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Abstract 

Two new highly viscous biodegradable oils are investigated for use in wind turbine 

gearboxes (BIO-G00) and in mechanical transmissions of agricultural tractors (BIO-

G02). Studies on their thermophysical and tribological properties were performed. High-

pressure viscosity measurements were obtained up to 250 MPa and 363.15 K using a 

falling-body apparatus. The viscosity of BIO-G00 and BIO-G02 reaches maximum 

values of 14720 mPa and 7072 mPa. The film thickness and the tribological performance, 

from boundary to full-fluid lubrication regimes, under a slide-to-roll ratio of 5% obtained 

in a EHD2 ball-on-disc test rig are reported. Film thickness has also been computed 

through the Hamrock and Dowson equation, considering the inlet shear heating (thermal 

correction factor) due to the high viscosity of both biolubricants. Differences between the 

experimental and the theoretical film thickness are around 4% at 353.15 K and 14% at 

303.15 K for both oils. The universal pressure-viscosity coefficients, film, for both oils 

are lower than those of other mineral and synthetic oils. Higher friction coefficients are 

obtained for BIO-G00 in all the studied lubrication regimes for the different rough discs 

and in the entire temperature range. A suitable wetting behavior on steel surfaces is 

observed for both selected oils.  

 

Keywords 

Sunflower base oils, high-pressure viscosity, viscosity-pressure coefficient; film 

thickness; Stribeck curves, wetting.  
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Introduction 

The global market of lubricants was estimated at 40 millions of tons in 2017 1. While the 

advanced economies drop their consumption due to the use of improved lubricants and 

equipment, the demand from emerging countries grows every year 2. Around half of these 

oils end up in the environment due to leaks or volatilization 3–5. Better practices can be 

implemented to prevent leakages and disposal of used lubricants can also be improved 6. 

However, the use of environmentally friendly fluids seems to be a more appealing 

alternative, especially when they can be obtained from natural sources 3,7–10. Despite the 

advantages that the vegetable bases possess such as high viscosity index, high lubricity, 

low volatility and good boundary lubrication properties (their polar ester groups are able 

to adhere to metal surfaces), their low thermal stability, high pour point and low viscosity 

grade severely limit their widespread use 11. Vegetable bases can be directly improved by 

chemical modification of the oil or genetic alteration of the plant, among others 7. 

Formulations made from vegetable sources can be vastly improved by mixing them with 

other oil bases or by using suitable additive packages to combat oxidation, lower the pour 

point or improve their extreme pressure or antiwear properties, for example 12. Anyway, 

considering the current social awareness on the matter, the final product should not only 

comply with a set of technical standards but also be as harmless as possible to the 

environment. To formulate vegetable oils that can compete with petroleum-based 

lubricants, extensive studies on their physicochemical and tribological properties are 

necessary 9. In a previous work, the behavior at high pressures of lubricants based on high 

oleic sunflower oil for hydraulic applications was analyzed 13. The original purpose was 

to formulate lubricants that met the European Ecolabel standard 14,15. In the present work, 

two fully formulated oils based on high oleic sunflower oil (HOSO) are studied, BIO-

G00 to be used in wind turbine gearboxes and BIO-G02 in mechanical transmissions of 
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agricultural tractors. In this kind of gearboxes, the operating temperature of the lubricant 

is around 343.15 K and pressures up to 2 GPa. The viscosity of the formulated mineral 

oil in use in these gearboxes (reference oil) was around 300 mPa·s at 313.15 K and 0.1 

MPa, so the HOSO based oil was formulated with this viscosity value as target. While 

the physical properties at atmospheric pressure are easily measured, the viscosity at high 

pressure of such high viscous oils is difficult to obtain experimentally due to the lack of 

viscosity standards for high pressure-viscosity conditions. This article studies the 

viscosity behavior at high pressures, the pressure-viscosity coefficient, the ability to 

protect the moving mechanical solid surfaces that work under several load and speed 

conditions and the wettability (contact angles) of the lubricants with a steel surface.  

 

Experimental Section 

Materials 

The fluids analyzed in this work (BIO-G00 and BIO-G02) are two newly formulated oils, 

which are based on high oleic sunflower oil (HOSO) with 83% of oleic acid. BIO-G00 

has 25% of HOSO and BIO-G02 45%. These lubricants were formulated by Verkol 

Lubricantes, Navarra (Spain). The main characteristics (density and kinematic viscosity 

at 0.1 MPa and the viscosity index) of both formulated oils have been published in a 

previous work 16.  

