
all of thelinterfaces, in addition to the torque ipputs.
In thisnCase a complete fatigue load spectrum
consisting of cycle count matrices of mean and
alternating loads will be required.

Determining the load spectrum is a difficult tagk due
to a large amount of uncertainty associateq with
predicting operating and transient loads. Tihis is
especially true when extrapolating limited data to
predict infrequent high load events. In light offthese
difficulties, the discussion is separated into normal
operating loads and full range of loads.

Design load, case Wind speeds Other conditions Load spectrum

1| Nofmal power Cut-in to cut-out Normal

profuction
2 Po}jpr pmdlm’rinn ln|ll‘: Cut-in to cut-out Eault Normal

fault
3| Startup Cut-in to cut-out Show time series trace
4| Normal stop Cut-in to cut-out Show time series trace
5] Emergency stop Cut-in to cut-out Over speed or loss of line | Show time series trace
6| Parked (faulted) Up to extreme wind speed | Fault or loss of line Normal
7 | Idling Up to extreme wind speed | Fault Normal
8 | Transport/assembly

© ISO 2005 -- All rights reserved
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B.5.2 Fatigue load spectrum
B.5.2.1 Normal operating loads

The normal operating loads for a wind turbine
gearbox should be determined for the complete
design life of the gearbox. This life is typically set to
between 20 and 30 years in a given wind regime.
The operating torque loads can be determined from
analysis, experimental measurements, or a com-
bination of both.

For ne S
solely] on experimental measurements since the
desigh must precede the fabrication. If experimental
measprements are used, they should be taken from
a wind turbine with the same gearbox, turbine
configuration, and operating environment, or scaled
from B wind turbine of a similar configuration and
size. [Extreme caution should be used when scaling
data. | Differences in the turbine’s configuration or
opergtion that would change the loads must be
included in the scaling process.

Sevetal analytical codes are available to assist in
develpping the load spectrum. Itis relatively easy to
predi¢t the mean torque level at a given wind speed
for a |wind turbine configuration using a computer
code [11]. It is more difficult to determine the cyclic
load Yariations about the mean values. A dynamic
simulgtion code may be necessary to calculate the
fluctupting loads since steady state models ustially
give gnly the mean values. Some research [12] has
indicdted that high magnitude cyclic operating loads
contripute greatly to fatigue damage,

B.5.2|1.1 Generating load histograms

No simgle method has been adopted for determining
the nprmal operating torque spectrum for a wind
turbine. A generalized ‘approach is presented here.

First, fivide the operating wind speed range into bins
no larger than 4 meters per second. For each wind
speed bin, establish an operating torque load history
using|anappropriate dynamic wind turbine simula-
tion time_series model, and run the model for at least

be a non-conservative approximation of the operat-
ing loads, because most analytical models are not
able to predict the rare extreme load events that may
contribute significantly to the overall fatigue dam-
age. The subject of extreme load events is covered
in B.5.3.

If experimental data in the form of a gearbox design
spectrum is available from a turbine of similar size
and configuration, then the designer may scale the

tal measurements of shaft torque are available, then
the above analytical procedure should bg used,
substituting the experimental data for-the arjalytical
time history. This method is deScribed in reference
[12] although the treatment\of extreme Igads is
ignored.

B.5.2.1.2 Simplifiedload histograms

A simplified approach is proposed in referente [13].
Wind speed‘variations are correlated with wind
turbine power and low speed shaft torque fluctua-
tions. The'distribution about the mean torqde for a
givenkwind speed was shown to be Gaussian for
several wind turbine configurations over the full
operating wind speed range. The standard dgviation
of the Gaussian distribution is determined uging the
turbulence characteristics for the design wind site.
The method was demonstrated on several wind
turbines to determine the operating load congditions.
However, this method does not consider the influ-
ence of transient conditions such as braking pvents,
but the influence of extreme loading is accounted for
in the tails of the Gaussian distributions.

B.5.2.1.3 Periodic loading

The peak deterministic load of each rotationgl cycle
of the rotor shaft occurs at or near the same angular
location most of the time. The analyses depcribed
above assume that all of the gear teeth shpare the
load equally and that no tooth is loaded more

severely than any other. Unfortunately, thig is not
alwaye the case

an hour in each bin. The mean wind speed of the
time series input should correspond with the bin
center wind speed. Next, convert the data from each
bin into time-at-torque histograms. Weight each
histogram by the corresponding wind speed proba-
bility from the design annual wind speed distribution.
Combine the weighted histograms at the individual
wind speed bins and scale the total time to the
specified gearbox life. The resulting histogram will
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Figure B.1 shows the torque variation on the rotor
shaft for a typical wind turbine averaged over more
than 8000 rotations. At 280 degrees rotation the
shaft experiences a maximum that occurs every
revolution at about the same angular position.
Similarly, the minimum occurs at about 120 degrees.
The total azimuthal deviation is approximately 8 to
10 percent of the average torque load.
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Figure B.1 - Typical periodic variation in)shaft torque
This may be especially important in designing values from the tail of the measured or calcplated

components that do not change position

ys engaged at the maximum torque_position
tor. This can be achieved by using hunting

ximum operatingload is the highest load in
the loafl spectrum.

Over its design life;;a wind turbine may experience
many high load.gycles during normal operation that
cannot| be, \witnessed by either experiment or
analysis due.fo their infrequency. These events may

t 1 nd d th
be due—to—extreme—win speeds—or—rare ree.

tarque load distributions. Extrapolation techrjiques
are discussed in references [14], [15], [16] and [17].
None of these methods have been fully valigated,
but they provide a framework for addressirlg the
problem.

B.5.2.2 Transient loads

In many cases, the peak transient loads can be
significantly greater than the extreme loads experi-
enced during normal operation. Although they
comprise only a small fraction of the operatingd time,
they can significantly affect the service life pf the
gearbox and other components on the wind turbine.
Moreover, understanding and controlling thesg tran-
sient loads is a sensible way to extend the life of a
wind turbine without affecting its cost or produgtivity.
Table B.1 gives many of the transient wind tlirbine
design conditions that should be considered in

dimensional turbulent flow conditions. These load
events may contribute significantly to the fatigue life
of the wind turbine and gearbox, and their effects
must be included when developing the fatigue load
spectrum.

Several analytical techniques are available to calcu-
late these loads using a limited amount of data.
Typical methods involve extrapolating the extreme
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developing the torque load spectrum.
B.5.2.2.1 Braking event description

In gearboxes with brakes on the high speed shaft,
HSS, the gear teeth, bearings and other components
may be subjected to very high transient loads during
stopping that significantly exceed the design operat-
ing loads. These loads must be included in the load
spectrum.
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Figure B.2 shows a typical record of rotor shaft
torque during a HSS brake stop. This wind turbine
has a fixed pitch hub and blades equipped with
pitching tips that act as aerodynamic brakes during
stopping. At point 1 the generator is producing
power. At point 2 the blade tips deploy dragging the
generator into negative power. Between points 2
and 4 the drive train oscillates at its torsional natural
frequency through one or more backlash/load rever-
sal cycles. The mechanical brake is being applied

velocity decreases. At point 4 the HSS comes to a
stop. The shafts torsionally wind and unwind as the
gear teeth are loaded on both their front and back
sides through many backlash cycles, shown at point
5. These rapid torque reversals are repeated many
times while the transient vibrations decay. In
addition to causing gear tooth impact, torque rever-
sals on helical gears cause reversing thrust loads
and impact loads on the gearbox bearings and
housing. Gear tooth backlash and bearing endplay

but isrretyetfully-ergaged—Atpoint-3-the-torque shotte-be-rrinimized-to-timit-stress-eatsedhy such
rises [apidly as the brake engages and the rotational impacts.
4
E
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A Operation ! ! ! !
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D Brake torque rising

E HSS stops

F Torque reversals and teeth impacts

Figure B.2 - Rotor shaft torque during braking event
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B.5.2.2.2 Transient event spectra

Each transient event such as tip deployments, rapid
pitch events, startup synchronization, shifting be-
tween multiple generators, has a unique signature,
similar to figure B.2, which should be characterized
first in the time domain by the wind turbine designer.
These data are then analyzed in a similar way to the
method described above for operating loads; by
placing measured data or analyzed data into load
spectra bins. Extreme caution should be used in

ISO 81400-4:2005 (E)

moments, torques, or a combination of the three.
This load, supplied by the wind turbine
manufacturer, includes all partial load safety factors.

Most wind turbines are designed to withstand a
single extreme load event using ultimate strength
criteria. This eventis described by the IEC-61400-1
wind turbine safety standard, and it is based on a
maximum load occurrence. The extreme design
load will dictate the strength of many wind turbine
components. This design condition is usually

taking pata—frommother wind—turbines to represent
transiept events because small changes in the
configyration, components, or control strategy can
make large differences in the dynamic response of
the driye train. A dynamic simulation model of the
drive train, which accounts for the rotating inertia and
materigl stiffness of each component, should be
used tq generate the torque spectrum for the single
event. [One such model is described in references
[18] and [19].

For edch transient event type the wind turbine
designer should estimate the number of probable
occurrgnces over the life time of the wind turbine and
scale the single event load spectrum by this quantity.
These humbers should take into account the exter-
nal effgcts such as the reliability of the grid. In some
cases, |a time series description of a typical event
should|be provided to the gearbox manufacturer to
help dgscribe the nature of the loading.

B.5.2.3 Combining torque load spectra

The nermal operating load spectrum, should be
combirjed with the spectra for each of the transient
conditipbns contributing to the torque load spectrum.
This should be done by simply_adding the contribu-
tions ¢f each spectrum\together, bin by bin.
Depending on the uncértainty in the data, it may be
necesdary to apply“some margin of safety to the
loads. | Such multipliers may be different for each
design|load case, and they may be required by IEC
or othgr standards. The final spectrum and load
descrigtions should be submitted to the gearbox

catcuiated withthe Totor stopped—and the filades
oriented flat to the wind. Therefore, most of.the load
acts perpendicular to the rotor plane. This corjdition
may not impart high or excessive torque loads|to the
system, but its influence should.be)yconsidered.

The maximum one-time load\event for a gearpox is
likely to be a consequenee ‘of other events sdch as
an emergency brake(stop, generator short fircuit
fault or utility grid event. The wind turbine degigner
should determine the likely magnitude and propabili-
ty of this maximum load and specify it separately to
the gearbox designer. Other extreme load pases
may apply to various gearbox components, for
example bearings or housing, and they ghould
similarly be specified and described.

