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1 Introduction

Wind power plant operation and maintenance (O&M) costs remain an appreciable contributor to
the overall cost of wind energy, with a capacity-weighted average of $11/megawatt-hour (MWh)
for projects installed since 2000 and $9/MWh for projects installed since 2010 [1]. These costs
are higher than anticipated and at an unacceptable level to operators based on their current
business models [2]. Wind turbine O&M costs constitute less than half of total wind plant costs,
including a significant percentage from premature gearbox failures [3]. These premature failures
are often the result of abrasive wear, micropitting, scuffing, white-etch cracks, and macropitting
issues [2,4]. Although damage to the gears occurs less frequently than damage to the bearings in
wind turbine gearboxes [5], gear damage still presents a reliability challenge. In addition, gear
damage that generates debris can contribute to bearing failure.

Micropitting is a fatigue phenomenon that occurs in hertzian contacts in both gears and rolling-
element bearings that operate in mixed- or micro-elastohydrodynamic lubrication regimes, such
as those wind turbine gearboxes typically operate in. Micropitting is influenced by, and
manifests itself in, many different ways depending on operating conditions such as load, speed,
and operating temperature, and on factors such as gear geometry and accuracy, tooth-flank
roughness, percentage of tooth sliding, and lubricant composition [6,7]. It occurs on the asperity
level. During cyclical loading, metal-to-metal asperity contacts result in microcracks propagating
down into the tooth surface. The microcracks grow, turn upward, and eventually coalesce,
resulting in a small particle detaching from the surface forming a micropit. Continued
propagation of micropits causes a loss of material and degradation in gear tooth accuracy; in
some cases, it can be the primary failure mode of the gear and gearbox. Despite much research
by many investigators, micropitting remains complex, unpredictable, and difficult to control [8]
and remains a problem in wind turbine gearboxes [9]. Recently, analytical methods have been
proposed in ISO/TS 6336-22 that describe a micropitting safety factor for a given gear design
[10]; however, these methods are not universally agreed upon and a method to calculate a
percent of micropitting risk is still under development [11].

A multipronged research program supported by the U.S. Department of Energy (DOE) at
Argonne National Laboratory and the National Renewable Energy Laboratory (NREL) is
examining premature main bearing and gearbox failures, including such issues as gear-coupling
rating [12], planetary load-sharing [13], bearing-axial cracking [14], and main bearing wear [15].
As early as 2009, micropitting in wind turbine gearboxes was of interest to industry and the
research community [16]. Because of continued feedback from industry [17,18], a new effort has
begun to examine gear-tooth micropitting. This report marks the beginning of this effort; its
purpose is to document and describe the micropitting damage observed in a wind turbine
gearbox, thereby facilitating further analysis and examination in future reports.
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2 Gearbox Description

The DOE began installing a General Electric (GE) 1.5-megawatt (MW) wind turbine at its
National Wind Technology Center on NREL’s Flatirons Campus in Colorado in late 2008; first
operations began on May 15, 2009. This turbine, hereafter referred to as the DOE 1.5, is built on
the platform of the GE 1.5 SLE commercial wind turbine model. A series of tests was previously
conducted to characterize the baseline properties and performance of the DOE 1.5, including
mechanical loads per International Electrotechnical Commission 61400-11, in March 2011 [19].

Since then, the DOE 1.5 was operated with the primary objective of supporting many DOE wind
program and industry partner research initiatives. To enable a new research initiative for the
investigation of bearing-axial-fatigue cracking in the gearbox and main bearing wear, the
original drivetrain in the DOE 1.5 was swapped for a new, instrumented drivetrain on December
16, 2017 (Figure 1). The original drivetrain, consisting of a GE Transportation Services (GETS)
gearbox, main shaft, and main bearing, had produced approximately 6-million kilowatt-hours
(kWh) of energy in 14.17-thousand hours of grid operation time [20]. Full operational data from
this original GETS gearbox was retained and will be used in ongoing research and analyses. It
should be noted that the above time period represents approximately 8% of the minimum design
life of the gearbox.

Figure 1. GETS gearbox removal (left) and swap (right)
Photos by Dennis Schroeder, NREL 49407 and 49418

The GETS gearbox is a model number 7GA87E2 (serial number EE0809404). It has a ratio of
78.472 and rated input power, torque, and speed of 1.667 MW, 870 kilonewton meter (kNm),
and 18.3 rpm, respectively. It was filled with Castrol Optigear A320 oil for its entire time in
service. This gearbox has three stages comprised of a compound planetary system and a high-

speed stage with helical gearing throughout. Schematic diagrams of the gearbox are shown in
Figure 2 [21].
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Planet Gear
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Figure 2. Schematic (left) and cutaway view (right) of the 7GA87 gearbox [21]
lllustration by Anthony Giammarise, General Electric Transportation

Based on the rated properties of the gearbox and the characteristics of a compound planetary
system, the basic gear technical data for the sun pinion and mating planet gear is provided in
Table 1 along with properties of the lubricant [22].

