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Abstract 
 
Different types of synthetic polyalphaolefin (PAO) oils and a mineral oil are considered in this study. High-pressure viscosity test was 

done and pressure-viscosity coefficient was measured for all sample oils. Results showed the better performance of PAO oils than the 
mineral oil. Authors also tested some other tribological properties such as low-temperature behavior, bulk property, frictional coefficient, 
and wear behavior, which are important for wind turbine gear oil. Low-temperature behavior and frictional property of PAO oils exhib-
ited the better results. Study also showed that the prediction of low-temperature fluidity is possible using the sound velocity in the oil. 
Finally, the presence of polymethakrylate (PMA) absorbent in PAO oil exposed comparatively better results among all PAO oils.  
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1. Introduction 

Gearbox is a fundamental mechanical part of a wind turbine 
to generate electricity. Lubrication of the gear and bearings in 
the gearbox are important to improve the performance of a 
wind turbine. Gresham [1] reported that, at present, the weak 
spot in the overall design of wind turbine are its gearboxes. 
Low performance occurs due to poor lubrication in the gear-
box and also for improper selection of lubricant. Since it is 
very difficult to monitor and replace the lubricant in case of 
wind turbine gear oil, it is very necessary to identify such lu-
bricant, which will perform better and increase the efficiency 
and life of wind turbine gearbox. Usually, different types of 
gear oils are using for the lubrication in the gearbox. Mineral-
based oils are mainly used as gear oil as they show compara-
tively low performance. Currently, synthetic lubricants are 
mostly used due to high viscosity index and low volatility. 
Polyalphaolefin (PAO) and Polyalkylene glycol (PAG) are 
newly applied lubricant in wind turbine [2]. Rudnick [3] men-
tioned that synthetic gear lubricants would play an increasing 
roll in future lubrication of high-performance gears of new 
processes, materials, and techniques. In this study authors 
considered several PAO oils in comparison to a mineral- 
based wind turbine oil. 

High-pressure behavior of wind turbine gear oil is essential 
for the life of gearbox since it has to high load carrying capac-

ity. On the other hand, the significant parameter for the pre-
vention of damage under EHL condition is αη, and for trac-
tion control is αp, where α is pressure-viscosity coefficient; η 
is absolute viscosity and p is the average Hertzian pressure. 
The α is the common parameter which is important property 
of wind turbine gear oil. 

In addition, lubricant has some other important properties 
such as frictional property, low-temperature fluidity and others 
to get better performance, as well as increase the efficiency of 
wind turbine. Considering these phenomena, the authors in-
vestigated the range of operating temperature especially found 
the viscoelastic solid transition temperature TVE0 to know the 
low-temperature behavior. Friction under boundary lubrica-
tion was also measured by pendulum test.  

 
2. Sample Oil 

Three synthetic types of polyalphaolefin (PAO) oils and a 
mineral-based oil are considered in this study as lubricants 
used for gear lubrication. The physical properties of the sam-
ple oils are given in Table 1. PAO-B and PAO-C are the 
blended oils that do not affect viscous behavior of base PAO. 

 
Table 1. Physical properties of sample oils. 
 

Oil name Density ρ, g/cm3 Kinematic Viscosity ν, mm2/s 
 15° C 40° C 100° C 

Mineral-A 0.8987 315.2 24.1 
PAO-A 0.8607 336.1 38.05 
PAO-B 0.8574 333.2 40.76 
PAO-C 0.8603 313.1 32.84 
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3. Experimental 

3.1 High-pressure rheology and property analysis  

High-pressure viscosity of tested sample oils was measured 
up to 0.3 GPa and at -10 to 80° C, using the falling ball vis-
cometer design by Saga University, the same apparatus used 
by Rahman [4]. Experimental results for PAO-B are plotted in 
Fig. 1. Pressure-viscosity coefficient α was calculated from 
the relation using Barus equation [5]. Pressure-viscosity coef-
ficient α for all sample oils is tabulated in Table 2.The varia-
tion of α with viscosity is also plotted in Fig. 2, and for min-
eral oil it can be described by  

 
1 2 10logC Cα ν= +  (1) 

 
where parameters C1= -0.01 and C2=8.43. Eq. (1) is valid up 
to 103 mm2/s of kinematic viscosity. Eq. (2) describes α for 
higher than 103 mm2/s of kinematic viscosity of the polyal-
phaolefin oils. 

 
3 4 10logC Cα ν= +  (2) 

 
Table 2. Pressure-viscosity coefficients of sample oils. 
 

Pressure-viscosity coefficient α, GPa-1 
Oil name 

-10° C 0° C 20° C 40° C 60° C 80° C 

Mineral-A Wax Wax 26.1 21.6 16.5 14.3 

PAO-A 31.1 23.6 16.6 15.2 12.3 10.3 

PAO-B 29.7 22.4 17.3 14.2 12.4 9.0 

PAO-C 28.9 23.7 17.4 13.3 12.1 11.6 
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Fig. 1. Pressure-viscosity relation with temperatures for PAO-B oil.  
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Fig. 2. α - ν relation for the tested sample oils. 