B.6 Other loading

For integrated gearbox systems it is necesspry to
specify the load spectrum at all of the critical hqusing
interfaces. An integrated gearbox housing supports
the rotor bearings, and it commonly contains|inter-
faces for the generator, pitch mechanism ang yaw
system. All of these subsystems transmit [loads
through the housing. Therefore a thorough analysis
is required to describe all interface force$ and
moments.

Low speed shaft loads should include the lateral
loading and bending moments resulting from such
items as rotor weight, gyroscopic yaw load§, un-
steady aerodynamics, wind shear and rotor thrust.
The gear housing and housing base shoyld be

manufacturer with the other turbine information
listed in annex E.

B.5.3 Extreme load

The extreme load is that load from any source, either
operating or non-operating, that is the largest single
load that the gearbox will see during its design life
beyond which the gearbox no longer satisfies the
design requirements. This load can be either forces,

© ISO 2005 -- All rights reserved

designed to withstand overturning moments and
shear loads due to rotor thrust, as well as the
torsional moments reacted through the gearbox and
generator. A complete fatigue load spectrum should
be developed for each of these interfaces, but the
procedure for doing this is beyond the scope of this
annex. The proper development of these loads
requires a detailed dynamics simulation model [20],
[21], [22] and [23] or a rigorous test program.
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Annex C
(informative)
Quality assurance

[The foreword, footnotes and annexes, if any, are provided for informational purposes only and should not be
construed as a part of ISO 81400-4, Wind turbines - Part 4: Design and specification of gearboxes]

C. Purpose

This annex explains the procurement process re-
quired o obtain reliable wind turbine gearboxes. It

production gearboxes meet requirements of the
procurement specification.

Manufacturing schedule - Schedule specifying

descries the procurement specification, quality
assurahce plan, quality control tests, quality
documentation, and explains responsibilities of
purchagers and gearbox manufacturers.

C.1 Definitions

Procutement specification - Specification
designgd and maintained by the purchaser that
defineq the application and load spectrum, and
specifi¢s minimum requirements for design,
manufgcturing, quality assurance, testing, and
gearbox performance.

Design audit - Systematic and independent
examirjation of engineering drawings and
specifi¢ations to determine if all components of a
gearbox meet requirements of the procurement
specifi¢ation.

Indepgndent examination - Audit performed.by a
third party auditor or by a purchaser representative.
As an glternative to an independent examination, the
purchaser and gearbox manufacturersmay agree to
an appropriately documented internal audit per-
formed| by the gearbox manufacturer.

Quality assurance, QA plan - Manufacturing
specifi¢ation designed ‘and maintained by the gear-
box manufacturerthat specifies QA inspections,
tests, and acceptance criteria for monitoring and
controlling the~manufacturing process.

Quality_audit - ematic and independent ex-
amination of a manufacturer’s facilities to determine
if equipment and quality procedures comply with
requirements of the QA plan, and if QA inspections
and tests are implemented effectively and meet

requirements of the procurement specification.

Test audit - Systematic and independent examina-
tion of the QA plan and witnessing of tests to
determine if tests of prototype, first article, and
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start and finish dates for significant steps._|n the
manufacturing process, including hold and)w|tness
points, for inspection and tests.

Manufacturing audit - Systematic’ and indepen-
dent examination to determine)if manufaciuring,
inspection, and testing of ‘'manufactured compo-
nents comply with requirements of the QA plan, and
if the components meet-requirements of the| engi-
neering specifications*and the procurement specifi-
cation.

Prototype gearbox - The first gearbox of new
design thatis load tested in the field or on p test
stand.’’After testing, the gearbox is completely
disassembled and all components are inspected for
wear or other distress. Based on the results fof the
prototype test, changes to design or manufagturing
may be necessary. See 4.8.1 for further informjation.

First article gearboxes - One or more gearpoxes
manufactured before the start of manufacturing of a
production lot of gearboxes. Components fgr first
article gearboxes are 100% inspected for cpnfor-
mance to engineering specifications and reguire-
ments of the procurement specification, to gnsure
manufacturing and the QA plan are adequate. Based
on the inspections of first article gearboxes, changes
to manufacturing or the QA plan may be necepsary.
Requirements for run-in and load tests shodild be
negotiated between the purchaser and gdarbox
manufacturer.

Production gearboxes - Gearboxes manufagtured
ing audlts are
conducted to ensure compliance with all specifica-
tions. Requirements for run-in and load tests should
be negotiated between the purchaser and gearbox
manufacturer.

C.2 Responsibilities

The procurement process involves many steps that
evolve over time. Therefore, the purchaser should
have resources adequate to ensure that each step of
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the procurement process is properly implemented
and all requirements of the procurement specifica-
tion are met. The purchaser is responsible for:

- procurement plan;

- procurement specification;
- bidding instructions;

- purchase order;

- design audit;

- | manufacturing schedule audit;

- | manufacturing audit;

- | test audit;

- | installation, startup, and operation audits.

The gearbox manufacturer should have proven
experjence and capability necessary to manufacture
gearboxes that conform to the procurement specifi-
catio]. The quality management system should
provide resources adequate to ensure that each
step pf the design process, verification activities
including testing, and manufacturing process is
properly implemented and all requirements of the
QA plan are met. The gearbox manufacturer is
responsible for:

- | proposal data;

- | contract data;

- | engineering drawings and specifications;
- | QA plan;

- | manufacturing schedule;

- | pricing;

- | warranty;

- | instruction manuals.

C.3 RFrocurementplan

The fpllowing plan’ guides the purchaser through all
phasgs of the-procurement process from writing the
procupemént specification to auditing gearbox start-
up.

6006-A03 for guidelines for content of the
procurement specification.

C.3.2 Solicit bids

The purchaser should solicit bids from gearbox
manufacturers who have the experience and capa-
bilities necessary to produce gearboxes that con-
form to the requirements of the procurement
specification.  Bid solicitation should include a
questionnaire that determines if the gearbox
manufacturer understands the procurement specifi-

i i lities to
produce reliable gearboxes. A formal audif of the
questionnaire response including a reference check
and capability study is recommended fer each major
procurement. Bid solicitation sheuld requirg a pre-
liminary QA plan such as shown'in table C.1|.

C.3.3 Evaluate proposals and select final
bidders
The purchaser (should evaluate the dearbox

manufacturer’s proposals for completeness and
conformance to the requirements of the procure-
ment specification. Proposals should be compared
and thebest proposals should be selected foridesign
reviewmeetings. To determine manufagturer’s
capabilities, quality audits may be necessary.

C.3.4 Meet for design review meetings

Design review meetings should be conducted with
final bidders and evaluations of each pfoposal
should be written. Evaluations should discpss the
relative merits of each proposal and provide suffi-
cient information to select a gearbox manufacturer
and perform a design audit.

C.35 Select gearbox manufacturer,| audit
design, and award contract

After considering the relative merits of each propos-
al, the purchaser should select the final gearbox
manufacturer and audit the gearbox manufagturer’s
proposal. The design audit should include the
following as a minimum:

- conformance to procurement specificption;

C.3.1 Write procurement specification

A comprehensive procurement specification should
be written to ensure a reliable gearbox. The
procurement specification should define perfor-
mance rather than design and should allow the gear
manufacturer creative freedom to meet contract
requirements by applying their engineering
expertise. See the main body of ANSI/AGMA/AWEA
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=—gearbox desigrm,

- gear design;

- bearing design;

- shaft design;

- seal design;

- lubrication system design;

— QA plan for critical components.
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Table C.1- Sample QA plan

ISO 81400-4:2005 (E)

<BIDDER>

<Bidder Name>

<Order No.>

<Signature of quality control manager and date>

LEGEND:

H = Hold Point - Operation or procedure must be witnessed by purchaser’s representative before moving

component to next operation.

W = Witness Point - Operation or procedure may be witnessed by purchaser’s representative if
representative is present during manufacture.

D = Document Required - Quality assurance must provide certified copy of inspection or test report to

purchaser’s representative

Procufement Spec No.
<Speq No.> Rev. <Rew.
Activity

H |[W |D
No.>

Proc. Spec.
Clause

Bidder
Spec. No.

Bidder
Clause No.

Bidder;
Form No.

Gear taw material

Proceps

Form

Chemjstry

Grain size

Hardehability

Cleanliness

UT ingpect forgings

Inspegtion of gear teeth

X[ X[ X| X X X X[ X[ X

Basic geometry

Accuracy

X

Root flllets

Grindipg stock removal

Surfage roughness

Magnetic particle

Surfage temper

Surfage hardness

Inspegtion frequency

Inspe¢tion of coupons

General

Case hardness

Case fepth

Core hardness

Case microstructure

Carbides

Decarpurization

Carboncentent

Microcracks

Secondary transform. products

Intergranular oxidation

Retained austenite

X X X[ XA X X X X| X[ X X X XX X X X X

Core microstructure

Post carburize cold treat

X

Housing accuracy

X| X X| X X[ X AL <) X[ >}) X[ ] XL X| X X| X X[ X X< X[ X X[ X X[ ] X X] X X| X X[ X

© ISO 2005 -- All rights reserved
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Table C.1 (concluded)

Shaft material X [X

Shaft hardness

Shaft accuracy

x| X| X

Shaft magnetic particle

Gearbox assembly

Tests

Contact patterns

Load or no-load tests

Dykem

Lubr|cation

Sound level

Vibration level

Oil lgaks

Oil spmp temperature

Dykgm patterns

Corrective action

Docymentation

X X[ X X[ X| X X| X > X X[ X X[ X
X X[ XX X] X X| X > X X[ XX X[ X X X X

Prepgaration for shipment

NOTE:

This {s a sample plan and is not inclusive of all items; the important items are shown.

A report summarizing the design audit should be
prepdred. Manufacturing should not begin until the
purchiaser approves the engineering drawings and
QA plan, and all agreed to design changes are
incorporated into the procurement specification.

C.3.6/|Review and approve engineering drawings

The ¢ngineering drawings should be reviewed to
confirm they meet the requirements ofthe procure-
ment gpecification.

by the following:

- reference to procurement specification
clause;

- description of alternative;
- requirements for verification of alternative;

- purchaser’s signature of approval.
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Tablé<C.1 is a sample QA plan for the prptotype
gearbox, first article gearboxes, and profuction
gearboxes. It emphasizes gears but includds other
items. A similar plan is needed for each load bearing
component and the gearbox as an assembly. The
QA plan should be detailed enough to uncoyer any
problems during manufacturing of prototypg gear-
boxes. The same QA plan, except as muodified
based on results of the prototype test, should be
used for first article gearboxes to ensure cofrective
actions have been successful, and the gedrboxes
meet requirements of the procurement specification
before production manufacturing begins. The same
QA plan should be used for production geafboxes.
However, the frequency of inspections and tests,
and schedule of hold and witness points sheuld be
negotiated between the purchaser and dearbox
manufacturer.