Table 1. Gearbox and Lubricant Technical Data

Parameter Symbol Sun Pinion Planet Gears Unit
Rotation speed n 254.2 541 rpm
Transmitted power P 1.667 1.667 MW
Nominal torque T 62.6 294.5 kNm
Number of teeth z 27 88 -
Mean coefficient of friction Hm 0.055 -
Kinematic viscosity at 100°C V100 33 mm?2/s
Kinematic viscosity at 40°C Vao 330 mm?/s
Density of lubricant at 15°C P15 870 kg/mm3
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3 Gearbox Condition

Several physical inspections of the original gearbox, gears, and bearings were made while the
gearbox was installed in the turbine, after it was removed, and after it was disassembled as
described in the remainder of this section.

3.1 Inspections

The first physical inspection of the gearing was conducted by GE personnel in November 2012
during an uptower borescope inspection. Although the focus of the inspection was to assess the
condition of most of the bearings in the gearbox, several photos were taken of the gearing. At the
time, and within the limits of borescope access, there was no sign of significant damage or
bearing failure; no spalling, debris, or over-rolled indents; no significant scratching or abrasion
of gears that would indicate appreciable bearing deterioration; and only minor marks and
scratches observed on the cage of one of the bearings supporting the high-speed pinion [23].
Example borescope photos of the sun pinion are shown in Figure 3.

Figure 3. Typical condition of the sun pinion teeth in 2012
Photos from John T. Murphy, GE Renewables

A second borescope inspection was conducted by Romax Technology personnel in November
2015. In this case, half of the sun pinion teeth and all of the mating planet gear teeth were
inspected along with some of the other gearing and bearings. Some damage was documented on
the sun pinion teeth that were inspected. The rotor- and generator-side flanks of several teeth
showed hard contact lines. One tooth had isolated abrasive wear marks while another had an area
of isolated micropitting. The roots of several teeth showed evidence of the onset of micropitting
at the start of the active profile as shown in Figure 4. Only normal wear was noted on the planet
gears and any of the accessible bearings [24]. Hereafter, the primary item of interest on this
gearbox became the micropitting on the sun pinion.

4
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Micropitting

Figure 4. Micropitting of the sun pinion teeth in 2015
Photos by Jesse Graeter, Onyx InSight, NREL 61223 and 61224

GE also performed the last semiannual maintenance inspection of the gearbox in September
2017. During the inspection, it was noted that there was excess black sludge and sediment in the
gearbox oil filter sediment collector [25]. Further oil analysis was recommended and completed
by SGS Laboratories in November 2017. Abnormal test results were present. The particle count
was higher than desirable and/or acceptable. Most of the particulate in the filter consisted of
copper alloy and steel, with 82.9% of the particles less than 4 microns (um) in equivalent
diameter. The zinc dialkyldithiophosphate antioxidant for the oil itself was less than 40% of
current new oil reference, and the water contamination was in the warning range [26].

After the gearbox was removed from the turbine in December 2017, a third borescope inspection
was performed in April 2018 by personnel from Wind Driven. By this time, it was clear that the
sun pinion was the most heavily damaged component. Micropitting, occasional abrasion, and
corrosion were observed on the sun pinion teeth. Micropitting was found in the roots of all teeth,
an example of which is shown in Figure 5 [27].

LY

Figure 5. Micropitting of the sun pinion teeth in 2018
Photos by Scott Eatherton, Wind Driven, NREL 61193 and 61194
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3.2 Disassembly

The gearbox was trucked to Renew Energy Maintenance facilities and disassembled in May
2019 as shown in Figure 6. During the disassembly process, particular attention was paid to the
condition of the sun pinion (part number 84E901974 P2, revision D, serial number 0808010) and
the mating planet gears (part number 84E901975 P3, revision E, serial numbers 0808002,
0808095, and 0808140). Additional technical details of each of these helical gears are listed in
Table 1. During the disassembly, the condition of all gears was examined. In general, the gears
showed no significant damage—no major foreign object damage, tooth chips, or tooth cracks
were found.

