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A 850 kW wind turbine gearbox, widely used in wind farms, was used to perform efficiency tests of
different wind turbine gear oil formulations.

One mineral and three polyalpholephin commercially available lubricants were chosen, all them are
ISO VG 320 wind turbine gear oils.

Study the influence of different gear oil technologies in the overall gearbox transmission efficiency is
the main objective of this work.

The results show that different energetic efficiency and different oil particle counting were obtained
even when the same base oil is used.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Renewable energies, due to concern over the environment,
represent a new path into world sustainability [1-4]. Wind is
considered to be one of the most effective and one of the world's
fastest-growing renewable energy sources [5]. One of the reasons
is that wind is an infinite and free source of energy with no
harmful waste products.

Wind turbines are those which convert the kinetic energy pre-
sent in the wind to mechanical energy. The blades of a wind turbine
rotate at very low speeds, typically 20 revolutions per minute, which
are not suitable for conventional power generation using an elec-
trical generator. This constraint is solved using a multiplying gearbox
between the hub and the electrical generator [6,7].

The rapid growth in wind power needs fast improvements in
technology, so in order to make wind energy competitive with
other power sources in the near future, enhancements on gearbox
efficiency, availability, reliability and lifetime are required [8-11].

Car or bus gearbox's efficiency is often considered very high and
the power loss problem is mainly focused on the engine and vehicle
weight [12,13], however, wind turbine gearboxes handle several
megawatt of power and even a small efficiency increase in the
gearbox can save energy useful for several more households [14].
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In order to increase gearbox efficiency it is important to
quantify the main sources of power loss. The most common wind
turbine gearboxes have one or two planetary gear stage and two or
one parallel stage. The main power losses sources are friction loss
between the meshing teeth [15-20]; friction loss in the bearings
[15,21-23]; friction loss in the seals [15,23,24]; no-load gear losses
[25-30]; air-drag losses [31-33].

Since the total power loss is due to no-load and load losses, it is
important to select a lubricant that promotes low friction in the
contact of power transmitting components, which will lead to
increased rolling bearings, gears and lubricant life. Simultaneously,
the lubricants physical properties should also promote low no-
load losses which also contributes to decrease the lubricant
operating temperature.

The power loss reduction has a direct influence on lubrication
quality, i.e. promotes lower heat dissipation and lower oil oper-
ating temperature. Lowering the operating temperature minimizes
oil oxidation and degradation, which has a large impact on the
lubrication quality and consequently on the surface protection
against failures. Hohn et al. [34]| showed that reducing the oil
temperature also reduces the risk of failure. Even in gearboxes
without failure problems overtime, the oil replacement will be less
frequent contributing for the reduction of all the maintenance
costs associated [14].

The author's recent works [30,35-42] focused on the evalua-
tion of the tribological performance of different wind turbine gear
oils using several laboratory test rigs to test ball-on-disc contacts,
rolling bearings, gears and gearboxes. The results clearly showed
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the influence of the oil formulation and allowed to calibrate a
gearbox power loss model [20,23,43,44]. The model was then
applied to a 2.5 MW wind turbine gearbox to verify the possible
energy savings by change the oil formulation [14]. However, the
results presented were not experimentally verified on a full scale
gearbox. This study intends to discuss the efficiency of a full scale
wind turbine gearbox with 850 kW of power capacity. While the
study deals with the gearbox efficiency, the main focus is the gear
oil influence on the gearbox efficiency.

2. Wind turbine gear oils

Four ISO VG 320 gear oils, suitable for the lubrication of wind
turbine gearboxes, were selected. All wind turbine gear oils
selected have the same viscosity grade, ISO VG 320, and are
expected to have approximately 320 cSt at 40 °C.

MINS is a mineral base oil with EP additives. PAOF and PAOM
are polyalphaolephin base oils with an additive package for heavy
duty industrial applications. According to FTIR analysis, PAOF and
PAOM include approximately 7% and 11% of ester oil, respectively.
The addition of ester oil to a PAO base oil is done with the
objective of improve compatibility and dispersion of additives.
PAOX is based on polyalphaolephin but with a distinct additivation
technology based on PD (plastic deformation) additives and does
not include ester oil on the formulation. The lubricants are for-
mulated to achieve full EP performance and meet the require-
ments of DIN-51517.