 

Experimental Techniques  

The dynamic viscosity of the two formulated oils was measured from 288.15 K to 373.15 

K with an expanded uncertainty of 1%, using a Anton Paar Stabinger SVM3000 rotational 

viscometer 17. To find out if the behavior of vegetable oils is Newtonian, rheological tests 

were performed at 303.15 K using a rotational rheometer (Physica MCR 101, Anton 
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Paar), equipped with a cone-plate geometry with a cone diameter of 25 mm and a cone 

angle of 1°. The temperature is controlled with an uncertainty of 0.02 K with a Peltier P-

PTD 200 device placed at the bottom plate. Viscosities at high pressure were measured 

using a falling body viscometer, VisLPT2, which can operate at pressures up to 280 MPa. 

This viscometer has been fully described in previous articles13,18,19. The viscometer cell, 

with a length of 425 mm, is formed by two concentric tubes and is covered by an 

aluminum frame where silicone oil is circulating. The total volume necessary to fill the 

viscometer cell is 70 cm3. Two parallel electromagnetic coils (50 mm apart) are fixed to 

the outer tube, detecting the passage of a sinker through a variation of the magnetic flux 

(falling time of the sinker, t). We have used a cylindrical sinker with a hemispherical 

end, a nominal external diameter of 6.06 mm and a density of 7.441 g cm-3. The sinker 

used had an axial through hole to reduce the falling times for high viscous samples. The 

viscometer body (cell and aluminum frame) is mounted in such a way that it can be rotated 

180° to return the sinker to its initial position. To load a sample, in the viscometer cell a 

vacuum pump is used first to extract as much air as possible from the cell and pressure 

circuit tubes. When a low enough pressure is achieved, the valve connected to the vacuum 

pump is closed and the pump disconnected. The sample is then pressurized with a 

pneumatic pump.  

One of the main difficulties encountered in this work is the calibration of the 

VisLPT2 viscometer, due to the high viscosity of the two biodegradable oils studied 

(BIO-G00 and BIO-G02). Literature viscosities for reference fluids of moderate viscosity 

that could be used to perform calibrations at high pressure have been published in the last 

decade20–25. For very high viscous fluids, as BIO-GOO and BIO-G02, whose viscosities 

at 0.1 MPa and 313.15 K are 228 and 137 , it has been proposed25 to use as reference 

standard di(pentaerythritol) hexa(3,5,5-trimethylhexanoate), shortened as diPEiC9 with 



6 
 

(313.15 K, 0.1 MPa) =396.0 mPa s rather than less viscous reference standards as tris(2-

ethylhexyl) trimellitate or squalane. Harris 24,26 measured the dynamic viscosity of 

diPEiC9 from 293.15 to 363.15 K and from 0.1 to 200 MPa, and Bair and Yamaguchi 27 

from 323.15 to 363.15 K and from 62 to 700 MPa. Bair and Yamaguchi 27 have also 

reported a correlation based on the Yasutomi model of their viscosity values as well as 

those of Harris 24,26. This correlation reproduces all viscosity values of diPEiC9 with a 

standard deviation of 3.7% at pressures up to 700 MPa. An aliquot of the DiPEiC9 sample 

studied by Harris and by Bair and Yamaguchi 27 was used. 

The dynamic viscosity of the two formulated vegetable oils was obtained through the 

following expression:  

𝜂(𝑝, 𝑇) = 𝐾(𝑝, 𝑇)[𝜌𝑠𝑖𝑛𝑘𝑒𝑟
(𝑇, 𝑝) − 𝜌(𝑇, 𝑝)]𝑡(𝑝, 𝑇)    (1) 

In this equation, 𝜌𝑠𝑖𝑛𝑘𝑒𝑟 is the density of the sinker used in the falling body viscometer, 

VisLPT2. The density of the sample under study is  , 𝛥𝑡(𝑇, 𝑝) is the falling time and 

𝐾(𝑝, 𝑇) is the calibration function. Applying this equation for DiPEiC9 we have: 

𝜂𝑑𝑖𝑃𝐸𝑖𝐶9(𝑝, 𝑇) = 𝐾(𝑝, 𝑇)[𝜌𝑠𝑖𝑛𝑘𝑒𝑟(𝑇, 𝑝) − 𝜌𝑑𝑖𝑃𝐸𝑖𝐶9(𝑇, 𝑝)]𝑡𝑑𝑖𝑃𝐸𝑖𝐶9(𝑝, 𝑇)  (2) 

Thus: 

𝐾(𝑝, 𝑇) =  
𝜂𝑑𝑖𝑃𝐸𝑖𝐶9(𝑝,𝑇)

[𝜌𝑠𝑖𝑛𝑘𝑒𝑟(𝑇,𝑝)−𝜌𝑑𝑖𝑃𝐸𝑖𝐶9(𝑇,𝑝)]𝑡𝑑𝑖𝑃𝐸𝑖𝐶9(𝑝,𝑇)
     (2) 

and subsequently the viscosity of the vegetable oils can be obtained from: 