As a minimum, the QA plan should specify|control
methods for the following:

- gear raw material;

— quality control of subcontracted work and pur-
chased parts;

— quality control of gear metallurgy;
- inspection of gear teeth;

- housing accuracy;
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- shaft accuracy;

— quality control in assembly including fitting,
cleanliness, serialization and traceability of com-
ponents;

- gearbox tests, acceptance criteria, and re-
cord keeping requirements.

Documentation required by the QA plan should be
traceable. All gears and shafts should be serialized
and all inspection documents should record serial
numbers of components. Serial numbers of all gears
and shafts should be traceable from the serial
numbef on the gearbox nameplate and traceable to
raw material heat and melt numbers. All test
specimens, representative test coupons, heat treat-
ment records, and all significant documents from
manufgcturing, inspection, testing, and processing
should|be traceable to components they represent.
All megsuring instruments and artifacts should be
tracealyly calibrated to national standards and have
current calibration certificates. All QA documents
generated by the gearbox manufacturer should be
maintalned for a period agreed to by the purchaser
and thg gearbox manufacturer, but not less than ten
years.

C.3.8 |Review and approve manufacturing
schedule

The manufacturing schedule should allow sufficient
time fof corrective action deemed necessary-from
results| of the prototype test, and changes to
manufgcturing or the QA plan deemed, necessary
based pn inspections of first article gearboxes.

C.3.9 | Evaluate performance -of prototype
gearbgx

After tTe prototype gearbox“has been tested and
inspecied, and all neCessary changes to design,
manufgcturing, and. QA plan are made, manufacture
of first article gearboxes should be approved.

ISO 81400-4:2005 (E)

C.3.10 Inspect first article gearboxes

After the first article gearboxes are inspected, and
supporting documentation reviewed, make recom-
mendations for changes to engineering and
manufacturing specifications and the QA plan.

C.3.11 Approve manufacture of production
gearboxes

After the final engineering and manufacturing speci-
fications and final QA plan have been approved, and
i f i of the
final QA plan, manufacturing of production|gear-
boxes should be approved.

C.3.12 Audit manufacturing and testirlg of
production gearboxes

Periodic audits of manufacturing and testing ghould
be conducted to resolve “problems and gnsure
compliance with the procurement specification and
QA plan.

C.3.13 Audit.installation, startup, and operation
of production’gearboxes

Installation, startup, and operation should be auidited
to ensure all instructions for installation, opefation,
and maintenance are properly implemented. [Gear-
box performance should be closely monitored gluring
startup and the first few weeks after startup, followed
by periodic monitoring during operation. Monitoring
should include measurements of temperature,
sound, and vibration, and lubricant analyses.

C.4 Resolution process

A formal process to allow for resolution of ag-built
deviations from the manufacturing specificgtions
should be developed. The method to rgsolve
deviations should be agreed to between th¢ pur-
chaser and the gearbox manufacturer as part|of the
QA plan. For example, the resolution process|could
be utilized if a grinding notch in a gear tooth og¢curs.

© ISO 2005 -- All rights reserved
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Annex D
(informative)
Operation and maintenance

[The foreword, footnotes and annexes, if any, are provided for informational purposes only and should not be
construed as a part of ISO 81400-4, Wind turbines - Part 4: Design and specification of gearboxes]

D. Purpose

The operation and maintenance of a wind turbine

- Pre-oil the unit to lubricate gears and bear-
ings;

gearboiis as important as designing, manufacturing
and prpcuring the gearbox, and it should be fully
defined prior to purchasing the gearbox. Startup,
operating, and maintenance plans and procedures
should|be established by the gearbox manufacturer,
lubricapt manufacturer, and purchaser before the
is placed in service.

D.1 Startup and run-in procedures

The bddplate, mounting surfaces, shims and shaft
couplings must be accurately aligned for proper
overall|performance.

For mpximum bearing and coupling life, shaft
misalighment should be minimized. Load variations
and temperature changes cause the alignment to
Therefore, it is best to carefully align
couplings to ensure that the couplings have ade-
quate ¢apacity to accommodate increases in mis-
alignment. In some cases it is necessary to bias-the
cold alipnment to minimize shaft misalignment-at the
operating temperature. For shaft mounted gear-
boxes,|the torque arm should be properly located
and mpunted without excessive-elearance in the
mountipg points to ensure that-the‘gearbox housing
is not {wisted, and the highi-speed coupling is not
misalighed. Before starfing the equipment, these
checkg should be made;

il level andtype;
ipe connections;

lectrical connections;

- Forcold environment startups, preheatthe lu-
bricant. Load should not be applied untit{he oil
has attained operating temperature;

- Start the gearbox slowly~under light| load.
Check for proper rotation direction. Check sys-
tem oil pressure;

- After oil circulates, stop the unit, check ¢il lev-
el, and add as necessary;

- Monitor the'gearbox for vibration and temper-
ature. If any‘problems are detected, shut|down
immediately, and take corrective action;

Ifa factory run-in procedure is not performed,
operate the first 10 hours at reduced load t¢ run-
in tooth surfaces. This will reduce the risk of scuf-
fing and prolong the life of the drive.| Not
performing such a run-in may lead to prenpature
failure;

- After a field performed run-in, the ggarbox
should be drained and flushed to rgmove
contaminants, refilled with recommeénded
lubricant and a new ail filter should be instglled if
applicable;

- Check coupling alignments and re-torque all
bolts. Check all piping connections and tighfen as
necessary.

Finally, to confirm that the requirements ¢f the
procurement specification have been met, gearbox
performance should be monitored under actual
service conditions. Because the first few weeks after

torque on mounting and gearbox bolts;

operation of automatic shutdowns and
alarms;

- coupling installation and alignment;
- inspection cover installation;
- heater, cooler, and fan operation.

During initial startup, these procedures are helpful:

© ISO 2005 -- All rights reserved

startup are critical, data on load, vibration, and
performance should be collected. Not every applica-
tion warrants full telemetry and strain gaging.
However, power, temperature and vibration level
should be recorded for every gearbox. Also the
lubricant should be analyzed for contamination.
These actions will check the purchasing process and
involve the gearbox manufacturer in corrections as
necessary.
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D.2 Lubrication
D.2.1 Change interval

The lubricant should be changed based on the
gearbox manufacturer’s recommendations and the
results of the oil monitoring program. Monitoring and
testing the lubricant for viscosity, water content, acid
number, solid contaminants, and additive depletion
will help determine the proper change interval. Fora
discussion of lubricant monitoring, see annex F.

planning is needed when choosing the placement of
breather, magnetic plugs, drain lines, fill plugs,
filters, inspection ports and dip sticks.

The wind turbine operator should consider the
following:

- flushing of gearbox prior to adding new
lubricant;

- accessibility of filters for changing when using
a pressure fed filtered lubrication system;

= use and connections for a pnrf:\hln ||ter|ng

D.2.2 Reeommended-analysislimits

Table| F.4 gives recommended limits for analysis
parameters and typical contaminants for wind tur-
bine gearboxes.

D.2.3| Storage procedures

Drumg of spare lubricant should be properly stored
to avpid contamination. Drums should be stored
indoofs, horizontally.

D.3 Giearbox inspection

To assgure reliable operation, it is necessary to have a
periogic gearbox inspection program. Inspections
should commence during or shortly after the run-in
periodl, then progress at regular intervals thereafter.

Detailed records of the inspections should be
mainthined and may include vibration level, bearing
and ghaft end play, radial play, bearing and tooth
condifion, oil condition and overall gearbox condi-
tion. |If available, WTGS operating hours, cenergy
production and maximum operating témperature
shoulf be recorded. When flexible, couplings are
used,|alignment should be inspected-as required.

Photdgraphs are an excellent means of tracking
gearbox/gear condition. The teeth can be identified
and fephotographed during subsequent inspec-
tions.| Reference [26]-provides useful suggestions
for such photography.

Inspeftion personnel should be thoroughly trained to
provide the maximum consistency of observations
and adjustments.

D.4

This clause addresses specific maintenance areas
common to all WTGS gearboxes. The general
maintainability of wind turbine gearboxes is a very
important issue and should be addressed at the
design stage. Technicians must have safe access to
equipment that requires maintenance. The work
space on top of a wind turbine tower is often very
limited and may be hazardous, therefore some

56

system;

methods for draining oil from the.geafbox;

transport of oil to the nacelle;

filling the gearbox with Qiljin the nacelle;

contamination prevention during th¢ filling
process.

D.5 Gearbox safety_requirements

Safety is a major concern of turbine opergtors or
anyone who~is involved with large rotating| equip-
ment. Most maintenance for a HAWT i done
up-tower in a confined space. Techniciahs use
safety'belts and lanyards to attach themselves to the
machine to prevent injury from a fall. This may place
workers in close contact of a potentially harmful
situation if safety procedures are not follow

The following requirements should be considered to
ensure a safe working environment and mininyize the
probability of a situation potentially injurioug to the
workers:

Lanyard hook points. There should be gn ade-
quate number of appropriately marked hool points
on the gearbox or adjacent components to [ensure
that workers can be attached with at legst one
lanyard at all times when working in the dearbox
area.

Drive lines, shafts and couplings. All drive lines,
shafts and couplings should be covered to prevent
accidental entanglement by the worker.

ubrication—Besign—ofthe—oi—system—end the
maintenance methods of changing the oil should be
developed to minimize oil leaks and spills. Oily
platforms and ladders are potentially hazardous and
may be considered an environmental hazard.

Others. Consideration should be given to adding
steps and handholds to the gearbox to provide
access to all components. In addition, the housing
should have rounded corners.
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Annex E
(informative)
Minimum purchaser and gearbox manufacturer ordering data

[The foreword, footnotes and annexes, if any, are provided for informational purposes only and should not be
construed as a part of ISO 81400-4, Wind turbines - Part 4: Design and specification of gearboxes]

E. Purpose

The following technical information is recommended
for procurement documents and for offers by poten-

Number of blades
Blade pitch - fixed or variable
Hub height

tial gedrbox manufacturers.

Certain information in the following lists may be
intellectual property requiring non-disclosure agree-
ments between the parties involved in the exchange.

E.1 Information to be provided by purchaser

The fdllowing items should be provided by the
purchager to define technical and quality assurance
requirgments.