Table 1 displays the wind turbine gear oils physical properties
as well as their chemical composition (ICP). Among the PAO's,

Table 1
Physical and chemical properties of the wind turbine gear oils.

Parameter Unit MINS PAOF PAOM PAOX
Base oil [-1] Mineral Polialphaolefin

Physical properties

PAOX has clearly a different formulation with much lower sulphur
concentration, zinc free and has molybdenum and calcium in high
concentrations. The FTIR spectra are presented in Fig. 1 for all wind
turbine gear oils.

A reference mineral wind turbine gear oil (MINV) with EP
additives and Flender approval was always used to lubricate a
driving gearbox and its physical properties are presented in
Table 2.

3. Test rig

The test rig follows an energy closed-loop principle as shown in
Fig. 2. An electric motor is unable to drive directly a gearbox with
very high torque and a speed of 20 rpm, so a driving gearbox
reducer is necessary to decrease the speed from the electric motor
to the input speed of the test gearbox. An electric motor (1) drives
the gearbox reducer (2), then the gearbox reducer output (2) is
connected to the input shaft of the test gearbox (3). The test
gearbox transmits power at desirable rotational speed (usually
1620 rpm) to the electrical generator (4). The electrical generator
will feed back the electric motor with the generated energy. The
difference between the input power to the electric motor and the
power generated by the electrical generator is the power loss of all
the system.

3.1. Driving and driven gearboxes

The driving gearbox is oil jet lubricated with MINB oil during all
the tests. The driving gearbox works as reducer (i~ 1/47), see
Fig. 3. The driving gearbox has a compound planetary architecture.

The test gearbox is also oil jet lubricated with the candidate
wind turbine gear oil (MINS, PAOF, PAOM or PAOX). The gearbox
has 850 kW of power capacity and operates as multiplier, as pre-
sented in Fig. 4. This gearbox has one planetary stage plus two
parallel helical gear stages with a ratio of i~ 62. The generator
needs to be driven at 1620 rpm that combined with the two

Density at 15°C [g/cm®] 0.903 0855 0860  0.856 gearbox ratios of the test rig, implies that the electric motor input
Viscosity at 40 °C [cSt] 320 320 320 320 speed must be 1230 rpm.
Viscosity at 100 °C [est] 25 366 374 349 The driven (or test) gearbox uses 140 I of oil for the lubrication
vi " 100 162 166 152 system. The filtration flow is between 70 and 90 I/min. Each
Chemical composition gearbox has its own pump, container and circulation system. The
Calcium (Ca) [ppm] 5 31 1 2074
Iron (Fe) [ppm] <1 0 3 1
Magnesium (Mg) [ppm] 1 1 6 8 -ll;;blg Zl ties of wind turbi il d in drivi b
Molybdenum (MO) [ppm] 1 0 2 1059 ySical properties of wind turbine gear oils used In driving gearbox.
Sodium (Na) [ppm] 5 1 2 0 .
Phosphorus (P) [ppm] 208 216 494 374 garam?lter Unit M?NV |
Silicon (Si) [ppm] 4 13 20 23 ase ol [-1 inera
Sulfur (S) [ppm] 19,800 4931 4562 1930 ) )
Zinc (Zn) [ppm] 4 4 23 0 Physn.cal prop?rtles s
Vanadium (V) [ppm] 0 0 4 0 Density at 15°C [g/cm’] 0.904
Viscosity at 40 °C [cSt] 320

