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Motivation A
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Performance assessment

Lubricant modelling ofiubricans

n(T,p,v)

Contact modelling
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Rheology Data

Measurement techniques

Measurement Principle Temperature Pressure Shear-rate range
name range (°C) range (MPa) (1/s)
Flucon GmbH, Quartz crystal + capillary 20-120 0-1000 1e1 —1e7
Germany (Oscillatory shear driven) (standard) (at 3.5e5 1/s) | (depends on the
lubricant)
PCS - USV (Ultra- Flow between two 40 -150 atmospheric 0.5e6 — 1e7
Shear Viscometer) concentric cylinders
(steady shear driven
Taylor-Couette flow)
Anton-Paar Flow between cone & disc | -20 — 200 atmospheric Steady: 0 — 5e4 (1/s)
Rheometer (steady or oscillatory (Oscillatory: 0 — 650
shear driven Couette flow) (rad/s) at atmospheric
pressure)
Non-Equilibrium SLLOD Reliable at Reliable at Very high shear-rate
Molecular (steady shear driven higher lower 1e7 and above
Dynamics (NEMD) Couette flow) temperatures pressures
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Rheological characterization A@T
Fluids tested RS
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@ PAOs 2 4, 6,8 and 10

h,c:{w.\‘ ) < Low Viscosity

et Olefins 2-10cStat 100 °C
N Dimers

Ree catalyst Tnmers <« High Viscosity

s, | Tetramers ——
s Paaamais 40 -~ 100 cStat 100 °C

,i E%%:f%} m < Very High Viscosity
b i 150 - 1000 cSt at 100 °C
@ Squalane - plant-based ultra-pure
@ Commercial Gearbox Qil
@ PIB in S6

Material Supplier Key specification Role

56 viscosity standard  Van Waters & Hogers  7.442mPas at 25°C  Base fluid /reference
Polyisobutylene Sigma-Aldrich M, = 1200 kg mol ™" Viscosity modifier

© AC2T research GmbH, www.ac2t.at Confidential. All rights reserved. No passing to third parties. Photographing is prohibited.



Time-Temperature Scaling (TTS) A@T
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@ Shear rate dependence at various temperatures W
is of similar shape B
604
@ Using a reference state, all curves can be R B
transformed to collapse onto a mastercurve B 01 7 T
=~ 30— Toc s N T—
Mo (T,p) Ty pr 20
a, =———,ar =a
7] nr T n Tp 10+
10 10 rY (1;/&) 10 10
@ Allows extraction of viscosity at any given
temperature =
. . [a¥
@ Focused on temperature in this work but also E™
works for pressure ‘i‘%'
244
22
Bair, S., McCabe, C., Cummings, P. T. (2002) Phy. Rev. Letts. 88, 5 A S
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Technique A@'!'
Non-Equilibrium MD simulations - SLLOD A
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@ Homogeneous shear flow induced through
equations of motion

@ Lees-Edwards boundary conditions allow for
simulations of shear flow without physical
walls

@ Viscosity n from shear stress P,z (deviatoric
component corresponding to the flow

direction) and velocity gradient y e /s /s
P oo lfos e
__aB < T/ /s
% ol l/*s
@ This gives shear dependent viscosity :.' :.' '..’
estimation

Denis J Evans and GP Morriss. Nonlinear-response theory for steady planar Couette flow. Physical
Review A, 30(3):1528, 1984.
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Results
SLLOD
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Squalane

Transformation
1011 . .
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— x x = I3 % . —2
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= 9% 1Rl WO *  499.9,100.0 * 316.0,99.0
e b L] H x
g 102, "t <8 L < 1000.0,100.0 *  101.3.100.0
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S S8 « 1000.0,100.0
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Results A
Shear limit of Flucon technique ES‘S'T!
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@ Shear dependence measurements of viscosity show shear thinning in the commercial oil but not in
PAOs or squalane
@ Applying the Time-Temperature Scaling on the Flucon data shows it is outside the shear-thinning range

T R R P T « & 8 8 ® Limit of Flucon moL .
0% 10714 p (MPa), T (°C)
 0.1,38.0
06 _rf * 0.1,40.0
= % 10-2 o 40.5,40.0
0.4 ¢« 316.0,99.0
e 101.3,100.0
)9 1073 e 499.9,100.0
02 +  1000.0,100.0
e Measurement N

0.0 = . - _a
100 107 10° 10

o 107 108 10° 10 10! 10%2
Amp (mPa)

yar
Squalane
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Results A@'!

Comparison between different techniques e
Steady shear B
@ AP and USV both exhibit TTS 35
@ The onset of shear thinning in USV
is obscured by unexplained ]
increase in viscosity = USV, T—=d0°C
o ) . 251 —=— USV, T=60°C
@ Shear thinning regimes observed (|~ UV Teso
in the two techniques are different B o] =7 0l oe
S | = AP, T=0C
. "X | —— AP, T=20C
Oscillatory shear 1|z Rcon, T2
@ The Flucon measurement show ol ™ Flucon, T=40°C
. . —&— Flucon, T=80°C
yet another behavior. Possible —+— Flucon, T=120°C
reasons ... 10! 102 103 10 10° 106 107 108
A Oscillatory shear Yar (1/s)

A Form of shear stress
A Shear scanning technique Commercial gear-box oil
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Results A
Steady versus Oscillatory Shear (AP) Es‘sr:\r
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@ Oscillatory and steady shear 10° ot T 1/ S)102 10°
data collapse onto one S
mastercurve 600 - 600
=>» Suggests that experimental = Y '5002
method makes the difference, < =
not the way shear is applied ‘%400 'J‘UO;;
= =
=800 - o frw)l/ay at 0°C -300 3
& B |p"(w)|/a, at 20°C *E
00

Carreau-Yasuda fit

10Y 10! 102 108
Yar (1/s)

2% PIB in S6
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Summary A@T
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@ Experimental techniques cover complementary regions of rheological parameter space

@ SLLOD-MD extends this range into the high-shear regime and reproduces the TTS behaviour
observed experimentally

@ Combining data from different techniques is not straightforward: discrepancies remain even
when individual datasets show good TTS scaling

@ In particular, the conversion between oscillatory and steady-shear measurements requires
further validation

@ The resulting challenge is to combine experimental and simulation data into a consistent
viscosity description for lubricant contacts
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DISCLAIMER

All information in this publication and all further technical advice is based on our present knowledge. However, they imply no liability or other legal responsibility on our part, including with regard to existing third party
intellectual property rights, especially patent rights including copyrights, trademarks and designs. In particular, we cannot give any warranty, whether express or implied, or guarantee product properties in the legal sense.
We reserve the right to make any changes according to technological progress or further developments. The performance of products described herein should be verified by each user with experiments (designed for the
respective application) which are to be carried out by qualified experts. Suggestions for uses or applications are only opinions. Reference to trade names used by other companies is neither a recommendation, nor does it
imply that similar products cannot be used.
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