𝜂(𝑝, 𝑇) =
[𝜌𝑠𝑖𝑛𝑘𝑒𝑟(𝑇,𝑝)−𝜌(𝑇,𝑝)]

[𝜌𝑠𝑖𝑛𝑘𝑒𝑟(𝑇,𝑝)−𝜌𝑑𝑖𝑃𝐸𝑖𝐶9(𝑇,𝑝)]

𝑡(𝑝,𝑇)

𝑡𝑑𝑖𝑃𝐸𝑖𝐶9(𝑝,𝑇)
𝜂𝑑𝑖𝑃𝐸𝑖𝐶9(𝑝, 𝑇)    (3) 

The density of the reference fluid DiPEiC9, 𝜌𝑑𝑖𝑃𝐸𝑖𝐶9(𝑇, 𝑝), was obtained from the 

Murnaghan EOS correlation reported by Bair and Yamaguchi 27 that reproduces the 

experimental relative volumes of DiPEiC9 with a standard deviation of 0.05%. Viscosity 

of the reference fluid DiPEiC9, 𝜂𝑑𝑖𝑃𝐸𝑖𝐶9(𝑇, 𝑝), needed in equation (3) was obtained from 

the correlation based on the Yasutomi model reported by Bair and Yamaguchi27. The 
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density of the formulated vegetable oils (BIO-G00 and BIO-G02), 𝜌(𝑇, 𝑝) were obtained 

from the correlations reported in a previous article16. It is worth mentioning that densities 

for BIO-G00 and BIO-G02 had to be extrapolated from 120 MPa (maximum pressure of 

Regueira et al.16 density measurements) up to the pressures used in this work (up to 250 

MPa). The uncertainty added to the viscosity measurements due to this extrapolation has 

been shown to be negligible compared to the uncertainties of other sources 18,28. 

Considering the uncertainties of the temperature, pressure, falling times and those of the 

density and viscosity of the reference fluid an experimental uncertainty of 5% was 

estimated for the viscosity of the formulated vegetable oils (BIO-G00 and BIO-G02).  

An EHD2 ball-on-disc tribometer was used to measure both the central film 

thickness, ℎ𝑒𝑥𝑝, and the friction coefficient, , at 303.15, 323.15 and 353.15 K under 50 

N load. The contact generated by pressing the ball (carbon chrome steel) against the disc 

is under fully flooded lubrication (Figure 1). The tribometer is equipped with an optical 

interferometer to obtain the central film thickness by measuring the wavelength of the 

light that returns from the central plateau of the contact29. For film thickness 

measurements, a coated glass disc is used, while for friction coefficient measurements, 

three steel discs (100Cr6 AISI 52100) of different roughness (SD1, SD2 and SD3) were 

used. Several properties of the glass and discs were provided by the manufacturer and the 

average surface roughness () was measured using a Hommelwerke Profiler (Table 1). 

The maximum Hertz pressure is 0.66 GPa for the film thickness measurements and 1.11 

GPa for the friction coefficient tests.  

The speeds of the disc (Udisc) and of the ball (Uball) on the contacting surfaces at 

EHD2 apparatus are controlled by two electric motors for testing in rolling/sliding 

conditions. The average between the ball and disc speed is the entrainment speed (Us). 

For every test the entrainment speed ramp used was 0.01 m s-1 to 2 m s-1. These conditions 
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allow to work with very thin lubricant films (the precision of the EHD2 is 1 nm for 

lubricant films up to 1000 nm). For each test, the ball speed ranges from 0.097 to 1.950 

m/s and the disc speed from 0.102 to 2.049 m/s. The slide-to-roll ratio (SRR) was 

determined through the equation: 

𝑆𝑅𝑅(%) =  2 
|𝑈𝑑𝑖𝑠𝑐−𝑈𝑏𝑎𝑙𝑙|

𝑈𝑑𝑖𝑠𝑐+𝑈𝑏𝑎𝑙𝑙
100       (4) 

measurements were performed at a SRR of 5%. The obtained results for both, the central 

film thickness and the friction coefficient, are the average of two measurements at 

identical conditions. Although both oils are intended for use in applications where the 

contact is approximately linear, the conclusions drawn from these ball-on-disc tests 

should be qualitatively close to those obtained for a linear contact and therefore 

comparable. In the friction coefficient setup, the optical assembly is removed and the 

friction between the steel ball and the steel disc is measured with a torque cell on the ball 

shaft. 

 
Figure 1. Scheme of EHD2 tribometer used for film thickness and friction coefficient 

measurements. 