Acid Number (AN) [mg KOH/g]  0.48 044 082 178 VI 0! 96

~~~~~~~~~ MINS — - - PAOF PAOM — - - PAOX

Absorvance

500 1000 1500 2000

2500 3000 3500 4000

Wavelength [cm-1]

Fig. 1. FTIR spectra for all wind turbine gear oils.
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Fig. 2. Gearbox test rig assembly.
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Fig. 3. Driving gearbox working as reducer (i~ 1/47).
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Fig. 4. Test gearbox working as multiplier (i ~ 62).

lubrication system has an inline filter of glass fiber with a filtration The oil temperature is set free for both gearboxes. The oil
rating of 5 pm with £ > 1000, similar to those used in a wind operating temperature depends on ambient temperature and oil/
turbine. gearbox performance [41].
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Each gearbox has 8 PT100 in order to monitor its temperature.
The measurement locations are displayed in Table 3.

The driven (or test) gearbox has a vibration measurement
system as well as online particle counter for oil cleanliness code
measurement (according to ISO 4406:99 and AGMA 6006-A03).

4. Test procedure

The operating conditions used in the power loss tests are dis-
played in Table 4, i.e. the generator rotational speed, the input
power in the system and the duration of each test stage.

The test procedure can be summarized as follows:

1. Measure power loss with an output speed of 1620 rpm and
input power of:
® 1 kW (no-load condition) during 60 min;
® 280 kW during 30 min;
® 560 kW during 30 min;
® 850 kW during 90 min.
2. Temperatures and oil cleanliness ISO codes were recorded.

The power loss is recorded each minute, storing the input and
output power of the system, i.e. the power consumed by motor

Table 3
PT100 location in the each gearbox.

PT100 code Position

T; Rolling bearing carrier

T, Rolling bearing hole shaft
T3 Rolling bearing ISS

T Rolling bearing ISS

Ts Rolling bearing HSS

Ts Rolling bearing HSS

T, Oil sump

Tg Ambient

Table 4
Operating conditions for the torque loss tests performed.

Step Generator Speed [rpm] Power [KW] Step time Total time [min]

[min]
1 1620 1 60 60
2 1620 280 30 90
3 1620 560 30 120
4 1620 850 90 210
60 1kwW 280 kW 560 kw 850 kW
50 ’5,.,:: B
il
40
€ 30" | | | MINS
-
20 — - -PAOF
10 ——PAOM
— - - PAOX
0

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Time [min]

(a) Oil temperature (T7 sensor).

(1) and the power delivered by the electrical generator (4), see
Fig. 2.

The power loss values presented ahead are the average of the
recorded values during each load step, i.e. 280, 560 and 850 kW.
The power input values selected for the first and second load steps
were 1/3 and 2/3 of full power capacity (850 kW). A wind turbine
gearbox operating in field application is most of the time working
under 2/3 of full power capacity. So, 560 kW is a quite repre-
sentative test for the most frequent operating condition in a real
wind turbine of this size. The output rotational speed was kept
constant, 1620 rpm, to achieve adequate conditions for the elec-
trical generator.

Before testing a new oil, the gearboxes were flushed with a
complete oil charge of the new oil to test in order to avoid any
contamination. The oil reservoir and the injection system are
completely flushed and drained. A new filter cartridge was
installed for each oil tested.

5. Experimental results and discussion
5.1. Power loss

The power loss was measured during 30 min at 280 kW and
560 kW, while at full power, 850 kW, the power loss was mea-
sured during 90 min, as described in Table 4. The temperatures
measured are displayed in Fig. 5 showing that stabilized operating
temperature only occurred under full power operating conditions,
i.e. after 120 min of test and 30 min after oil start flowing through
the heat exchanger (see Table 4). At the beginning of the 850 kW
load stage the oil lubrication circuit is open and the oil starts to
flow through a heat exchanger.

The 280 kW and 560 kW test stages were performed in tran-
sient conditions, which needs further study in order to understand
if the power loss measurements are directly linked with gearbox
temperatures.

Fig. 6a presents the oil temperature of the driving gearbox during
each test performed and it is important to remind that driving gearbox
is lubricated with a mineral oil. It is interesting to verify that the oil
operating temperature of the driving gearbox under 850 kW tests is
similar for all lubricants with a difference smaller than 3 °C which can
