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Abstract: The accurate design of tribological contacts, such as those in bearings and gearboxes,
makes them highly efficient and helps reduce emission in all driven systems. Traditionally, this
process requires more lubricant data than data sheets typically provide, mainly kinematic viscosity at
40 °C and 100 °C and density, which limits the design process. This study introduces a simplified
methodology for determining lubricant film thickness, one of the main design critical parameters,
using minimal viscosity measurements obtained with a high-pressure viscometer. The researchers
demonstrate that essential lubricant parameters can be derived effectively from a few measurements.
By combining state-of-the-art models for film thickness with practical measurements from an EHL
tribometer, this study confirms that reliable film thickness predictions can be made from basic viscosity
data. This approach streamlines the design process, making tribological simulations more accessible
and cost-effective, and enhances the design of tribological contacts under extreme conditions.

Keywords: tribology; friction; viscosity; elastohydrodynamic lubrication (EHL); rheology; high-
pressure viscometers; contact calculation

1. Introduction

The behavior of a lubricant, particularly its viscosity, significantly impacts the friction
and wear behavior of a tribological system [1]. Therefore, lubricants play a central role in
almost all technical applications, such as bearings, gearboxes, and manufacturing technol-
ogy. They are crucial for the efficiency of gearboxes and the durability of machine elements
in highly strained contacts [2,3]. In these applications, lubricants are subjected to extreme
conditions in the contact area, where the pressure in lubrication gaps can be up to 5 GPa [4].

Some lubricants are highly additivated, which improves certain characteristics of the
lubricant formulation which the base fluid cannot provide or cannot provide to a sufficient
extent. This can enhance lubricant performance under extreme conditions [5,6]. Depending
on the complexity of the application, system models ranging from broad overviews to
extremely detailed individual contact models and elastohydrodynamic lubrication (EHL)
simulations are employed in the design process [7–11]. Consequently, reliable material
data models represent a prerequisite for predictive tribological simulations, ensuring the
optimal performance and longevity of the components involved [12,13].

Typically, very little is known about the properties of practical lubricants. Often,
the data sheet only provides the density at 20 °C and ambient pressure, as well as kinematic
viscosity at 40 °C (KV40) and 100 °C (KV100). Manufacturers do not usually measure other
data. However, most models for calculating lubricant film thickness require many more
input parameters, such as lubricant parameters according to Vogel [14] or FVA400 [15].
This study demonstrates that with a few measurements with a viscometer, it is possible
to determine sufficient parameters to reliably calculate lubricant film thickness at low
shear rates. Established assumptions and equations from current technology are utilizing
established assumptions and equations from the state of the art.
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2. Materials and Methods

In this work, lubricant film height was calculated for several lubricants by using a
state-of-the-art approach, which normally requires a very precise and detailed knowledge
of many lubricant parameters. In order to show that sufficient lubricant data can be deter-
mined for these calculations with little effort, i.e., to show that they are also economically
viable for small- and medium-sized companies, the viscosity of the test lubricants was
measured with a measuring device. The viscosity measurements were in the range of
ambient pressure and room temperature up to 400 MPa and 100 °C. The measurements
were performed on a high-pressure viscometer presented in [16]. It was built by Bair [17]
and further developed at MEGT, allowing measurements up to 105 mPa · s. The quality of
the results was confirmed on the basis of the measured lubricant film heights. Measure-
ments were carried out on an EHL tribometer for this purpose. The results are presented in
Section 3 and subsequently discussed in Section 4.

2.1. Viscometer

In the viscometer (shown in Figure 1), pressure is generated by using a combination
of devices, including a hydraulic press, a low-pressure cylinder, a high-pressure cylinder,
and a pressure regulator connected to a high-pressure test chamber. Di(2-ethylhexyl) is
utilized as the pressure-transmitting fluid. The applied pressure is directly measured within
the pressurized fluid by using a pressure transducer.

The high-pressure section contains a pressure vessel sealed by a viscometer plug
featuring a Bridgman seal. This seal consists of a plug piston with a threaded stem, two
unhardened tool steel back-up rings, and glass fiber-reinforced TFE and rubber packing.
The packing is compressed through a threaded mechanism, ensuring a tight seal. Inside
the pressure vessel, there is a thin-walled tube, which is closed on one end with a plug and
on the other end with a movable cylinder. This cylinder equalizes the pressure, ensuring
that the fluid sample in the tube experiences the same pressure as the vessel.