Eq. (1) and (2) jointly describe the variation of pressure-
viscosity coefficient for polyalphaolefin oils, where C1=1.97, 
C2=4.80, C3= -20.41, and C4=12.36. 
 
3.2 Measurement of Viscoelastic Solid Transition Tempera-

ture at atmospheric pressure (TVE0) 

Viscoelastic solid transition temperature at atmospheric 
pressure TVE0 is an important property, representing the low-
temperature fluidity of lubricating oil. Experimental setup of 
TVE0 measurement is shown in Fig. 3. An air bubble is closed 
into a space between test fluid and a cover glass plate; its vol-
ume apparently expands as a result of contraction of the fluid 
by cooling. Thus, the expanded bubble generates tensile 
stresses along its interface under solidified condition. At the 
same time, the photoelastic effect appears under a dark polar-
ized field, as shown in Fig. 4. This enables the stress analysis 
and estimation of mechanical properties of the solidified fluid 
[6]. Presence of wax has found in Mineral-A oil at –9° C. The 
temperature, when the photoelastic effect occurs, is known as 
viscoelastic solid transition temperature at atmospheric pres-
sure TVE0. Experimental results are given in Table 3. 

 
3.3 Measurement of sound velocity to predict TVE0 

Sound velocity was measured using the sing-around tech-
nique. The sing-around device combines with the ultrasonic 
transducer and measures the supersonic wave spread time in  

 

 
 
Fig. 3. Experimental set up of TVE0 measurement. 

 
 

 
 
Fig. 4. Photoelastic effect appears under a dark polarized field. 
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the liquid sample. The basic principle of this device is that the 
ultrasonic wave pulse launches from the transmission oscilla-
tor, propagates in the sample, and is finally received by the 
reception oscillator. The sound velocity in the sample oil is 
calculated from the propagation time in the sample oil and the 
distance between the two ultrasonic transducers in the oil con-
tainer. Mia et al. [7] used the same apparatus for the prediction 
of pressure-viscosity coefficient of lubricating oils based on 
sound velocity. 

Calculating adiabatic compressibility or adiabatic bulk 
modulus from sound velocity measurement is a well-
established practice. It can be determined from the Wood 
equation U=(K/ρ)1/2; where U is the sound velocity (m/s), K is 
adiabatic bulk modulus (Pa) and ρ is the measured density 
(kg/m3). 

 
4. Results and Discussion 

High-pressure viscosity as well as the pressure-viscosity co-
efficient of mineral-A oil at 0° C and below, could not be 
measures due to the wax content. It also shown clearly when 
lowering the temperature in TVE0 measurement. High pressure 
can be easily applied to the polyalphaolefin oils and the pres-
sure-viscosity coefficient can be easily measured and de-
scribed depending its viscosity, which is directly related to the 
applied pressure. Experimental results of sound velocity, adia-
batic bulk modulus, and viscoelastic solid transition tempera-
ture are given in Table 3. The adiabatic bulk modulus and the 
viscoelastic solid transition temperature both depend on the 
samples bulk property. The relation between TVE0 and K are 
shown in Fig. 5. Low adiabatic bulk modulus indicates better 
low-temperature fluidity. PAO oils show lower K as well as 
the lower TVE0 than the mineral-based oils. PAO oils also ex-
hibit better low-temperature fluidity as wind turbine lubrica-
tion the temperature range should be -30 to 100° C [1]. 
Among the PAOs, TVE0 for PAO-B is lowest (-57° C), with the 
lowest K. Investigating this phenomena, the authors observed 
the molecular weight distribution from the Gel Permeation 
Chromatography (GPC) analysis in Fig. 6. Analysis showed 
the different behavior of the three PAO oils. The peak top at 
Mw=742 for PAO-A indicates straight polyalphaolefin. 
Whereas for PAO-B, two peaks were found: Mw=528 for 
polyalphaolefin and Mw=1869 for polymethakrylate (PMA). 
PAO-B is a lower-viscosity grade base blended oil than PAO-
A and PMA. In case of PAO-C, peak occurred at Mw=683 for 
base polyalphaolefin and another peak at Mw=267 for any 
synthetic oil. Presence of PMA in PAO-B caused the lowest 
TVE0. 

Then authors observed the frictional and wear behavior of 
sample oils through conventional 4-ball wear test and pendu-
lum test. The photographic views of wear scars for a fixed ball 
in 4-ball wear test are shown in Fig. 7. Experiments were con-
ducted at load 1.39 kN with 60 rpm upper rotating ball speed, 
corresponding to a sliding speed of 0.035 m/s for 1 h at room 
temperature. Low wear scar diameter has found for all sample  

Table 3. Experimental Results of sample oils. 
 