be explained by measurement precision and differences in heat
transfer conditions due to air humidity and ambient temperature. The
stabilization temperature presented in Fig. 6b has a similar behaviour.

Fig. 7 shows the difference between the oil temperature of test
gearbox (lubricated with different wind turbine gear oils) and the
oil temperature of driving gearbox (always lubricated with a
reference mineral oil - MINV).

35 1kw 280 kW 560 kW 850 kW

AT [°C]

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Time [min]

(b) Oil stabilization temperature (AT = T7 — Tg).

Fig. 5. Temperatures recorded with T7 sensor of the test gearbox for each oil formulation.
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(a) Oil temperature (77 sensor).
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(b) Oil stabilization temperature (AT = T7 — T3).

Fig. 6. Temperatures recorded with T7 sensor of the driving gearbox lubricated with MINV.
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Fig. 7. Oil sump stabilization temperature (AT =T —T9™") for each oil
formulation.

Table 5
Maximum operating temperature [°C].

Py [kW] MINS PAOF PAOM PAOX
280 458 48.7 489 463
560 522 545 55.1 517
850 534 56.8 551 50.4

Based on the maximum operating temperature measurements,
displayed in Table 5, it is clear that there are differences up to 6 °C
between lubricants at full power (850 kW) operating conditions.

Table 6 displays the operating viscosity at the maximum
operating temperature. The differences observed have significant
impact on the lubricants viscosity and consequently on churning
losses, with PAOX displaying 44.2 cSt larger viscosity than PAOF
(22.7%) for the 850 kW operating conditions.

Fig. 8 displays the power loss measured for each lubricant (sum
of both gearboxes power losses plus the motor and generator
power losses), showing that PAOX promotes about 7% reduction in
comparison to PAOF and around 5% in comparison to MINS.

5.2. Test rig efficiency

The test rig efficiency for each tested lubricant is presented in
Fig. 9, where a global efficiency between 72% and 93% is observed
for the tested operating conditions. The figure clearly shows that
for low input power the gearboxes have a very low efficiency due
to the low oil operating temperature.

Fig. 10 shows the test rig efficiency variation when replacing the
mineral oil (MINS) by the PAO formulations. For the most usual wind

Table 6
Operating kinematic viscosity [cSt].

Py [kW] MINS PAOF PAOM PAOX
280 228.2 213.0 212.2 2355
560 161.8 165.9 163.1 184.2
850 152.1 150.9 152.2 195.1
—m—MINS —4—PAOF —8—PAOM ——PAOX
74.00
72.00
s 70.00
"5 68.00
< 6600
64.00
62.00
0 100 200 300 400 500 600 700 800 900

Py kW]

Fig. 8. Test rig power loss for each wind turbine gear oil.

turbine gearbox operating conditions, i.e. 560 kW (2/3 of full power
capacity), the PAOX oil has an efficiency 1% higher than MINS.

5.3. Gearboxes efficiency

The global efficiency (#giopar) Was calculated based on the
power loss measurements. Since motor (#moer) and electrical
generator (Mgeneraror) efficiencies are known, 97.3% and 97.4%
respectively, the driving (#ariving) and test gearbox efficiency (#es)
can be calculated according to the following equations:

nglobal = Nmotor X ndriving X Mtest X rlgenerator (])

nglobal

2

Ngearboxes = Mdriving X Mtest = W

Fig. 8 displays the global power loss and Fig. 11 presents the
calculated gearboxes power loss. It is very interesting to verify that
the power loss of gearboxes decreases when the input power
increases. Comparing with previous works [20,43], such situation
can only be explained by a very high influence of the no-load
losses, mainly for 280 and 560 kW tests. Since no-load losses are
highly affected by oil's viscosity, from 280 kW test to 850 kW test
it was observed a viscosity decrease over 30%, as displayed in
Table 6. Such results show that PAOF and PAOM formulations
promoted lower power loss than MINS for similar operating
viscosity. PAOX is expected to be more affected by no-load losses
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= MINS = PAOF IIlPAOM mPAOX
90.6 97.6 98.8
90.4 97.4 98.7
90.2 97.2 98.6
90 97 98.5
IS
— 89.8 96.8 98.4
=
89.6 96.6 98.3
89.4 96.4 98.2
89.2 96.2 98.1
89 96 98
560
P [kW]
Fig. 9. Test rig efficiency with each wind turbine gear oil.
= PAOF IPAOM mPAOX Table 7
12 Total energy consumption [KWh].
1
0.8 Energy source MINS PAOF PAOM PAOX
06
0.4 m M 2 Test rig 4825 486.3 482.0 473.6
— 0.2 o i
S m HHHH ?_ﬁmnmnnu- Oil pump 192 183 17.36 178
4: -0.2 280 560 e _q. 850