 

Contact angle, , of the two formulated biodegradable oils on steel surfaces was 

measured using the sessile drop method through a contact angle analyzer, Phoenix 

MT(A), at 303.15, 323.15 and 353.15 K. Figure 2 shows the experimental procedure used 
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for the contact angle measurements. The experimental setup was further described 

previously 30,31. The same surface material of the disks used for the tribological tests was 

also selected to evaluate the wettability behavior (chrome steel discs AISI 52100). The 

surface was rinsed with ethanol and dried with a stream of hot air, before each 

measurement. One drop of lubricant sample was dropped on the steel surface using a 

syringe. The dynamic advancing contact angle (A) was evaluated from pictures taken 

every second for 60 s. The average value of at least 4 measurements at each temperature 

is reported in this work.  

 

Figure 2. Experimental apparatus used for contact angle determination. 

 

Results and discussion 

The viscosity data at 0.1 MPa for BIO-G00 and BIO-G02 are reported in Table 2. The 

values have been compared with those published previously by Regueira et al. 16 

obtaining excellent agreement. Thus, average absolute deviations of 0.8% and 0.2 % were 

obtained for BIO-G00 and BIO-G02, respectively. Figure 3 shows that both oils have 

high viscosities at atmospheric pressure, BIO-G00 being more viscous (gearboxes of 

wind turbines applications) than BIO-G02 lubricant (transmissions in agricultural tractors 

applications). At 0.1 MPa and over the complete temperature interval (288.15-373.15) K, 
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the viscosity of BIO-G00 ranges from 26 to 1018 mPa s and that of BIO-G02 from 19 to 

544 mPa s. In addition, the change of the viscosity with temperature is lower for BIO-

G02 accordingly with its higher viscosity index 16, VI=158 for BIO-G00 and VI= 166 for 

BIO-G02. Flow curves for BIO-G00 and BIO-G02 obtained with the rotational rheometer 

(Physica MCR 101, Anton Paar) are plotted in Figure 4, where it is shown that the shear 

stress is linear with the shear strain rate for both oils entailing Newtonian behavior at 

these conditions.  

 
Figure 3. Temperature dependence of the viscosity at atmospheric pressure for the two 

formulated biodegradable lubricants: (◐) BIO-G00, ( ) BIO-G02 and (―) equation (6). 
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Figure 4. Flow curves for the both vegetable oils at 303.15 K: () BIO-G00 and () 

BIO-G02.  

 

In this work, the falling times were measured for DiPEiC9, BIO-G00 and BIO-G02 at 

three temperatures 313.15, 343.15 and 363.15 K and at pressures up to 250 MPa. The 

falling times range from 21 s to 13966 s. Subsequently, using equation 3 and the 

procedure detailed above, the dynamic viscosity values reported in Table 3 for BIO-G00 

and BIO-G02 were obtained. Figure 5 shows the pressure dependence of the viscosity for 

the two formulated vegetable oils for the three isotherms, being similar for both vegetable 

lubricants. Thus, at 313.15 K the viscosity at 250 MPa is around 58 times larger than the 

viscosity at 0.1 MPa for BIO-G00, and 39 times bigger for BIO-G02.  
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Figure 5. Dynamic viscosity (ln ) versus pressure at (⚫) 313.15 K, (◼) 343.15 K and 

() 363.15 K for the formulated vegetable lubricants: (black symbols) BIO-G00 and 

(white symbols) BIO-G02.  

 

The pressure-viscosity coefficient (α) is another important property in 

elastohydrodynamic lubrication 32–34. In this work, this coefficient has been obtained with 

the method proposed by Bair et al 34 from dynamic viscosity measurements at high 

pressures. For this purpose, the viscosity values of both formulated lubricants (Tables 2 

and 3) were correlated using the following equation 35: 

𝜂 (𝑇, 𝑝) = 𝜂0 (𝑇) (
𝑝+𝐸0+𝐸1𝑇+𝐸2𝑇2

0.1𝑀𝑃𝑎+𝐸0+𝐸1𝑇+𝐸2𝑇2
)

𝐷

     (5) 

where: 

𝜂0 (𝑇) = 𝐴 𝑒𝑥𝑝 (
𝐵

𝑇−𝐶
)        (6) 

The parameters A, B and C have been determined in a preliminary fit of the viscosity as 

a function of the temperature at atmospheric pressure, 0 (T), and the coefficients D, E0, 

E1 and E2 have been fitted to the viscosity measurements at high pressures. The parameter 
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values are given in Table 4. Equation 5 reproduces the experimental dynamic viscosity 

values with average absolute deviation of 3.0% for BIO-G00 and of 2.7% for BIO-G02. 