E.1.1 Applicable standards and specifications
Industry standards such as:
IEC
ISO
AWEA
ANSI/AGMA
ABMA
AWS
ASTM
AMS
SAH

Applicable local/governmental regulations

Projgect specifications

E.1.2 General description of wind turbine

Yaw type - active or passive
Brake type and size

Brake location

Number of generators

Rated power

Rated wind speed

Cut-in wind speed

Cut-out wind,speed

Over speed

Gearbox enclosure (nacelle type)

E.1.3Environment

Various environmental (climatic) conditions
than wind can affect the integrity and safety

WTGS, by thermal, (photo-) chemical, mecha
electrical or other physical action. Moreover,
binations of the climatic parameters may ing

their effect.
Temperature
Humidity
Air density
Solar radiation
Rain, hail, snow and icing

Chemically active substances

other
pf the
nical,
com-
rease

Manufacturer Mechanically active particles
Model Lightning
Rotor—upwind-er-downwind Earthquakes

Rotor diameter Salinity

Rotor speed Altitude

Generator speed

Direction of rotation

© ISO 2005 -- All rights reserved

An offshore environment requires special additional

considerations.
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E.1.4
E.1.4.

Turbine loads

1 Gearbox design torque loads

Fatigue load spectrum

Ma

ximum operational loads

Transient loads

E.1.4.
E.1.4.
Cri

2 Extreme loads

3 Other loads

Inclination angle of gearbox low speed shaft from

horizontal
E.1.8 Accessories
Coupling type, model, size
Coupling misalignment limits
Brake type, model, size
E.1.9 Maintenance components

Spares

Ex
E.1.5
Ge

ical hmming interfaces
ernal low speed shaft loads
Gearbox design requirements

arbox ratio and tolerance

Rating methods for gears and bearings

Re

Ho|

Se
Ing
N
E.1.6
L
L

r

C

C

quired service life and reliability of gears and
bearings

Lsing components including:
nspection covers

Dil level indicator

Dil sampling ports

Magnetic plugs

Drain valves

Breathers

ifting holes

Brake mounting pads

Torque arm mounting lugs

bl types and materials
trumentation/transducersfalarms
velocity over gearbox
Lubrication

prication system

pricant.change interval

FiIIation system

rahanan intae ol

Tools

Technical manuals
Maintenance manuals
Drawings

E.2
access to by gearbox-manufacturer

E.2.1 Proposal data

Gearbox manufacturers should submit or

Information to be_submitted or prpvided

brovide

access to detailed drawings and the data coptained
in E.2.1.1\through E.2.1.3. The gearbox manufac-

turer, should provide data that shows the g
was,designed and rated in accordance with

earbox
the re-

quirements of the procurement specification and the

load spectrum. The data should be sufficient
the purchaser to audit the gearbox design for
mance to the procurement specification.

E.2.1.1 Outline dimension drawing

An outline dimension drawing of the gearb
fully describes its overall dimensions and int¢

E.2.1.2 Assembly drawing

An assembly drawing of the gearbox that gi
part numbers of all components and the
numbers of all bearings. The drawing sh
indicate the rotational direction of gears and

E.2.1.3 Detailed drawings

Access to detailed drawings of all gears

o allow
iconfor-

ox that
rfaces.

ves the
catalog
il also
shafts.

The

following data should be supplied as a minin|1um:

Filterehange-thtervel

E.1.7
Bo

Turbine arrangement drawing

undary dimensions and interfaces

Gearbox orientation and mounting position

Sh

aft orientation

Direction of rotation
Weight limit
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Number of teeth

Net face width

Outside diameter
Normal module
Normal pressure angle
Helix angle

Hand of helix
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https://standardsiso.com/api/?name=e92d2f1fc75222b3f177b9422aac8907

Designation of active flank(s)
Operating center distance
Profile shift coefficient

Tooth thickness

Finish stock allowance

Gear cutting method

Gear finishing method

Cutting tool normal tooth thickness

ISO 81400-4:2005 (E)

witness points for audits by the purchaser’s
representative. See annex C for additional
information.

E.2.2.3 Manufacturing schedule

The manufacturing schedule should specify the
manufacturing sequence and schedule inspections
and tests required by the QA plan.

E.2.2.4 Certified drawings

Cutt|ng tool addendum
Cutt|ng tool tip radius
Tip @and root relief

Helix modification
Proflle modification

Tip ¢hamfer, edge round, end round

Tooth surface roughness
Geometric quality

Metallurgical quality

Material alloy and grade

Heaf treatment method

Tooth surface and core hardness

Effe¢tive case depth to 50 HRC or 550 HV (for sur-
face|hardened members)

E.2.2 Qontract data

Gearbgx manufacturers should submit data con-
tained |in E.2.2.1 through E.2.2.4s.and E.2.2.6.
Purchgsers should approve the-drawings, quality
assurance plan, and manufactuting schedule before
manufgcturing begins.

E.2.2.1|Drawings

Drawings should be;adequate to achieve the techni-
cal reqpirements.of the procurement specification.

The puyrchaser should state in the inquiry or the
purchase-order, the number of prints required and

Afterthe drawings-have been approved.-the gearbox
~J rr 7 J

manufacturer should furnish certified copiés)jin the
quantity specified.

E.2.2.5 Purchaser approvals

The gearbox manufacturer should not proceefd with
manufacturing until drawings, QA plan,| and
manufacturing scheduleare approved by the¢ pur-
chaser in writing. Approval of drawings, QA plan,
and manufacturing‘schedule should not congtitute
permission to deviate from any requirements|in the
procurement'specification or purchase order Unless
specifically ‘agreed upon separately in writing.

E.2.2,6" Instruction manuals

The gearbox manufacturer should furnish the re-
quired number of instruction manuals for the|gear-
box. The manuals should include instructions for
installation, startup, operating and maintenance.
The manuals should also include recommendgtions
for lubrication and storage.

E.3 Contractual data agreed upon by purchaser
and gearbox manufacturer

The following items may involve shared respoIsibiIi-
ties and should be negotiated by the purchasg¢r and
gearbox manufacturer.

E.3.1 Technical requirements

Mass elastic data

System dynamics

the schedule within which they should be submitted
by the gearbox manufacturer.

E.2.2.2 Quality assurance plan

The quality assurance, QA, plan should be adequate
to achieve quality goals defined by the procurement
specification. The QA plan should specify
inspections and tests required for monitoring and
controlling manufacturing, and identify hold and

© ISO 2005 -- All rights reserved

Weight

Center of gravity

Structure vibration
Lubricant type and viscosity
Lubricant capacity

Interface dimensions

Run-in requirement
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E.3.2 Quality assurance requirements

60

Responsibilities

Design review

Quality system

Quality assurance plan
Inspection and test schedule

Witnessing agency

Prototype tests

First article inspection and tests
Production tests

Inspection and test approval
Corrective action

Preparation for shipment

Preparation for storage

Documentation
Trdceability £-3:3-Commerciat-and-otherrequirements
Certification Guarantee and warranty
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Annex F
(informative)
Lubrication selection and condition monitoring

[The foreword, footnotes and annexes, if any, are provided for informational purposes only and should not be
construed as a part of ISO 81400-4, Wind turbines - Part 4: Design and specification of gearboxes]

F. Purpose

Proper selection and condition monitoring of a
lubricant is essential to achieving maximum service

F.1.1.2 Elastohydrodynamic lubrication

EHL exists in highly loaded sliding and rolling
contacts when fluid film formation is influenced by
elastic deformation of the contacting surfaces. EHL

life for windturbine geat boxes—Hhisannex Pt ovides
informgtion on gear lubricant types, additives, filtra-
tion andl condition monitoring. For further discussion
of wind turbine lubricants, see [31], [32] and [41].

F.1 Gdar lubrication

The functioning of mechanical components such as
gears jand bearings involves relative motion of
surfacgs in contact, under load. Separation of the
surfacgs by a thin film of fluid is a key factor in
achieving smooth operation and good service life.
Lubricgtion is typically classified by regimes, such as
hydrodynamic, elastohydrodynamic, and boundary.
Gears,| bearings and other highly loaded contacts
spend {he majority of their time in the elastohydrody-
namic fegime. The theory of elastohydrodynamic
lubrication (EHL) is an extension of hydrodynamic
lubrication. It was developed to explain the role. 6f
the fluld film and to analyze its behavior gnder
variouqd rolling contact operating conditions.

F.1.1 Lubrication regimes

Development and operational influence of the EHL
fluid filign depends on lubricant.characteristics, lubri-
cant inlet conditions, load intensity, operating pitch
line velocity, surface eonditions, metallurgy and oil
cleanlipjess. These{parameters are further dis-
cussed in AGMA™25-A03. Itis common practice to
categofize EHL Hubrication into three regimes.

F.1.1.1] Hydrodynamic lubrication

is prevalent in wind turbine gears and bedrings,
which operate under heavy loads and..moderate
pitch line velocities.

F.1.1.3 Boundary lubrication

Boundary lubrication exists, when the sliding and
rolling surfaces are wetted with fluid but the lulricant
film thickness is small compared to the sliding and
rolling surface roughmness. Boundary lubrigation
occurs under heayyoads and low pitch line yeloci-
ties.

F.1.2 Damage modes

Therecarenumerous modes of damage assotiated
with olling element bearing components and gear
teeth. The damage modes of gear teeth are ligted in
ANSI/AGMA 1010-E95. Two of these modes,
Hertzian fatigue (macropitting and micropitting) and
wear (adhesion, abrasion, polishing and scuffing),
are strongly influenced by lubrication. HRroper
selection, application, and maintenance of|lubri-
cants are, therefore, essential in avoiding premature
failure. For information on gear failure modes, see
[24], [25], [26], [27], [28], [29], [34] and [35].

F.1.3 Lubricant selection

Lubricants recommended in this document will
normally produce good results, but verificatipn by
analysis of the gear and bearing contact specific film
thickness is desirable. Such analysis is beyond the
scope of this document. For spur and helical ggars, a
method is given in AGMA 925-A03. For information
on gear lubrication, see [24], [27],[30], [31], [34], and

Hydrodynamic lubrication exists when there is
complete separation of the sliding and rolling contact
surfaces achieved by a continuous lubricant film.
Hydrodynamic lubrication films are formed generally
under light loads and moderate pitch line velocities,
and low or high loads with high pitch line velocities.
The surface roughness A ratio also plays a significant
role.

© ISO 2005 -- All rights reserved

[33].

Viscosity is a key property of the fluid selection
process. Tables F.5 through F.8 provide guidelines
for selecting an appropriate viscosity grade in the
absence of detailed analysis.