Figure 6. Gearbox disassembly (left) and sun pinion inspection (right)
Photos by Jonathan Keller, NREL 61027 and 61028

3.3 Metrology and Profilometry

After disassembly, in June 2019, all of the gearing was shipped to Machinists Incorporated
(formerly The Gear Works) for cleaning, inspection for accuracy, and measurement of the timing
of the planetary pinions and gears. Inspection charts for the sun pinion are included in the
Appendix. The inspections showed that the gear teeth profiles were still accurate and no
significant wear was found. One localized spot of damage with a micropitting halo surrounding it
was found on the drive-side flank of a tooth of the sun pinion, hereafter identified as Tooth 1. It
likely originated from a spot of grind temper or corrosion and was measured in the lead profile
chart in Figure A-2 in the Appendix.

The gearing was shipped to REM Surface Engineering for profilometry measurements in July
2019. Additional photographic evidence of the drive-side root micropitting and localized damage
on the sun pinion described above is shown in Figure 7. In the figure, the patches of micropitting
had not yet coalesced across the tooth contact zone. This is considered early-onset micropitting.
Roughness measurements were acquired away from the gear contact zone and away from any
damage or micropitting on the gear teeth flanks of the sun pinion and mating planets to assess the
as-manufactured surface roughness of the gears. The roughness measurement, Ra, was 0.22 pm
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on the sun pinion and 0.55 um on the mating planets, yielding a composite roughness of
approximately 0.4 um. The localized corrosion spot with micropitting on Tooth 1 was measured
to be approximately 3-millimeters (mm) long and 2.5-mm wide. The damage in the center of the
halo was approximately 3.4 um, or 1.4 ten-thousandth of an inch, deep, Rz. It was considered to
be the most severe damage on the sun pinion.

Figure 7. Sun pinion root micropitting (left) and localized corrosion spot with micropitting halo
(right)
Photos from REM Surface Engineering, NREL 61192 and 61191
Finally, after the profilometry measurements were completed, all of the gearing was refurbished
by an isotropic superfinishing process [28]. All tooth-flank surface damage was repaired by
removing approximately 3.5 um from each flank of all of the gearing. Before-and-after isotropic
superfinishing photographs of the sun pinion are shown in Figure 8.

Figure 8. Sun pinion before (left) and after (right) isotropic superfinishing
Photos from REM Surface Engineering, NREL 61190 and 61189
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4 Summary

Micropitting is an asperity-level fatigue phenomenon that occurs in hertzian contacts in both
gears and rolling-element bearings that operate in mixed- or micro-elastohydrodynamic
lubrication regimes. It manifests itself in many different ways in gear teeth, ranging from surface
microcracking generating small debris particles, to a significant loss of material, and to
degradation of gear-tooth accuracy. In some cases, it can be the primary failure mode of a
gearbox. Despite much research by many investigators, micropitting remains complex,
unpredictable, difficult to control, and a problem in wind turbine gearboxes.

As the first step in a new research effort to investigate micropitting, this report documents and
describes the micropitting damage observed in a GETS wind turbine gearbox. The gearbox was
installed in a GE 1.5 SLE wind turbine for slightly more than 8.5 years and accumulated over
14,000 hours of operational time. Routine borescope inspections first noted the formation of
micropitting on the sun pinion after 6.5 years of operation. After the gearbox was removed from
the turbine, it was disassembled and inspected. Evidence of early-onset micropitting was
documented on the drive side of every tooth of the sun pinion. The information described in this
report will be used in an upcoming case study of the ISO/TS 6336-22 micropitting safety factor
method when applied to several gear sets and applications that have experienced micropitting in
the field.

Although one spot of localized damage on the sun pinion was measured to be approximately 3-
mm long, 2.5-mm wide, and 3.4-um deep, the sun pinion and all other gearing were successfully
refurbished with the removal of approximately 3.5 um from each tooth flank. Since the gears
were successfully refurbished with the REM Surface Engineering isotropic superfinishing
process, the gearing will be installed in another GETS gearbox during an uptower repair at a
commercial wind plant in the future. This gearbox will be monitored for any indications of
micropitting or other damage through vibration, oil sensors, oil samples, and borescope
inspections, and the data will be accumulated for future analysis and reporting.
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Figure A-1. Sun pinion profile inspection (250:1)
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& Gear Works Seattle - Profile Inspection
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Figure A-2. Sun pinion profile inspection (500:1)
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S Gear Works Seattle - Lead Inspection
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Figure A-3. Sun pinion lead inspection (250:1)
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S Gear Works Seattle - Pitch and Runout Test
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Figure A-4. Sun pinion pitch and runout test
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