Both values are lower than the estimated expanded uncertainty. From this correlation, the 

universal pressure-viscosity coefficient (film) and the reciprocal asymptotic isoviscous 

pressure coefficient () 34 were obtained as in previous works 36–38. Table 5 reports the 

values of film and   at different temperatures for the two formulated vegetable oils. 

The film values are slightly higher for BIO-G00 than for BIO-G02. As expected, both 

coefficients decrease with temperature. The film values obtained in this work for both 

biodegradable lubricants were compared with other mineral reference oils used in wind 

turbines gearboxes, MIN-G01 and in transmission for agricultural tractors, MIN-G0239. 

As Figure 6 shows, the universal pressure-viscosity coefficients for BIO-G00 and BIO-

G02 are lower than those of the reference oils which means that they are better at reducing 

friction, subsurface stresses, and pressure spikes40. The sequence for film is the same as 

that of the dynamic viscosities at 313.15 K and 0.1 MPa: BIO-G02 (137 mPa s) < MIN-

G02 (161 mPa s16,39) for transmission oils, and BIO-G00 (228 mPa s) < MIN-G01 (283 

mPa s16,39) for wind turbine oils. Considering that the film thickness is a function of both 

the pressure-viscosity coefficient and the viscosity at atmospheric pressure13,19, the 

reference oils will generate a thicker lubricant film than the biodegradable oils. However, 

it is interesting to carry out experimental tests to determine the thickness of the protective 

layer and the friction coefficient, to know if the developed oils generate a film thick 

enough to adequately protect the surfaces. If so, the reference mineral oils could be 

generating a thicker film than necessary and therefore reducing the energy efficiency of 

the machinery in which they are used. 
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Figure 6. Universal pressure-viscosity coefficient (film) for the biodegradable lubricants 

studied in this work and for the reference oils39 used in wind turbine (red color) and 

transmission in agricultural tractors (blue color).  

 

The central film thickness values obtained with the EHD2 apparatus for steel-glass 

contact, ℎ𝑒𝑥𝑝, are illustrated in Figure 7 versus the entrainment speed, Us, at different 

temperatures. As usual, the higher is the entrainment speed, the thicker is the film. For 

the BIO-G00 biodegradable oil, higher film thickness values were obtained in comparison 

with those obtained for BIO-G02, due to its much higher viscosity. On the other hand, 

film thickness of both lubricants decreases when temperature rises. Thus, for BIO-G00, 

ℎ𝑒𝑥𝑝 ranges from 137 nm to 132 nm over all the entrainment speeds at 303.15 K, and 

from 37 to 378 nm at 353.15 K whereas for BIO-G02 the ℎ𝑒𝑥𝑝 values range respectively 

from 97 to 1221 nm, and 23 to 285 nm. It should be noted that the precision of the 

interferometry method decreases when the film thickness is higher than 1000 nm. 
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Figure 7. Experimental central film thickness for steel-glass contact, ℎ𝑒𝑥𝑝, of the studied 

biodegradable oils against the entrainment speed Us: (⊕, ⊞) 303.15 K; (◓, ⬒) 323.15 K 

and (◐, ◧) 353.15 K. Circle symbols are used for BIO-G00 and square symbols for BIO-

G02.  

 

The experimental film thickness obtained with EHD2 apparatus, ℎ𝑒𝑥𝑝, has been 

compared with the predicted film thickness, ℎ𝐻𝐷 ,  calculated from the Hamrock and 

Dowson equation (HD) 41:  

ℎ𝐻𝐷 = 2.69𝑅𝑋 (
𝜂0𝑈𝑆

𝐸∗𝑅𝑋
)

0.67
(𝛼𝐸∗)0.53 (

𝐹𝑁

𝐸∗𝑅𝑋
2 )

−0.067
[1 −

0.61𝑒
(−0.73(1.03

𝑅𝑦

𝑅𝑥

0.64

))

]         (7) 

where RX is the equivalent radius in rolling direction, 0 is the dynamic viscosity at test 

temperature and atmospheric pressure, E* is the equivalent Young modulus of the 

specimens, US is the entrainment speed, FN is the normal load, Ry is the equivalent radius 

perpendicular to the rolling direction, and α the pressure–viscosity coefficient at the test 
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temperature. The values of  obtained from the high-pressure viscosity measurements, 

were used in this work in equation 7 to obtain the predicted film thickness ℎ𝐻𝐷 42. As 

Figure 8 shows, remarkable differences are observed between the experimental and the 

predicted film thickness obtained through equation 7 for BIO-G00 and BIO-G02. At the 

highest temperature (lowest viscosity), the predicted film thickness obtained through 

equation 7 is closer to the experimental one, than that obtained at the lower temperature 

(higher viscosity). Such difference is attributed to a phenomenon previously reported in 

the literature43, the inlet shear heating. This happens particularly at low temperatures 

(high viscosity) but also high speeds or high SRR. Since not all the lubricant can enter 

the contact, there is a lot of oil which stays outside and gets sheared considerably at the 

contact inlet. This shearing increases the temperature in this region and hence, reduces 

the viscosity of the lubricant and the effective film thickness. Therefore, it is necessary to 

consider the thermal effect correction (T) on the film thickness expression (equation 7). 