F.2 Lubricant base oil types

A key element of the finished fluid is the base oil. The
base oil comes primarily from two general sources:
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mineral or synthetic. Additionally, natural products
such as vegetable-based oils could be used as a
base oil especially where biodegradability is an
issue. The term mineral usually refers to base oils
that have been refined from a crude oil source,
whereas synthetics are usually the product of a
chemical reaction of one or more selected starting
materials. The finished fluids can also contain
mixtures of one or more base oil types. Partial
synthetic fluids contain mixtures of mineral and
synthetic base oils. Full synthetic fluids can also be
mixtufes of two or more synthetic base oils. As an
example, mixtures of polyalphaolefins and esters
are commonly used in synthetic formulations today.
Mixtufes are generally used to tailor the properties of
the finished fluid for a specific application or need.

F.2.1 |Mineral oil lubricants

Minergl based gear oils have viscosity indices
(measurement of viscosity change with temperature
variatjon) that are commonly lower than most, but
not alf synthetic based gear oils. An advantage of
minergl based oils over synthetic based oils is
usually their lower initial purchase cost. If a mineral
oil is preferred, a mineral oil of higher viscosity can
be used to match the viscosity of a synthetic at higher
operating temperatures and the lubricant can be
prehdated for startups if necessary. Mineral based
gear pils have been used successfully for many
years| in properly designed, operated and\main-
tained WTGSs.

F.2.2 |Synthetic lubricants

Synthetic oils have special properties that may en-
hancg performance or accommaodate severe operat-
ing cgnditions. Many synthetic oils are stable at high
opergting temperatures~and have high viscosity
indicgs (smaller viscosity changes with temperature
variatjons) and low.pour points. WTGSs using most
commercially -available synthetic gear oils can be
started witheut difficulties at a lower bulk oil tempera-
ture than those using mineral oils.

of field experience in similar applications, the use of
synthetic oil should be coordinated carefully be-
tween the user, the gearbox manufacturer and the
lubricant manufacturer.

Synthetic lubricants may improve gearbox efficiency
and may operate cooler than mineral oils because of
their physical, chemical and thermal properties.
Decreasing the operating temperature of a gearbox
lubricant is desirable. Lower lubricant temperatures
increase the gear and bearing lives by increasing

f ] ; ; ; icant life by
reducing oxidation.

There are several different types of ‘synthet|c base
oils available today. Their compositions and proper-
ties result from the different~Chemicals that are
combined in their manufacturé. Some of th¢ major
types of synthetic base “ails are described in the
following clauses.  For additional informafion on
synthetics see [37].

F.2.2.1 Polyalphaolefin, PAO, lubricants

Polyalphaolefins, or olefin polymers, are paraffin-
like liquid.hydrocarbons which can be synthesized to
achieve a uniqgue combination of high-temperature
viscosity retention, low volatility, very low popr point
and a high degree of oxidation resistance algng with
a structure that can improve equipment eff|ciency.
These characteristics result from the wax-free
combination of moderately branched paraffinic
hydrocarbon molecules of predetermined chain
length.

Compared to conventional mineral oils, PAD lubri-
cants generally have poorer solvency for adiditives
and for sludge that may form as the oi|l ages.
Lubricant manufacturers usually add a higher sol-
vency fluid, such as ester or alkylated afomatic
fluids, in order to keep the additives in solutio and to
prevent sludge from depositing on the dearbox
components.

F.2.2.2 Synthetic ester lubricants

Esters are produced from the reaction of an plcohol

Each type of synthetic lubricant has unique charac-
teristics and all have limitations that should be
understood. Such things as compatibility with other
lubrication systems and mechanical components
(seals, sealants, paints, backstops and clutches),
behavior in the presence of moisture, lubricating
qualities and overall economics should be analyzed
carefully for each type of synthetic lubricant under
consideration for a given application. Inthe absence
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with an organic acid. There are a wide variety of
esters available that can be produced by the
numerous combinations of acids and alcohols
available. The principle advantage of many esters is
their excellent thermal and oxidative stability. A
primary weakness for some is poor hydrolytic
stability. When in contact with water, esters may
deteriorate through a reverse reaction and split back
into an alcohol and organic acid. A secondary
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weakness with some esters is a viscosity index lower
than most paraffinic mineral based oils. Some
esters do, however, provide a viscosity index higher
than mineral or PAO lubricants.

Ester based gear oils that have the appropriate
physical and performance characteristics may be
used in properly designed, operated and maintained
WTGSs where condensate or direct water ingestion
is minimal.

Some ester based gear oils may be suitable in water

ISO 81400-4:2005 (E)

- oxidation inhibitor;
- antifoam;
- antiwear; and
- antiscuff.
F.3.1 Standard additives

Most lubricants have rust and oxidation (R&O)
inhibitors. Mineral or synthetic lubricants containing
all the additives listed in F.3 except antiscuff and
possibly antiwear additives are referred to as R&O

protectjon areas since they may be biodegradable
oils.

F.2.2.2}1 Ester based lubricant compatibility

Ester based gear oils and PAQO lubricants with ester
additives may adversely affect filters, elastomeric
seals, adhesives, sealants, paint, and other surface
treatmInts such as layout lacquer used for contact
pattern| tests. Therefore, lubricants with esters
should|be tested for compatibility with all gearbox
compohents before they are used in service.

F.2.2.3| Polyalkyleneglycol, PAG, lubricants

PAG bpsed oils have a chemical structure that is
distinctly different from both PAO and ester based
oils. PAG based gear oils can have excellent thermal
and ox]dative stability and most have exceptionally
high vigcosity indices. PAG lubricants are character-
ized ag being either water miscible or oil miscible.
Water miscible PAG should not be combined with
minera] oil, PAQO, or oil miscible PAG. Consult the
lubricapt manufacturer for PAG miscible characteris-
tics. Special flushing procedures are\required when
switching between a PAG and mineral or PAO
lubricapt.  Consult lubricant ) manufacturers for
specifi¢ details.

A conslderation with PAG lubricants is that they may
require| different specification for paints, seals, and
sealants.

PAG based.gear oils have been used successfully in
properly _designed, operated, and maintained

oils. They are not intended for applications.where
boundary lubrication is expected. Most wind tlirbine
gearboxes contain gears that encounter the bpund-
ary lubrication regime. Therefore, R&O lubr|cants
are not recommended.

F.3.2 Antiscuff additives

Mineral and synthetic.lubricants that contain| addi-
tives to prevent scuffing under boundary lubritation
are commonly referred to as extreme pressure (EP)
lubricants. Antiscuff additives may contain sulfur,
phosphorus orother soluble compounds that form a
protectivefilm on the mating component surfafes to
prevent.scuffing.

F:4> Maintaining lubricant cleanliness, active
lubrication

Properly designed, installed and maintainedg me-
chanical filter systems have been found to adequate-
ly maintain wind turbine gearbox lubricating oil
cleanliness levels as specified in 6.8. Depend|ng on
the operating environment, semi-annual or longer
servicing intervals can be achieved. For information
on oil cleanliness, see [41].

F.4.1 Configuration of filtration systems

Wind turbine gearbox mechanical filtration syptems
can utilize one or more mechanical filter assenpblies.
It is useful to combine the filtration system with the
cooling system, see figure F.1. Generally, [these
include:

i | i trai tth il
an-optionalsuction-strainera eoilenfrance

WTGSs since the late 1980’s where condensate or
direct water ingestion has been minimal.

F.3 Additive systems

All commercial gear lubricants contain additives that
enable them to meet specific performance require-
ments. Typical additives are:

- rust inhibitor;
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end of the pump inlet line to prevent the ingestion
of large debris particles into the pump;

- an inline filter assembly adequately sized to
minimally restrict the flow of oils up to ISO
viscosity grade 460, VG 460, at the volumes
required to lubricate the gears, bearings and other
components;

- an offline filter assembly (recommended);
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- | a pressure strainer (recommended) in the oil
disfribution system to capture large particulate
mdtter in the event of inline filter element failure,
cold start conditions, and clogged inline filter.

Suction strainer

e suction strainer is a protective device for the oil
It is submerged in the bulk oil in the lowest

sectign of the gearbox sump or oil reservoir. It usually
consists of a metallic open body and a wire mesh
element. The wire mesh should be sufficiently sized
dimensionally and in pore size to provide unre-
strictgd flow of oil to the pump suction port._Stainless

steel

s the preferred material of construction. The

suctign strainer is an optional deviceand usually not

reco

mended by system designers. The suction

strainpr may clog and close(off the lubricant supply.
Pumgs may be damaged. by cavitation. For these
reasons, a bypass valve' in the strainer is recom-
mended as well as/designing the system for easy
maintenance.

F.4.3 Inlinefilter

Th
an
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e inline filter assembly, sometimes referred to as

Figure F.1 - Example for circuit design, combination of filtration and cooling system

annual filter element change cycles are ¢

esired,

and fourteen months of service when annual filter

element.change cycles are required.

When choosing the filter micron rating, one
know.the cleanliness class requirements (s€
17);and the system properties such as dirting
rate, flow rate, and oil properties. A typical

10 micrometers with a beta ratio greater

equal to 200 (B1o() = 200). The index (c) r
the certified micron rating per ISO 16889:19¢
filter assembly should include an autom
bypass to permit adequate oil flow to prot
lubricated components during cold startup

the filter media becomes fouled with contan
Sensors should be installed to monitor the ¢
status and oil flow of the filter assembly. TH
include:

- pressure loss across the filter elemen
- the status of the bypass device;

- positive oil flow or pressure downstr
the filter element.

F.4.4 Offline filter

should
e table
ression
alue is
han or
pfers to
9. The
ptic  oil
ect the
and as
inants.
ogging
is may

—

pam of

inline filter, should be sized appropriately to:

- provide the minimum restricted flow of the re-
quired volume and pressure of oil to the lubricated
components during turbine operation;

- prohibit flow restriction on cold startup that
may damage or collapse the filter element;

- provide dirt retention capacity capable of
achieving seven months of service when semi—

The fitter efermentshoutd besizedto:

- prohibit flow restriction during initial operation
that is sufficient to damage or collapse the filter

element;

- have a contaminant retention capacity capa-
ble of providing seven months of service when
semi—annual filter element change cycles are de-
sired, and fourteen months of service when annu-
al filter element change cycles are required.
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The selected filter micron rating should be appropri-
ate to achieve the cleanliness class requirements
and the system properties (for example, dirt ingres-
sion rate, flow rate, oil properties). A typical value for
the micron rating is 5 micrometers with a beta ratio
greater than or equal to 200 (B5() = 200). The filter
assembly should include an automatic oil bypass.
Sensors should be installed to monitor the clogging
status of the filter assembly. This may include:

- pressure loss across the filter element;

ISO 81400-4:2005 (E)

F.4.7 Coolers and heaters

Coolers and heaters are used to maintain a proper oil
temperature for startup and operation of the gear-
box. These devices may be installed in the main
lubrication system, offline, or a combination of both.
Devices may be added to limit the pressure drop
across coolers and heaters.