Oil name U40 [m/s] K40 [GPa] TVE0 [° C] 

Mineral-A 1433 1.813 -9 

PAO-A 1405 1.667 -44 

PAO-B 1413 1.608 -57 

PAO-C 1405 1.667 -48 
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Fig. 5. Relation between TVE0 and K of tested sample oils.  
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Fig. 6. Molecular distributions of sample oils from GPC test. 

 
 

 
 
Fig. 7. Photographic view of wear scar of tested sample oils. 

 
oils, which is about 0.5 mm. PAO-B has showed the lowest 
wear scar. Boundary friction coefficient was again measured 
using the pendulum test. Comparisons of the experimental 
friction coefficients are shown in Fig. 8. PAO-B showed low-
est friction coefficient. Muller et al. [8] found the effect of 
PMA in the boundary lubricating properties. They showed 
PMA produced a pronounced increase in film thickness at low 
speeds, indicative of boundary film, and also have a lower 
boundary friction. Hence the presence of PMA in PAO-B 
resulted in better wear and frictional behavior. 
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Fig. 8. Comparisons of friction coefficient within sample oils. 

 
5. Conclusions 

Polyalphaolefin oils have good properties for the wind tur-
bine gearbox. These oils have wide temperature range (i.e. 
very good low temperature fluidity and high viscosity index 
compare to the mineral oil). PAO oils also sustain high pres-
sure with excellent pressure-viscosity coefficient, which is 
essential for wind turbine gears and bearings. Low friction 
coefficient and low wear scar also indicate that they make a 
good lubricant for the wind turbine gears. The presence of 
polymethakrylate (PMA) absorbent in PAO oil showed com-
paratively better results than others. 
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Nomenclature------------------------------------------------------------------------ 

α   : Pressure-viscosity coefficient    
η   : Absolute viscosity 
ρ : Density 
ν : Kinematic viscosity 
p    : Pressure 
TVE0 : Viscoelastic solid transition temperature at atmospheric 

pressure 
U  : Sound velocity 
K : Adiabatic bulk modulus 
U40 : Sound velocity at 40° C 
K40 : Adiabatic bulk modulus at 40° C 
Mw : Molecular Weight 

 
References 

[1] R. M. Gresham, Tilting at wind turbines, Tribology & Lubri-
cation Technology, 65 (2) (2009) 38-39. 

[2] W. Escobar, Understanding Polyalkylene glycols (and where 
to apply them), Tribology & lubrication technology, 64 (5) 
(2008) 34-39. 

[3] L. R. Rudnick, Synthetics, mineral oils and bio based lubri-
cants: chemistry and technology, CRC press, Wilmington, 
USA (2005) 799. 

[4] M. Z. Rahman and N. Ohno, High-pressure rheology of 
eight synthetic lubricants based on phase diagrams, J. of Syn-
thetic Lubrication, 20 (4) (2004) 317-330. 

[5] C. Barus, Isothermals, ispiestics and isometrics relatives to 
viscosity, American Journal of Science, 45 (1893) 87-96. 

[6] N. Ohno, N. Kuwano and F. Hirano, Observation of me-
chanical behavior of solidified oil by using photoelastic 
method, J. of Japan Society of Lubrication Engineer, 33 (9) 
(1988) 693-699. 

[7] S. Mia and N. Ohno, Prediction of pressure-viscosity coeffi-
cient of lubricating oils based on sound velocity, Lubrication 
Science, 21 (9) (2009) 343-354.  

[8] M. Muller, K. T. Mikilozic, A Daardin and H. A. Spikes, 
The design of boundary film-forming pma viscosity modifi-
ers, Tribology Transactions, 49 (2) (2006) 225-232. 

 
 
 

Sobahan Mia received his B.Sc. degree 
in Mechanical Engineering from Ra-
jshahi University of Engineering & 
Technology, Bangladesh, in 1999. He 
then received his Master of Engineering 
degree from Saga University, Japan in 
2007. Mr. Mia is currently a Ph.D. stu-
dent in the Department of Engineering 

System and Technology at Saga University in Japan under the 
supervision of Prof. Nobuyoshi Ohno. Mr. Mia is also an As-
sistant Professor of Department of Mechanical Engineering at 
Khulna University of Engineering in Bangladesh. 

 
 

Dr. Nobuyoshi Ohno is professor in the 
Department of Mechanical Engineering, 
Faculty of Science and Engineering, 
Saga University, Saga, Japan. He gradu-
ated from Kurume National College of 
Technology in 1966. He received his 
Doctor of Engineering degree from Kyu-
shu University in 1988, Fukuoka, Japan. 

He was awarded the JSLE (Japan Society of Lubrication En-
gineers, at present JAST) Best Paper award in 1989 and the 
JAST Best Paper award in 2002. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