The following equation proposed by Gupta et al. 43 based on the articles of Cheng 44 and 

Wilson and Sheu 45 was used:  

𝛷𝑇 =
1−13.2 (𝑝0 𝐸⁄ ) 𝐿0.42

1+0.213 (1+2.23𝑆𝑅𝑅0.83)  𝐿0.640            (8) 

In equation 8, p0 is the maximum Hertzian pressure (0.66 GPa as has been indicated in 

the section of experimental techniques) and L is a thermal loading parameter calculated 

through the following expression: 

𝐿 = (−
𝑑𝜂0

𝑑𝑇
)

𝑈𝑠
2

𝑓
                (9) 

where f is the thermal conductivity of the oils. As can be observed in the literature 46,47, 

the thermal conductivity of vegetable oils usually ranges from 0.16 to 0.17 W·m−1·K−1, 

besides it changes very little with the temperature. The thermal conductivity of both oils 
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was measured by using a hot wire Tempos-Meter Group conductivity meter with a KS-3 

probe. The values obtained at 298.15 K are 0.159 W·m−1·K−1 for BIO-G00 and 0.155 

W·m−1·K−1 for BIO-G02. These values were used for the calculation of thermal loading 

parameter, L using equation 9.  

The derivative of the dynamic viscosity at atmospheric pressure with respect to 

the temperature, also needed in equation 9, has been determined through equation (6) as 

follows:  

𝑑𝜂0

𝑑𝑇
=  

−𝐴𝐵

(𝑇−𝐶)2
𝑒𝑥𝑝 (

𝐵

𝑇−𝐶
)              (10) 

where the values of A, B and C are reported in Table 4 for each oil. Finally, the film 

thickness values, once considered the thermal effect correction, ℎ𝑇𝐻𝐷, are calculated by 

using the following equation: 

ℎ𝑇𝐻𝐷 = 𝑇  ℎ𝐻𝐷              (11) 

where ℎ𝐻𝐷 is the film thickness value obtained with equation 7, without the inlet shear 

heating correction, from the Hamrock and Dowson 41 equation. As Figure 8 shows, the 

theoretical film thickness obtained considering the thermal correction, ℎ𝑇𝐻𝐷 , is much 

closer to the experimental values ℎ𝑒𝑥𝑝 determined with EHD2 apparatus for both 

formulated biodegradable oils. Once again, the best results are found for the higher 

temperature for which differences between ℎ𝑇𝐻𝐷 and ℎ𝑒𝑥𝑝 values are around 4%.  
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Figure 8. Film thickness against the entrainment speed. Experimental for steel-glass 

contact (ℎ𝑒𝑥𝑝, ⚫), theoretical film thickness without thermal correction, (ℎ𝐻𝐷 , −), and 

theoretical film thickness with thermal correction (ℎ𝑇𝐻𝐷 , ……). Blue color is used for 

BIO-G00 and green color for BIO-G02.  

 

Friction behavior of each lubricant was studied at three different temperatures 

(303.15, 323.15 and 353.15 K) and for a SRR value of 5%, through the Stribeck curves48. 

Friction is usually evaluated in terms of the friction coefficient, which depends on the 

conditions in which the interaction between the rubbing surfaces occurs: lubricant 
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viscosity (), normal load (N), and sliding relative speed (ν). The Stribeck curve relates 

the friction coefficient to the Hersey number, which is a dimensionless parameter 

involving these relevant physical parameters, H= ( ν)/N, or to the film thickness 

expressed in a reduced form. To better understand the behavior of these curves, it is 

necessary to plot each one with its own abscissa, considering the film thickness obtained 

in each test and the different roughness of each disc, through the specific film thickness 

():  

𝛬 =
ℎ𝑠𝑔

√𝜎𝑑𝑖𝑠𝑐
2 +𝜎𝑏𝑎𝑙𝑙

2
 (

𝐸𝑠𝑔

𝐸𝑠𝑠
)