The components, if incorporated into the main
lubrication system, must be sized appropriately to
provide sufficient oil flow to the gears and bearings.

- the status of the bypass device.

Optionally, offline filtration may be utilized to absorb
free water in the oil.

F.4.5 PRressure strainer

Optionally, a metal mesh strainer assembly may be
installed in the pressurized oil distribution line down
stream|of the inline filter assembly. The function of
this deyice is to prevent large particles from entering
the oil [distribution system in event of a inline filter
element mechanical failure, such as collapse. A
stainlegs steel wire mesh element with openings of
50 mi¢rometers is generally acceptable. The
strainef housing and element should be dimension-
ally cofrect to minimize the restriction of oil flow
during gold startup and normal gearbox operation. It
is impgrtant to prevent damage to the lubricatien
system due to insufficient flow past a clogged
pressufe strainer. Suitable measures to avoid such
a situation include, but are not limited, to, adding a
bypasy valve around the strainer~or adding a
pressufe or flow switch or transducer to indicate
clogging has occurred.

F.4.6 FKilter and gear oil.compatibility

The filler assemblies. shall be sized appropriately
and manufacturedfrom materials that are chemical-
ly compatible.with the lubricating oil. They should not
have g detrimental effect on the long term perfor-
mance|of-the lubricant or lubrication system. This

All materials of these devices shall be compatible
with the lubricant.

F.5 Condition monitoring

Condition monitoring can provide useful information
on the health of gears and bearings, and ¢etect
contamination or other adverse changes ¢f the
lubricant. After the initial)72-hour and 1000-hour
sampling recommended in 6.7, sampling and @naly-
sis should be dpone after each 4000 hours of
operation. The results of this analysis will be
decisive forydetermining the frequency of further
samplingiand analysis. At each evaluation for further
use of<the oil, the next operation interval, incjuding
duration and season, must be considered. THe first
oil*sampling interval can be increased only if long
term experience with the specific oil and the specific
site is available.

F.5.1 Lubricant sampling

Whenever samples are taken, it is important that the
same procedures be followed so that congistent
samples are obtained. Once the monitoring pro-
gram has begun, do not change sampling iroce-
dures or sampling points.

F.5.1.1 Sampling techniques

Always use clean, lubricant compatible plagtic or
glass sample bottles and caps, and keep allf sam-
pling equipment scrupulously clean.

Prior to sampling, fill out the label completely and
attach it to the sample bottle. Be sure to recoyd the

includes:

— hardening, softening or degradation of the fil-
ter media or sealing components;

- removal or alteration of additives such as
antifoam agents;

- contributing to electrophoresis (static elec-
tricity buildup within the lubrication system).

© ISO 2005 -- All rights reserved
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Thoroughly clean the area around the sampling port
or valve before opening. A ball type sampling valve
should be threaded into the port most accessible on
the installed WTGS. The unused ports should be
closed with appropriate threaded and sealed plugs.
A flexible tube (preferably carbon steel or stainless
steel) of sufficient length to reach a sample bottle
should be attached to the sampling valve outlet port.
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A plastic slip on or metal threaded cap should be
attached to the open end of the sampling tube when
it is not in use.

F.5.1.2 Sampling from oil drums

For monitoring the quality of fresh lubricant, the
sample should be taken from the lubricant drum.
The procedure described below assumes that the
objective is to test the general condition of the oil in
the drum. Therefore, the sample is a mixture of oil
takengrem opmiddie-andres betteorm-o
drum] If the objective is to test for water contamina-
tion, gludge or sedimentation, the sample should be
taken|from the lowest point of the drum.

- | Use a manual suction pump to draw the oil
sample into the sample bottle.

- | Sample from the top, middle and near the bot-
tom of the drum in order to obtain a representative
sample and avoid stratification. Use a sampling
rod and attach the sampling tube to the rod with
plastic ties. Position the sampling tube a few inch-
es from the bottom of the rod to prevent the end of
thg tube from touching the sides and bottom of
thg drum. Take 1/3 of the sample with the rod
toyching the bottom of the drum. Take another 1/3
of fhe sample with the rod raised to mid-height of
the oil level. Take the final 1/3 of the sample with
thgrod raised so that the sampling tube is just be-
low the surface of the oil.

- | Discard the sampling tube to avoid contami-
nafing subsequent oil samples.

F.5.1.8 Sampling from the gearbox

For monitoring gearbox health, the sample should
be taen from the gearbox‘sampling port while the oil
is stilllwarm. Discard any oil in the sampling port that
may have been stagnant. Do this by turning on the
valve| capturing.the-oil to be discarded in a separate
bottlef and without touching the valve, obtain the
sample to.be-analyzed in a fresh sample bottle.

F.5.2 Dn<site analysis

F.5.2.1 Appearance test

The simplest test is visual appearance. Often this
test will disclose problems such as gross contamina-
tion or oxidation.

Look at the lubricant in a clean, clear bottle. A
narrow, tall vessel is best. Compare the sample with
a sample of new, unused lubricant. The oil should
look clear and bright. If the sample looks hazy and
cloudy, or has a milky appearance, there may be
water present. The color should be similar to that of
the new oil sample. A darkened color may-ihdicate
oxidation or contamination with fine wearparticles.
Tilt the bottle and observe whether|the used oil
appears more or less viscous than'the new oil. A
change in viscosity may indicate’ oxidation pr con-
tamination. Look for sediment at the bottom of the
bottle. If any is present, run a sedimentatior) test.

F.5.2.2 Odor test

Carefully sniff thé_oil sample. Compare the $mell of
the used oilsample with that of new oil. The lised oil
should smell’'the same as new oil. Oils that have
oxidized\have a “burnt” odor, or smell acrid, |sour or
pungent.

F.5.2.3 Sedimentation test

If any sediment is visible during the appearange test,
a simple test for contamination can be performed on
site as follows: place a sample of oil in a clean, white
cup made from a non-porous material [that is
compatible with the lubricant, cover and allpw it to
stand for two days. Carefully pour off all byt a few
milliliters of oil. If any particles are visiblg at the
bottom of the cup, contaminants are present.
Resolution of the unaided eye is aboutl 0.040
millimeters. [f particles respond to a magnet under
the cup, iron or magnetite wear fragments are
present; if they don’t respond to the magnet, aind the
solids feel gritty between the fingers, they are
probably sand. If another liquid phase is vigible, or
the oil appears milky, water is probably presgent.

E.5.2.4—Crackle-test

There are several simple tests that can be performed
on-site, and at low cost, to check for contamination
or oxidation of the lubricant. The tests should be
performed by the same person each time, since the
tests require experience to accurately judge the
results. The tests can be run as often as necessary,
but they should be done every time samples are
taken for laboratory analysis.
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If the presence of water is suspected in an oil
sample, a simple test can be performed on site as
follows: drop a small drop of oil onto a hot plate at
135°C. Ifthe sample bubbles, water is above 0.05%.
If the sample bubbles and crackles, water is above
0.1%. When carrying out the crackle test, the rules of
health and safety must be taken into consideration,
for example, wearing of eye protection.
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F.5.2.5. Automatic Particle Counting

Particle counting is a useful tool for on-site analyses
(see section about particle counting F.5.3.5).

F.5.3 Laboratory analysis
F.5.3.1 Viscosity

The ASTM D445 (ISO 3104) test is an accurate,
widely accepted method for determining kinematic
viscosities of lubricants. It measures the time for a
fixed volume of oil to flow through a capillary

ISO 81400-4:2005 (E)

promoted by contaminants such as water, or wear
debris such as iron and copper, that act as catalysts.

Oil oxidation is detrimental because it may increase
viscosity, change color and odor, cause residues and
sludge, and create acids that promote corrosion.

F.5.3.3 Water content
F.5.3.3.1 Test methods

There are several tests for determining water

contentinlubricoanta  Thaov ora Lotad bhalav, i
T

viscometer under accurately reproducible head at
closely| controlled temperatures. Viscosities are
then cdlculated from the measured flow time and the
calibrajion constant of the viscometer. Units for
kinematic viscosity are mm?/s, but they are com-
monly feferred to as centistokes, cSt.

Viscostty is usually measured at 40°C and 100°C.
Viscosities at other temperatures can be determined
by plotting the two points on special log paper (ASTM
D341).| Viscosity index, VI, is a means of expressing
the variation of viscosity with temperature. VI is
calculated from the measured viscosity at 40°C and
100°C psing ASTM Method D2270 (ISO 2909).

An increase in viscosity over that of fresh oil can be
caused by oxidation or by contamination with dirt or
water. | A decrease in viscosity can be caused by
contamination with a solvent or fluid of lower
viscosity, or from mechanical shearing action on
polymgric components that may be used:in' the
formulgtion.

F.5.3.2| Acid number

The standard test for acid number, AN, is ASTM
D664 gr ISO 6619:1998. The fest uses potassium
hydrox|de, KOH, to neutralizethe acidic constituents
in the gil. It yields a single number that represents
the ampunt of KOH tised for a given sample of oil in
units of milligrams\of KOH per gram of oil.

When tested;most new, unused oils will have an acid
numbel because the KOH reacts with additives in

ilLDépnaendina—on-thae additives —thga naw oil
the oil-Depending—on—the—additives—the—new—oil

cortentiHubricants—Fhey-aredisted-below-im order

of increasing accuracy:

- Crackle test. A simple test for water coptami-
nation is described in F.5.2.4.

- Distillation test, ASTM D95 (ISO 3733)} The
distillation test is usually used on oils that prpve to
be positive by the craekletest and require g more
accurate determination’of water content. The test
is a simple distillation of the oil and separation of
the water. It detects water at levels of 0.1% (1000
ppm) or greater with reasonable precision.

- Infrared analysis. Infrared spectroscopy is
sometimes used when water is present at Jevels
above 0.05% (500 ppm). A baseline new oilrefer-
ence is recommended for comparisons.| The
presence of additives depending on their dhemi-
cal functionality may limit accurate interprgtation
of the results.

- Karl Fischer test (ASTM D6304). The Karl
Fischer titration test determines water content
from the chemical reaction between a rgagent
and the water in the oil sample. It detects wdter as
low as 0.001% (10 ppm). Itis commonly uséd be-
cause it is accurate and relatively inexpepsive.
However, sulfur antiwear or antiscuff additives
may interfere with the test and give erroneoys val-
ues for water content.

F.5.3.3.2 Effects of water contamination

The following potential effects could resulf with
elevated levels of water in mineral and PAO based
lubricants  For other lubricant types_si ich a3 PAG

baseline AN can vary widely. Therefore, new oil
should be tested to establish a baseline AN. With the
new oil baseline AN known, any change in acidity
from the new oil baseline can be monitored.