Figure 1. The structure of the high-pressure viscometer. The left part represents the actual measuring
device. The right part includes a piston to induce pressure. The hot air ducts are shown in dark red,
and the heated test volume is marked in light red [16].

The fluid sample is loaded into the tube, followed by the insertion of a sinker. The metal-
lic sinker is magnetic, allowing its motion to be detected by a linear variable differential
transformer (LVDT). Two types of sinkers can be used: one optimized for low-viscosity mea-
surements (sinker 1—hollow) and another suitable for high-viscosity measurements (sinker
2—solid). The movement of the sinker within the LVDT generates a voltage signal, which is
proportional to the falling speed v of the sinker. By using Equation (1), the viscosity can be
determined from the speed, the density of the sinker, and the density of the fluid.

η(p, ϑ) = C(ϑ) · v · ρsinker − ρfluid(p, ϑ)

ρsinker
(1)
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In this Equation, ϑ is the temperature, v is the falling speed, p is the pressure, and C
is a calibration variable that is a function of the temperature (3). The density of the sinker
ρsinker is known, while the density of the fluid ρfluid, as is often the case in lubricant
data sheets, is only provided for 15 °C. However, the density of the fluid also depends
on temperature and pressure and therefore needs to be measured within the specific
pressure and temperature range for accurate viscosity determination. This measurement
cannot be performed with the viscometer used. Consequently, the density change was
estimated by using reference oils from [15,18]. Oils with similar base oil types were used as
references for the lubricant parameters. With the respective reference density ρ0,fluid and
the associated density–temperature coefficient αρ, ϑ, given in Table 1, the density ρfluid(p, ϑ)
can be determined by using Equation (2).

ρfluid(p, ϑ) = ρ0,fluid(p) + αρ, ϑ · (ϑ − ϑ0) (2)

Table 1. Values for the reference density and the associated density–temperature coefficient according
to [15].

Lubricant A Lubricant B Lubricant C

ρ0/g/mL 0.8776 0.8382 0.8382
αρ, ϑ /g/(mL·°C) −6.00 × 10−4 −6.00 × 10−4 −6.00 × 10−4

The calibration variables shown in Table 2 characterize the geometry of the experimen-
tal setup, i.e., the influence of the geometry of the falling body and the sample tube on the
falling velocity and the flow field.

C(ϑ) = C0 + C1 · ϑ (3)

The temperature ϑ is given here in °C.

Table 2. The calibration variables of the two falling bodies used.

Sinker 1—Solid Sinker 2—Hollow

C0
1/mPa·s/s 41.7 4186

C1
1/mPa·s/s/°C −0.033 −7.25

1 Calibration was performed by using tri(2-ethylhexyl)trimellitate [17] and di(2-ethylhexyl)sebacate [19], [1] data.

The velocity is evaluated in the stationary range of the fall time of the sinker. Figure 2
shows an exemplarily taken measurement signal.

The blue dots indicate the position of the sinker falling from the top to the bottom
position. After reaching the bottom position, the viscometer is turned over, and the sinker
falls back to its initial position. To determine the falling velocity, a tangent is fitted to
the blue curve. The gradient of this fit is considered the stationary falling velocity v in
Equation (1). With very-low-viscosity fluids, it is only possible to evaluate very few points.
A measurement can take up to several hours for high-viscosity fluids.

Temperature control is achieved by supplying heated air through a pressure regulator,
which is then heated by a heating cartridge located in a large tube before the regulator.
The temperature is regulated by adjusting the supply voltage to the heating element and
monitored by using a type J thermocouple, providing an accuracy of approximately ±0.5 °C.

In this work, measurements were carried out at temperatures of 40 °C and 100 °C for
three different oils. The pressure was varied among ambient pressure 0.1 MPa, 200 MPa,
and 400 MPa. For each combination of pressure and temperature, five measurements were
taken to ensure repeatability. The properties according to the oil manufacturers of the
examined lubricants are shown in Table 3.
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Figure 2. An example of the recorded fall curve of the sinker during viscosity measurements.
Measurement signal (indicating the sinker position) as a function of the measurement time [16].

Table 3. Properties of the examined lubricants provided by the manufacturer.