0.073
       (12) 

where hsg, is film thickness measured with a steel ball on glass disc contact, disc and disc 

are the surface roughness of the disc and the ball, and Esg and Ess are the elastic modulus 

for the steel-glass contact and the steel-steel contact respectively49. A full Stribeck curve 

was obtained for the two biodegradable oils: boundary to mixed (for SD3 and SD2 discs) 

and full film lubrication (SD2 and SD1 discs) as shown Figure 9. As expected, friction 

tests performed with rough discs produced higher friction values than those obtained with 

the smoothest disc. At all operating temperatures, BIO-00 presents higher coefficients of 

friction compared to those of BIO-G02 oil. This is especially true for the smooth discs 

(SD1 and SD2) and higher speeds for which the lubrication regime is between mixed and 

full-film (>1). The higher friction values are due to the fact that the viscosity and the 

pressure-viscosity coefficient of the BIO-G00 are greater than those of BIO-G02. When 

<1, the difference in the friction coefficient of both lubricants decreases as the boundary 

lubrication regime approaches and the dependence on the physical properties of the 

lubricant is much smaller, as expected.  

Since those gears generally operate in the mixed lubrication regime where friction 

depends on the viscosity and pressure-viscosity coefficient, the friction coefficient of 
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vegetable oils should also be lower than that of the reference oils, assuming that the 

formers are both able to separate the surfaces effectively. 
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Figure 9. Stribeck curves at 5% SRR for rough and polished discs (SD3-SD1) for BIO-

G00 (red color) and BIO-G02 (blue color) lubricants.  
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Finally, the wettability behavior of both vegetable oils on a steel surface was 

studied. The contact angle of the lubricant changes when it is deposited on the surface 

and requires a certain time to reach a stable value. Therefore, the evolution of the contact 

angle, , was recorded for 60 seconds as shown in Figure 10. As can be seen in this figure 

the steady state was reached for both oils (BIO-G00 and BIO-G02) at all temperatures in 

around 30 seconds. The difference between the contact angle of the two oils was greater 

at the lower temperature. BIO-G00 oil has a higher contact angle than BIO-G02 at 303.15 

K, which suggests a poorer wetting of the former. However, this fact changes for the 

upper temperatures (323.15 and 353.15 K), the contact angle for BIO-G00 being smaller 

than for BIO-G02.  

 
Figure 10. Temporal evolution of the contact angle, , of the formulated biodegradable 

oils on 100Cr6 steel surface: (⊕, ⊞) 303.15 K; (◓, ⬒) 323.15 K and (◐, ◧) 353.15 K. 

Circle symbols are used for BIO-G00 and square symbols for BIO-G02. 

 

The average stationary contact angle and its standard deviation for each lubricant 

on 100Cr6/AISI 52100 steel at three different temperatures was collected in Table 6. As 

expected, the contact angle decreases as the temperature rises. The contact angle of a 
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lubricant depends on its viscosity, which means that for the higher viscosity the contact 

angle of the lubricant with the surface increases 50,51. Viscosity is clearly higher for BIO-

G00 than for BIO-G02, especially at low temperatures (Figure 3). The evolution of the 

advancing contact angle at the three temperatures for each biodegradable oil can be seen 

clearly in Figure 11, the images of the droplets were captured at 0, 30 and 60 s. The 

decrease in the contact angle is more pronounced as the temperature increases.  

 

 

Figure 11. Drop images for BIO-G00 and BIO-G02 at 0, 30 and 60 s and at 

different temperatures. 
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In fact, the largest variation in contact angle for the same evolution time was observed 

for BIO-G00 at 353.15 K with a decrease of 55 % (from 20.4 to 9.2°). All contact angle 

values vary between 42.7° and 9.2°, showing a proper wetting behavior on steel surface 

for both selected oils. 

 

Conclusions  

Several lubricant properties of two high viscous formulated vegetable lubricants, which 

can achieve significant environmental benefits over the currently used mineral and 

synthetic oils, have been studied. The following features were achieved: 

- Using reliable viscosity data of the high viscous di(pentaerythritol) hexa(3,5,5-

trimethylhexanoate) ester to perform the calibration of the falling body viscometer, very 

viscous lubricants such as BIO-G00 and BIO-G02 at high pressure can be measured. 

- The pressure effect on the dynamic viscosity is very significant for both oils reaching, 

over the 313.15 K isotherm, viscosity values around (40-60) times higher at 250 MPa 

than at 0.1 MPa. 

- The variation in the experimental central film thickness, over the entrainment speeds 

range (40-2040 mm s-1), is around 10% for BIO-G00 and 12 % for BIO-G02 at all the 

temperatures. 

- Due to the inlet shear heating it is observed that the prediction of the film thickness for 

such viscous lubricants improves when the thermal effect correction is used in the 

Hamrock and Dowson equation for both biodegradable oils. 