The AN is a measure of the acidity of an oil sample.
The higher the AN, the more acidic constituents are
present. The acids usually form when high tempera-
tures cause the oil to oxidize. The oxidation may be

© ISO 2005 -- All rights reserved

and esters, one should consult the lubricant
manufacturer.

Free and emulsified water are considered to be more
harmful than dissolved water. Therefore, moisture
levels should be kept below the saturation point,
which for many oils is less than 500 ppm depending
on oil type and temperature. Water in excess of 500
ppm may contribute to:
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Lubricant degradation:
— accelerated additive depletion;
— accelerated oxidation;

— interfere with an active lubricant film
formation;

Table F.1 - Sources of metallic elements

Element |Symbol
Aluminum Al
Antimony Sb

Typical source
Dirt, labyrinth seals

Journal bearings,
grease, additives

Arsenic As Journal bearings
— contributes to foaming. Barium Ba Water, grease,
Degradation of internal components: i ) additives i
Bismuth Bi Journal bearings
— reactions with additives may form residue on Boron B Additives
crijcalsuriaces—andplug-filters—orclog-spray Cadmium Cd Journal bearings,
nozzles; plating
— | reaction with the base fluid or additives may Calcium Ca Additives, water,
prgmote the hardening of elastomers or the pre- grease, dirt
mdture failure of internal coatings such as paints. Chromium | Cr Gears, bearings, ghafts
Corrosion of metallic components: Cobalt Co N
Copper Cu Bearings, coolers,
— | reaction with the base fluid where additives additives
may increase acidity; Indium In Solder
— | direct contact with metal surfaces can pro- Iron Fe Gears, shafts,
duge rust particles that contribute to abrasive bearings, rust
wefr and act as an oxidation catalyst. Lead Pb Journal bearings,

Accelerated metal fatigue:
— | corrosion etch pits may initiate fatigue cracks;

— | under specific conditions, may lead to hydro-
gen embrittlement that promotes propagation of
fatigue cracks.

F.5.3.4 Spectrochemical analysis
F.5.3.4.1 Description

This tpst detects microscopic size metal particles in
an oil sample. The typical spectrometer is capable of
identifying about 20 metals, the'source of which may
be wdar debris, contaminants, or inorganic additives
in the lubricant. Knowing.the type and quantity of
metals can help diagnose’wear problems or disclose
sources of contamination. For example, a high
concgntration ef\ifon, chromium, manganese, mo-
lybdepum orsniekel could indicate wear debris from
gear feeth or bearings.

Spec
The oil sample is burned and the light emitted is
separated by diffraction into distinct wavelengths.
Because each metal has its own characteristic
wavelength, specific metals in the oil sample can be
identified.

Table F.1 is a general list of elements that may be
detected by spectrochemical analysis. It lists typical
sources for each element.
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solder, grease, pa|nt
Dirt, additives
Gears, bearings, dhafts
Gears, bearings, shafts,

Magnésium | Mg
Manganese |[Mn
Molybdenum [ Mo

additives
Nickel Ni Gears, shafts, bedrings
Phosphorus |P Additives
Potassium K Dirt
Silicon Si Additives, dirt, sedlants
Sodium Na Additives, dirt
Tin Sn Bearings, solder,
coolers
Titanium Ti Paint, dirt
Vanadium V -
Zinc Zn Additives, coolers

brass components

F.5.3.4.2 Limitations

Emission spectroscopy works well for dgtecting
metal particles up a few micrometers. Low|results
are obtained for particles greater than a few microm-
eters because it is incapable of completely and
consistently burning large particles. Therefore, it
readily detects particles from mild adhesive wear,
polishing and micropitting because wear debris from
these wear modes are within the detectable range.
However, failure modes such as severe abrasion,
macropitting or scuffing usually generate particles
that are larger than 10 micrometers. In such
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situations, ferrography, particle counting or analysis
with a ferrous debris analyzer may be superior
monitoring techniques.

Emission spectroscopy does not distinguish be-
tween particles of free metal and particles of metal
oxides or other compounds of metal. For example,
rust particles may show up as increased iron
content, but emission spectroscopy cannot identify
whether the iron is in the form of wear debris, iron
oxide, or iron sulfide. High concentrations of silicon

ISO 81400-4:2005 (E)

(additives, oxidation), opaqueness (water) or air
bubbles.

With light-interruption particle counters, the lubri-
cant flows through a small passage while a light
beam scans the oil through a window. Particles in
the oil that are within a set size range momentarily
interrupt the light beam. The output from a detector
that senses the interruption of the light beam is
related to the time of interruption and hence the size
of the particle.

or alurpirtm—ray—indicate—ecentamirants—saeh—as
sand, dust or dirt. However, there are other sources
for siligon, such as silicone antifoam additives or
silicong gasket sealants. It is therefore important to
analyz¢ samples of fresh oil from new oil drums to
establigh a baseline level of silicon to help
distingliish between contaminants and lubricant
additivts.

Some |spectroscopy does not detect sulfur and
certainfother elements. Specific elements of interest
should|be requested from the laboratory processing
the test.

It is hglpful to plot the results of spectrochemical
analyses over time. The graphs will indicate the
normal| test variability and will help one follow any
trends |n test results. An accelerating wear problem
is mos} easily predicted from a trend line that is
increading.

F.5.3.5| Automatic particle counting

Particlg counters are a common method._used to
determjne lubricant cleanliness. They monitor the
number of particles of a given size'fange in a given
volumg of oil sample or a given il flow. A common
methoq for determining _lubricant cleanliness,
particld counting, detects_all_particles regardless of
their cdmposition and is-€apable of detecting particle
sizes i the range ©f-0.5 to 100 micrometers, or
greater

Particlg counters may use light-interruption, laser-
scanning,”induction sensors or conductivity mea-
suremgnts! These methods provide analyses that

Caser-scanning particle counters operaie |on a
principle that is similar to that of the light-interruption
type, except the oil sample remains stationarny in a
clear glass container while it is 'scanned [by a
revolving laser beam. The particle size ramge is
selectable, as it is with the lightsinterruption méthod.

F.5.3.5.1
counting

Limitations. of automatic pdgrticle

While particle counting detects all particles, it|gives
no information<on the shape or composition pf the
particles. Itis.susceptible to incorrect particle qounts
caused by including bubbles of air or water. The oil
samplesmust not be opaque. For accurate rgsults,
the @il sample should be well agitated to produce a
uniform suspension of particulates, and thg con-
centration of particles should be low enough tolavoid
counting two or more particles as one.

F.5.3.5.2 ISO solid contamination code

The International Organization for Standardigation,
ISO, Solid Contamination Code, ISO 4406 haq been
universally accepted as the simplest and best means
for expressing cleanliness levels. It has|been
adopted by the Society of Automotive Engineers
(SAE J1165).

The ISO 4406 code changed in 1999. The rgvised
system uses three code numbers, corresponding to
concentrations of particles larger than 4, 6, and 14
micrometers. The new 6 and 14 micrometer|sizes
were chosen so code numbers would not clhange
significantly from the older system based on 5 gnd 15
micrometer sizes. For higher viscosity oils such as

are rapid and inexpensive. Light-interruption and
laser-scanning techniques detect all particles re-
gardless of their composition, whereas induction
and conductivity sensors allow discrimination be-
tween ferrous and non-ferrous particles. Theoreti-
cally, all methods are capable of detecting particles
in the range of 0.5 to 100 micrometers, or greater. In
practical applications the sensitivity, however, may
be reduced due to high oil viscosity, oil discoloration
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gear oils, the number of particles lesser than or equal
to 4 micrometers is generally not reported, the value
being substituted with a “-”, for example —/15/12.
Some companies use a three digit form of the 1ISO
4406:1987 code representing 2, 5, and 15 microme-
ter size particles. This three digit code can be
upgraded to the new ISO 4406:1999 system by
increasing the first digit by one while keeping the last
two digits the same. For example, 17/15/12 under
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ISO 4406:1987 becomes 18/15/12 under ISO
4406:1999.

There are two ways for assigning the ISO code. In
the first method, the range numbers are selected
from a table of range numbers versus particle con-
centration (see table F.2) for the number of particles
greater than 4, 6 and 14 micrometers per milliliter. If a
particle count falls between adjacent particle con-
centrations, the ISO range number is found opposite
the higher concentration. In the second method, the

Since there are 1617 particles per milliliter greater
than 4 micrometers, the first range number given by
table F.2is 18. The 78 particles per milliliter greater
than 6 micrometers gives a range number of 13. The
17 particles greater than 14 micrometers give a
range number of 11. Therefore, the 1SO code
number for the sample is 18/13/11.

F.5.3.6 Ferrographic analysis

Ferrographic analysis separates wear debris and
contaminants from a lubricant sample by magnetic

particle_counts are plotted on graph paper and the
rangg numbers are determined where the line
crossgs the 4, 6 and 14 micrometers vertical lines.
Table F.2 - What the ISO codes mean
1ISO number Number of particles
per milliliter of fluid
25 160 000 to 320 000
24 80 000 to 160 000
23 40 000 to 80 000
22 20 000 to 40 000
21 10 000 to 20 000
20 5000 to 10 000
19 2500 to 5000
18 1300 to 2500
17 640 to 1300
16 320 to 640
15 160 to 320
14 80 to 160
13 40to 80
12 20to 40
11 10 t0:20
10 51610
9 25105
8 1.3t02.5
NOTES:
ISO gode examples:
-/21/18 Dirty system
-/17/14 New.oil
-/16/13 Average system (inline filter)
-/13/10 Clean system (offline filtration)
As a

counts are obtained:

Particle size, pm(c) | Particles per milliliter
>4 1617
>6 78
>14 17
> 50 3
> 100 0
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precipitation. It is capable of precipitating particles
that range from less than 1 to 100 micrometers, or
greater. Ferrography provides two typesof analysis,
a relatively inexpensive direct-reading, DR, ferro-

In the DR ferrograph, a diluted sample of lubficant is
siphoned through a preeipitation tube that regides in
a powerful magnetic-field. The combingtion of
magnetic force and the viscous forces exerted by the
lubricant causes-'the particles to be separated
according ta Size. The large particles, greatef than 5
micrometers, are deposited first, near the entfy of the
tube,then the smaller particles, 1 to 2 micrometers,
depeosit farther down the tube. Two light beams pass
through the precipitation tube, one at the¢ entry
deposit and one several millimeters farther dpwn the
tube where small particles deposit. Light attepuation
at the two locations along the tube is used to quantify
the relative amount of large to small particlgs. The
results are reported as two scalar readings, “direct
large”, DL, and “direct small”, DS.

mounted at an angle above a magnet so that the field
varies along the length of the slide. The parti¢les are
subjected to a continuously increasing mpgnetic
force as they flow along the slide. Consequently the

slide is washed with a fixative that washes away the
oil, locks the particles in place, and floats away other
material.