Lubricant A Lubricant B Lubricant C

Composition Mineral oil + ester PAO + mineral oil PAO + ester
kinematic viscosity at

40 °C ν40/cSt 150 680 260

2.2. Determination of Viscosity Parameters

Based on the measured viscosity, there can be specific parameters determined to
calculate the dynamic viscosity of a lubricant in dependence of pressure and temperature.
For this calculation, Formula (4) is used according to [15]:

η(p, ϑ) = K · exp
[

B
ϑ + C

]
· exp

(
p

a1 + a2 · ϑ + (b1 + b2 · ϑ) · p

)
(4)

where again ϑ is the temperature, p the pressure, and η the dynamic viscosity. The three
parameters K, B, and C are calculated by Formulas (5)–(7) according to [14]:

K = exp

[
ln(η40)−

ln(η100)− ln(η40)

− 4
13

]
in mPas (5)

B = −1755
4

· [ln(η100)− ln(η40)] in ◦C (6)

C = 95 in ◦C (7)

The remaining four parameters a1, a2, b1, and b2 are determined afterwards by nonlin-
ear regression. For this purpose, the measured viscosity values, as well as the corresponding
pressure and temperature, are used, and the system of equations for the parameters is
solved. With the parameters determined in this way, the viscosity can now be determined
for the oils under investigation at any pressure and any temperature, which makes it
possible to estimate the lubricating gap height for any operating points.

2.3. Lubricant Film Height Calculation

The measured lubricant viscosity values were then used to calculate lubricant film
height in an elliptical point contact. There are several state-of-the-art approaches for
this, of which Venner’s equation [20] has the widest range of application, which is the
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reason why this approach was used for the calculation. The following equations show this
approach, starting with the calculation of the central film thickness in Equation (8):

Hc =

[((
1.70 · M−1/9 · L3/4 · t

)r
+
(

1.96 · M−1/9
)r)s/r

+
(

47.3 · M−2
)s
]1/s

(8)

The dimensionless parameter for the central film thickness Hc is described by Equation (9).

Hc =

(
hc

Rx

)
· (2 · U)−0.5 (9)

The other parameters in Equation (8) are the dimensionless load parameter M

M = W · (2 · U)−3/4 (10)

and the dimensionless material parameter L

L = G · (2 · U)0.25 (11)

and the auxiliary variables r, s, and t are calculated from M and L.

r = exp(1 − 6/(L + 8)) (12)

s = 12 − 10 · exp
(

M−2
)

(13)

t = 1 − exp

(
−0.9 · M1/6

L1/6

)
(14)

The two dimensionless parameters M and L in turn consist of the dimensionless
material parameter G

G = αp · Ered (15)

the dimensionless velocity parameter U

U =
η0 · v∑

2 · Ered · Rx
(16)

and the dimensionless load W
W =

w
Ered · R2

x
(17)

In the above named equations, v∑ is the sum velocity, Ered is the reduced Young’s
modulus of both bodies, Rx is the reduced radius, and w is the normal load. The determined
viscosity parameters, described in Section 2.2, are necessary for the calculation of the dy-
namic viscosity η0 and the pressure viscosity coefficient αp used in Equations (15) and (16).

2.4. EHL Tribometer

The lubricant film thickness for an elliptical point contact was measured on the EHL
tribometer “EHD-HS” by the company PCS-Instruments under different operating condi-
tions. The EHL tribometer (shown in Figure 3) consists of a ball that is stored on a carriage
consisting of three rolling bearings and a driven disc. During load application, the ball is
pressed against the disc and therefore driven through the rotating disc. The tested lubricant
is stored in the pot, so that half of the ball is covered in oil. Through the motion result-
ing from the driven disk, the lubricant is then transported in the observed point contact
between ball and disc. The height of the lubricant film in direct contact is determined by
using interferometry. Therefore, white light is applied on the contact through a lens, and
the reflection is detected by a camera. The resulting interference is then analyzed by the
software of the tribometer and evaluated into the according value for film thickness [21].

An overview over the technical specifications of the instrument is shown in Table 4.
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Table 4. Technical specification of EHD-HS [21].

Test Parameter Value

Film thickness 1 nm to 1000 nm
Load 2 to 50 N

Contact pressure 0.24 to 0.7 GPa (steel ball on glass disc)
Speeds 0.01 m/s to 20 m/s

Temperature range Ambient to 150 °C
Test sample volume 120 mL

Figure 3. A schematic representation of the structure of the EHL tribometer in sectional view with
ball disk assembly.