:g‘; The results presented in Fig. 11 show that oil temperature
08 b selection is of fundamental importance for the efficiency of a wind
-1 turbine gearbox. Lower oil operating temperature can increase
1.2 Py kW] oil's life but it promotes higher no-load losses. So, to overcome the

Fig. 10. Test rig efficiency variation by replacing the mineral oil by a PAO.
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Fig. 11. Gearboxes power loss (driving and test gearbox) for each wind turbine
gear oil.

due to its highest viscosity for all operating conditions, however, it
presented the lowest power losses due to its expected lower
coefficient of friction on the meshing gears, as shown previously in
[39]. PAOM and PAOX were submitted to FZG efficiency tests in a
previous work [39] which allowed to conclude that two distinct
PAO formulations can promote quite different power loss perfor-
mance. The results here presented show that PAOX has lower
power loss than PAOM in almost every tested condition.

high no-load losses the selection of an adequate oil operating
temperature (viscosity) is mandatory.

5.4. Total energy consumption

During each test the energy provided to overcome the power
losses of the test rig system was measured on the electricity meter.
The energy dissipated by the oil pumps was provided by other
source being measured in other electricity meter. The measure-
ments are presented in Table 7. It is clear that MINS and PAOM had
similar power consumption. PAOX energy consumption was the
lowest one, 1.8% lower than for MINS and 2.6% lower than PAOF.

6. Condition monitoring
6.1. Particle counting

The particle counting analysis was performed on collected
lubricant samples, of fresh lubricant and used lubricant collected
after the test, show relevant differences between lubricants. PAOX,
promoted the lowest particle quantity, no matter the particle size
considered as presented in Table 8. The results show that particle
concentration is 20 times higher for PAOF and 10 times higher for
PAOM than for PAOX.
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Table 8
Particle counting for each wind turbine gear oil before and after test (not available
for MINS).

Particle size Unit PAOF PAOM PAOX

New Used New Used New Used

>4um [ppm] 1175 21354 886 11776 1245 1602

> 6 pm [ppm] 385 5154 234 2017 358 487

> 14 pm [ppm] 48 124 27 63 37 57

>21pm [ppm] 21 25 1 19 21 13

>38 um [ppm] 0 0 0 0 0 0
Table 9

Inline average oil cleanliness during each load step, according to ISO 4406.

oil 280 kW 560 kW 850 kW
MINS 24/19/10 23/17/10 20/14/9
PAOF 18/16/12 18/16/12 18/15/11
PAOM 19/17/13 18/16/13 17/16/12
PAOX 14/11/7 14/12/7 15/12/8

Lower particle concentration will reduce the bearing and gear
indentations and will contribute to increase the reliability of the
gearbox.

6.2. 0Oil cleanliness

The oil cleanliness was measured inline according to ISO 4406
during each test and the results are presented in Table 9. The oil
cleanliness correlates very well with particle counting of each
lubricant presented previously. No matter the test condition, PAOX
presented the better oil cleanliness, that is lower than the required
value during service specified by ISO 4406, i.e. 18/16/13 [45]. The
other PAO formulations still meet the ISO 4406 specification but
MINS does not. The filtering capacity of PAOX was far better than
the other tested products.

7. Conclusions
The results achieved with this work showed that:

® The total power loss is lower for PAOX, a polyaplhaolephin base
oil with plastic deformation additives.

e The power loss measurements are consistent with oil tem-
perature measurements, i.e. PAOX promoted also the lowest oil
temperature under stabilized conditions.

e Under conventional operating conditions, i.e. 2/3 of wind tur-
bine full power capacity, changing from a mineral oil to a PAO
increases the efficiency by more than 0.3%. If PAOX is used the
gearbox efficiency increase surpasses 1%.

® No-load losses are dominant at low operating temperatures
(45-55 °C).

® The use of a PAO formulation, besides promoting lower power
losses also promotes lower particle counting and better oil
cleanliness ISO codes.

® The oil analysis is in agreement with inline oil cleanliness
measurements. Regarding oil performance, PAOX promotes
lower quantity and smaller wear particles.

® The results show that, despite the bigger price of a PAO in
comparison to a mineral oil, both efficiency and oil cleanliness
are improved using the PAO oil.
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