The ferrogram (slide upon which particles have been
deposited) is examined in a bichromatic microscope
equipped with a camera. The microscope uses both
transmitted green light projected from the bottom of
the ferrogram and red light reflected from the top of
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the ferrogram to distinguish the size, shape, texture,
and composition of both metallic and nonmetallic
particles. The particles have characteristics that
help determine the wear mechanism and identify the
source of the particles. Table F.3 classifies the types
of particles.

F.5.3.7 Wear particle analyzer

In the ferrous debris analyzer, a diluted sample of
lubricant is drawn through a filter that is in a strong
magnetic field. The filter has a matrix of fine,

ISO 81400-4:2005 (E)

Laminar

Spherical

Thin, bright particles often with holes
in their surfaces and edges that are
split. Length to thickness ratio >30.
Typical of gear and rolling bearing
wear particles that pass between con-
tacting surfaces.

Generally <5um diameter with smooth
surfaces. They are a precursor to
rolling bearing fatigue failure.

Ferrous oxides

ferromehgnetic fibers that become magnetized in the
magnetic field. The fibers capture small particles
magnetically, and physically capture particles larger
than the spacing between the fibers.

A flux sensor determines the change in the magnetic
field due to the presence of the particles, and
displays the magnetic equivalent of the captured
particlgs in micrograms of iron metal. The reading,
known| as the magnetic iron content, MIC, is
indepepdent of particle size.

The fefrous debris analyzer is capable of capturing
particlgs 1 micrometer and larger with an efficiency
of 95%)] or greater.

The filtgr can be back washed with solvent to recover
the patrticles for microscopic examination and other
diagnogtic analyses.

Table F.3 - Characteristics of particles

Red oxide

Dark
metallo-
oxide

Black
oxide

Corrosion

Red/orange particles magnét|cally
aligned. Appear thick, rounded and
translucent. They are severe sljding
wear particles that have oxidized,

Resemble red, oxide sliding wear
particles, except they are not trapslu-
cent. Oftenshow flecks of free metal
on their surfaces. They are causgd by
heat and may be evidence of lubrjcant
starvation or severe wear.

Dark gray/black particles magnet|cally
aligned. Shaped like pebbles. They
are evidence of inadequate lubricption
and represent a more severe condlition
than red oxide particles.

Fine deposit of <1um size particlps at
the exit of ferrogram. They are fofmed
by corrosive attack of metal surfaces
and depletion of lubricant additives.

Contaminants

such as

Wear particles — -

- - Friction Amorphous, translucent material|of

Rubbing Flat platelets <15um.1&ng, <1um thick. polymer | no particular size. Indicates lubrfcant
Found |r_1 Igbncants of all machines, polymerization under extreme
and are indicaters-of normal wear. conditions.

Sliding Generally SASum with length to Sand, Dirt [ Generally >5um crystalline particles,
thickness\ratio between _5 .and 30. not magnetically aligned.

Surfaces have parallel striations and
may. have temper colors. They are Fibers Translucent, fibrous particles| not
evidence of severe sliding. magnetically aligned. Typical flbers

Cutting Long, curled chips resembling lathe mglude hair, _cotton, wood, - dass,
e b e il g minerals, nylon and cellulose.
etHRgSs: Frey—are—evidenee—of
abrasive wear. May be caused by Spheres | Generally >5um with rough surfaces.
contamination of lubricant by hard, May be contaminants from grinding,
sharp edged particles. welding or shot blasting.

Fatigue Generally >5um with length to thick- Other Contaminants such as paper, paint,
ness ratio <5. Surfaces are rough and varnish, glue, gasket or seal materials,
particles are shaped like chunks of or lubricant additives
coal, rather than platelets. molybdenum disulfide or graphite.
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F.5.4 Recommended analysis limits

Table F.4 gives recommended limits for analysis
parameters and typical contaminants for wind tur-
bine gearboxes. In the absence of guidelines from
the lubricant manufacturer, the guidelines in table F.4
should be used.

When borderline limits are reached, sampling fre-
quency should be increased to determine if correc-
tive action is required.

If unsatisfactory limits are reached, the cause should
be determined and the situation corrected.

F.5.5 Micropitting resistance test

Because of the sensitivity of this application to
micropitting, it is recommended that the lubricant be
evaluated for micropitting resistance. Although nota
standardized method, the FVA 54/l test (see FVA
information sheet 54/7) is one recognized method to
evaluate this phenomenon. Typically, a failure stage
equal to 10 is considered acceptable performance.

Table F.4 - Analysis limits for wind turbine gearbox lubricants

Analysis parameter Borderline Unsatisfactony
Watgr (Karl Fischer)?) 0.05% >0.10%
Sediment (see F.5.2.3) - visible
AN increase over fresh oil 40%2 >75%32)
ViscIsity change from ISO VG limits 10% >20%
Iron [Fe), ppm 75-100 >200
Copper (Cu), ppm 50-=75 >75
Silicgn (Si) increase over fresh oil, ppm 15-20 >20
ISO #406:1999 cleanliness (Acceptable is -/16/13) ~17/14 -/18/15

NOTES:

2) Values to be advised by the lubricant manufacturer.

1) Fpr limits of water miscible PAG oils, consult lubricant manufacturer.
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Table F.5 - Viscosity grade?) at bulk oil operating temperature for oils
having a viscosity index of 902

(E)

Temp Pitch line velocity, m/s®)

°C 1.0-25 25 5.0 10.0 15.0 20.0 25.0 30.0

10 32

15 46 32

20 68 46 32

25 68 46 32

30 100 68 46 32

35 100 100 68 46 2

40 150 100 68 46 32 32 32

45 220 150 100 68 46 46 32 32

50 320 220 150 100 46 46 46 32

55 460 220 150 100 68 68 68 46

60 460 320 220 150 68 68 68 46

65 680 460 320 220 150 100 100 68

70 1000 680 320 220 150 100 100 68

75 1500 680 460 320 220 160 150 100

80 2200 1000 680 460 220 220 220 190

85 3200 1500 1000 460 320 220 220 190

90 3200 2200 1000 680 460 320 320 220

95 3200 1500 1000 460 460 320 220

100 3200 2200 1000 680 460 460 320
NOTES$:
N | :| Consult gearbox, bearing and lubricant manufactuters if a viscosity grade of less than 32 or greater than{3200

is indicated.
| :| Review anticipated cold start, peak and eperating temperatures, service duty and range of loads fvhen
considering these viscosity grades.

| :| Select the viscosity grade that is mostappropriate for the anticipated stabilized bulk oil operating tempergature

——E range.

| :| Baseline stabilized bulk oil operating‘temperature and bearing lubrication requirements.
2) This table assumes that the lubricantsetains its viscosity characteristics over the expected oil change interval. [Con-
sult the lubricant manufacturer if this(does not apply.
3) Defermine pitch line velocity of all gearsets. Select viscosity grade for critical gearset taking into account cold sfartup
conditipns.
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Table F.6 - Viscosity grade) at bulk oil operating temperature for oils
having a viscosity index of 1202

Temp Pitch line velocity, m/s3)
°C 1.0-25 25 5.0 10.0 15.0 20.0 25.0 30.0
10 32
15 46 32
20 68 46 32
25 68 46 32 32
30 100 68 46 32
35 150 100 68 46 32
40 150 100 68 46 32 32
45 220 150 100 68 46 46
50 320 220 100 100 68 46
55 320 220 150 100 68 68
60 460 320 220 150 68 68
65 680 460 320 150 100 100 100 58
70 1000 460 320 220 150 150 100 58
75 1000 680 460 220 150 150 150 100
80 1500 1000 460 320 220 220 150 100
85 2200 1000 680 460 220 220 220 100
90 2200 1500 1000 460 320 320 220 150
95 3200 2200 1000 680 320 320 320 420
10( 2200 1500 680 460 460 320 420
NOTES:
i E:' Co_ngplt ge(?rbox, bearing and lubricant manufacturers if a viscosity grade of less than 32 or greater thap 3200
Ej IFsle;\r)i(.al\(/)vataent'icipated ‘cold start, peak and operating temperatures, service duty and range of loadg when
considering these viscosity grades.
E Select the viscosity grade thatis most appropriate for the anticipated stabilized bulk oil operating tempgrature
Ej g:sgeeli'ne stabilized bulK oil"operating temperature and bearing lubrication requirements.
2) _Tgtable assumes that thelubricant retains its viscosity characteristics over the expected oil change interval. Con-
sult the lubricant manufacturer if this does not apply.
z)onclij)tei’fr:;nine pitch line-velocity of all gearsets. Select viscosity grade for critical gearset taking into account cold tartup
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Table F.7 - Viscosity grade) at bulk oil operating temperature for oils

having a viscosity index of 1602

ISO 81400-4:2005 (E)

Temp Pitch line velocity, m/s3)
°C 1.0-25 25 5.0 10.0 15.0 20.0 25.0 30.0
10 32 32
15 46 32 32
20 68 46 32
25 68 46 32 32
30 100 68 46 32
35 150 100 68 46 32
40 150 100 68 46 32 32
45 220 150 100 68 46 46
50 220 150 100 68 46 46 3
55 320 220 150 100 68 68 3
60 460 220 150 100 68 68 4
65 460 320 220 150 100 100 68 46
70 680 460 220 150 100 100 100 68
75 680 460 320 220 150 150 100 68
80 1000 680 320 220 150 150 150 140
85 1500 680 460 320 220 220 150 140
90 1500 1000 680 320 220 220 220 150
95 2200 1500 680 460 320 220 220 150
100 3200 1500 1000 460 320 320 220 150
NOTES$:
i |_ Consult gearbox, bearing and lubricant manufacturers if a viscosity grade of less than 32 or greater than3200
is indicated.
|::| Review anticipated cold start, peak and operating temperatures, service duty and range of loads when
considering these viscosity grades.
|::| Select the viscosity grade thatis most appropriate for the anticipated stabilized bulk oil operating tempergature
Ej g:sgeeli'ne stabilized bulk gil bperating temperature and bearing lubrication requirements.
2) This table assumes that the lubricant retains its viscosity characteristics over the expected oil change interval. [Con-
sult the lubricant manufacturerif this does not apply.
z)oncl:j)i(tai ;anr;nine pitch line velogity of all gearsets. Select viscosity grade for critical gearset taking into account cold sfartup
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