2.5. Lubricant Film Thickness Measurement

During the measurement of lubricant film thickness, the three lubricants stated in
Table 3 were examined. The used test parameters for the measurement are stated in Table 5.

Table 5. Test parameters for ball-on-disc tribometer.

Test Parameter Value

Speed 0.01 m/s to 2 m/s (31 data points)
Temperature 45 °C and 80 °C

Contact pressure 531 MPa

The measurements were primarily conducted at low speeds, with a speed of 0.01 m/s
representing the lower limit of the measuring device. This speed is the sum speed, which
consists of the sum of the disk speed and the ball speed at the contact point. There is no
slip during the tests, which means that the relative speed in the contact is zero. During a
measurement, the speed is then successively increased at logarithmic intervals, and a value
for the central film thickness is determined at each operating point. The measurement
for this is repeated a total of five times, and the result for the film thickness is derived
from the mean value from the five measurements. Similar conditions were selected for
the temperature as for the test on the high-pressure viscometer. The considered contact
pressure of 531 MPa results from the combination of a pressure close to the typical operating
conditions of lubricants and the stress limit of the glass disc of the tribometer, which is
700 MPa. A certain degree of safety was considered here, with which a realistic pressure
value in typical contacts was nevertheless investigated.
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In addition to that, the refractive index of the tested lubricant has to be determined,
because it is a mandatory value for the calculation of film thickness with the principle of
reflective interference. Therefore, the refractive index of the three lubricants was determined
by using a handheld refractometer. The resulting values are presented in Table 6.

Table 6. Refractive index of examined lubricants.

Lubricant A Lubricant B Lubricant C

Refractive index/− 1.4715 1.4715 1.4655

As a result of the measurement, the output file contains the investigated speeds
with the corresponding measured film thickness and the exact temperature at this point.
These values can then be processed to create plots with film thickness over speed and also
calculate the theoretical film thickness at the exact same points by using the equations
shown in Section 2.3.

3. Results

The results of the performed measurements are shown in two sections. At first, the
results of the viscosity measurements from the high-pressure viscometer are shown in
Section 3.1. These are then used to calculate the lubricating film thickness, which was
measured with the EHL tribometer. The comparison of measured and calculated film
thickness is presented in Section 3.2.

3.1. Results of Viscosity Measurements

The results of the viscosity measurements of the lubricants in Table 3 at the given
operating points are shown in Figure 4. The diagram shows the dynamic viscosity of the
three lubricants over the corresponding pressure at two different temperatures.

Figure 4. Results of viscosity measurements for three lubricants at different temperatures and pressures.

The results show a visible difference among the three lubricants, which is an expected
behavior regarding the differences in oil composition and kinematic viscosity provided by
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the producer. The missing value at a pressure of 400 MPa and a temperature of 40 °C for
lubricant B can be explained by the especially high viscosity of this oil, which is out of the
measuring range of the device. Therefore, the time it takes the sinker to go down inside the
tube is too long to track a valid result. Every viscosity value shown in Figure 4 represents
the mean value of the five measurements described in Section 2.1. The standard deviation
for the performed repetitions is in a range between 0% and 5%.

3.2. Results of Film Thickness Measurements

The results of the film thickness measurements using the parameters stated in Table 5
are presented for the three lubricants in Figures 5–7. In addition to that, the theoretically
determined values of the film thickness for the measured conditions are also shown. These
values result from the equations shown in Section 2.3 using the lubricant parameters which
where determined through the formulas in Section 2.2. The standard deviation for the
performed film thickness measurements is in a range between 0 % and 5 %, similar to the
viscosity measurements.

Figure 5. Results of experimentally and theoretically determined values for film thickness of lubri-
cant A.

The calculated film thicknesses presented show very good agreement with the ex-
perimentally determined values. For lubricant A, the analytical calculation slightly over-
estimates the film thickness. This difference changes over the examined speeds, and the
discrepancy is the lowest in the area between 0.1 m/s and 1 m/s. The increase in deviation
at higher speeds can be explained by shear thinning effects, which are not accounted for
in the used calculation method. In contrast to that, the calculation for lubricant B slightly
underestimates the film thickness in the area of low speeds. But this behavior also changes
with the increase in velocity. Overall, the analytical calculation for lubricant B fits the
respective measurement slightly better than the one for lubricant A.
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Figure 6. Results of experimentally and theoretically determined values for film thickness of lubri-
cant B.