- Stribeck curves show low friction coefficients for both oils. Although the pressure-

viscosity coefficient for the reference oils is higher and hence can produce a thicker film, 

the biodegradable oils studied must generate a thick film enough to adequately protect 

the surfaces, while still providing low friction, making them a suitable replacement.  
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- For high temperatures BIO-G02 and BIO-G00 show a similar wettability behavior. 
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Table 1. Physical properties of the specimens used for film thickness and friction 

coefficient measurements. 

Property Ball Glass disc 
Steel disc 

SD1  SD2 SD3 

Elastic modulus E / GPa 210 64 207 207 207 

Poisson coefficient υ / GPa 0.29 0.20 0.29 0.29 0.29 

Radius R / mm 9.52 50 50 50 50 

Surface roughness / nm 20 5 100 200 500 
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Table 2. Dynamic viscosities, η/mPa s, obtained with the Anton Paar Stabinger 

SVM3000 for BIO-G00 and BIO-G02 at atmospheric pressure. 

T / K  BIO-G00  BIO-G02  

288.15  1018  544.1  

293.15  723.5  397.7  

298.15  526.2  296.5  

303.15  390.7  225.3  

308.15  295.5  174.3  

313.15  227.5  136.9  

318.15  178.0  109.2  

323.15  141.3  88.34  

328.15  113.8  72.36  

333.15  92.81  59.96  

338.15  76.60  50.24  

343.15  63.91  42.51  

348.15  53.88  36.31  

353.15  45.85  31.27  

358.15  39.33  27.15  

363.15  34.03  23.74  

368.15  29.66  20.90  

373.15  26.02  18.52  

Expanded uncertainties (k=2) are U(T) = ±0.02 K, U(p) = ±0.0005 MPa and Ur() = 1%. 
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Table 3. Dynamic viscosity as a function of pressure, η/mPa·s, for the formulated 

vegetable oils under study.  

T/K p/MPa η/mPa·s T/K p/MPa η/mPa·s 

BIO-G00 

313.15 10 252.3 343.15 125 450.5 

313.15 25 392.9 343.15 150 610.2 

313.15 50 712.3 343.15 175 813.9 

313.15 75 1156 343.15 200 1074 

313.15 100 1758 343.15 225 1407 

313.15 125 2573 343.15 250 1835 

313.15 150 3684 363.15 125 188.8 

313.15 175 5215 363.15 150 257.1 

313.15 200 7351 363.15 175 334.1 

313.15 225 10370 363.15 200 419.7 

313.15 250 14720 363.15 225 514.9 

343.15 75 228.4 363.15 250 621.1 

343.15 100 325.6    

BIO-G02 

313.15 10 179.5 343.15 100 199.8 

313.15 25 260.3 343.15 125 274.4 

313.15 50 435.5 343.15 150 367.9 

313.15 75 669.4 343.15 175 484.6 

313.15 100 977.6 343.15 200 630.5 

313.15 125 1385 343.15 225 813.4 

313.15 150 1930 343.15 250 1043 

313.15 175 2666 363.15 175 212.3 

313.15 200 3676 363.15 200 260.8 

313.15 225 5083 363.15 225 318.3 

313.15 250 7072 363.15 250 385.1 

Expanded uncertainties (k=2) are U(T) = ±0.1 K, U(p) = ±0.2 MPa and Ur() = 5%. 

 

 

 

 

 

 

 

 



35 
 

 

Table 4. Viscosity correlation parameters, equation (5) and (6). 

 BIO-G00 BIO-G02 

A·/ mPa·s 0.07820  0.00406 0.08726  0.00414 

B / K 1262.4  15.4 1166.45  14.2 

C / K 154.92  0.90 154.66  0.91 

D 4.8062  0.5125 4.1104  0.4649 

E0 / MPa 599.22  4.19 507.33  6.09 

E1 / MPa·K-1 -4.3506  0.087 -3.6547  0.109 

103 E2·/ MPa·K-2 9.70405  0.00065 8.15944  0.00045 

AAD / % 3.0 2.7 
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Table 5. Universal pressure-viscosity coefficient (αfilm) and reciprocal asymptotic 

isoviscous pressure coefficient (α*).  

T/K film / GPa-1 GPa-1 

BIO-G00 

313.15 21.5 20.2 

343.15 16.3 15.3 

363.15 13.6 12.8 

BIO-G02 

313.15 20.7 19.1 

343.15 15.7 14.6 

363.15 13.2 12.2 
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Table 6. Contact angles () and their uncertainties (σ). 

T / K 
θ/° /° θ/° /° 

BIO-G00 BIO-G02 

303.15 32.4 1.2 18.0 1.4 

323.15 12.3 1.2 14.3 0.9 

353.15 9.2 1.2 11.1 1.1 

 

 

 

 

 