Figure 7. Results of experimentally and theoretically determined values for film thickness of lubri-
cant C.

The results for lubricant C show a similar behavior to lubricant B but with a slight
overestimation at lower speeds and a better fit with the increase in velocity. The agreement
of the theoretically and experimentally determined values is even better for lubricant C
than for lubricant B. The slight difference at high speed and lower temperature can be
explained by the same effect as stated before. The overall lower film thickness for lubricant
C is an expected result, regarding the lower viscosity compared with the one of lubricant B.
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Regarding the results of the presented measurements, the determined lubricant parameters
using the high-pressure viscometer show a very sufficient description of the investigated lu-
bricants. The theoretically calculated film thickness only differs slightly from the measured
results on the ball-on-disc tribometer.

4. Discussion

The lubricant film heights determined on the basis of the viscosity measurement agree
very well with the measurements on the EHL tribometer. Lubricant C shows the best
fit between the measured results and the analytically calculated values. The other two
lubricants also show a good fit, with lubricant A having the least exact match of the three.
This difference in the accuracy of the calculation can be caused by the assumptions made
for the density of the lubricants to determine the viscosity.

The kinematic viscosity is not measured directly, but the falling time of a sinker in the
measured fluid and the equilibrium of forces on the falling body are determined from this,
and the density of the lubricant is an important input variable according to Equation (1).
It was not measured here but was estimated by using a similar known fluid. This is a
considerable source of error, but according to Bair, it has little influence on the quality of the
measured variable for high viscosity. He stated that a difference in density of 10 leads to a
relative error of the viscosity of 1 percent [17]. Since density measurements under pressure
are associated with great effort, this small error is accepted for the calculation.

The input variables of the measurement itself (in this case, pressure and temperature)
are also subject to a small error. They must be kept constant during the entire measurement
and measured close to the fluid to be characterized. This challenge is largely overcome with
the design of the measuring device. Nevertheless, small inconsistencies in temperature can
be observed.

Calculating the film thickness from the measured lubricant viscosity is also a source
of error. It is validated for a certain range of validity. Beyond the limits or even close to
the limits, as shown in Figure 8, there may be large deviations from the measurement.
The Venner approach was used in this paper, as it has the widest range of validity. Nev-
ertheless, the equation is used here in its basic form, as published in [20]. Therefore, no
additional correction factor for sheer thinning and temperature is used. This could be the
main influence on the deviation between measured and calculated film thickness at high
sum velocities.

Figure 8. A qualitative comparison of the load and viscosity parameter range on which various
elastohydrodynamic lubrication (EHL) film thickness equations were established for 3D point and
elliptical contacts and 2D line contacts [22]. References of the compared models: Dowson and
Higginson [23], Venner [24], Evans and Snidle [25], Hamrock and Dowson [26], Chittenden et al. [27],
Nijenbanning et al. [28], and Masjedi and Khonsari [29].
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Concerning the film thickness measurements, a possible source of error is the refractive
index of the examined lubricants. It is mandatory as an input variable for the EHD-HS
and determined at ambient pressure by using a refractometer. This method does not take
the influence of the contact pressure on the refractive index into account, which leads to a
possible error.

5. Conclusions

It was shown that lubricant film height, which is important for the design of tribo-
logical contacts, can be reliably predicted with low-input data. The basis for this is the
measurement of lubricant viscosity at only a few interpolation points with the aid of a
high-pressure viscometer, which was commissioned and calibrated in previous studies [16].
The assumptions made to calculate lubricant film height have proven to be valid. These
are primarily the estimation of lubricant density at increased pressure and temperature by
using similar reference oils, as well as the restrictions of the lubricant film height calculation
according to Venner [20]. The method presented can be carried out with comparatively
little effort and at low cost and delivers a very high level of accuracy. Nevertheless, due
to the limitations of the measuring range of the EHL tribometer, only a pressure range
up to 531 MPa could be validated. Although this can be used for tribological contacts in
gears, it is far from the extreme contact pressures that occur in the rolling contacts of rolling
bearings. As shown in the discussion, further studies would be necessary to show that the
method can also be used reliably for this pressure range and at higher speed in contacts.
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