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1. Introduction

Generally sealing systems are designed by means of elasto-hydrodynamics. In this
case, the no slip boundary condition is applied to the solid walls for solving the Reyn-
olds equation. Nowadays engineers apply the no-slip boundary condition with the
most matter of course. But in the 19" century the behaviour of fluids close to the
solid wall was discussed by personalities as Stokes, Poisson, Maxwell or Navier.
Navier [1] e.g. introduced a slippage factor in his derivation of the Navier-Stokes
equations.

In the middle of the 191" century Stokes was commissioned by the Royal Society, to
discuss the issue regarding the slipping behaviour of fluids close to solid walls. And
he concluded in [2] & [3] that the effect of slippage on solid walls, if it exists, was up
to his time too small to measure and could be neglected. Hence for sufficiently large
flow geometries the effect of wall sliding was neglected. Even today measuring the
slip velocity close to solid walls is a challenging task and no general approach has
figured out. This conclusion yields up to now and is sometimes treated like a princi-
ple. But in the case of sealing systems where commonly gaps are in the order of
some microns and below the effect of wall slippage has to be taken into account.
Experimental investigations of sealing manufacturers show that the leakage behav-
iour of geometrically identical sealing systems depends on the material paring and
hence on the surface energy. As a cause for the discrepancy between calculations
and experimental investigations a breakdown of the no slip boundary condition is
suspected.
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Figure 1: Linear boundary condition for a simple shear flow.

The breakdown of the no slip condition is related to the violated continuum hypothe-
sis: In narrow sealing gaps on the scale of a few microns must be considered that
the continuum hypothesis is no longer applicable. For the case of slippage close to
the solid wall Hermann von Helmholtz introduced in 1860 [4] the linear boundary
condition. Such a behaviour is illustrated for a simple shear flow in Figure 1. In this
sketch the lower wall is at rest and the upper one is moved by the constant velocity U.
Due to the slippage the fluid close to the stationary wall moves with the slip velocity
ug, > 0 and the fluid velocity close to the moving wall is reduced by the slip veloc-
ity u,,. The linear boundary condition is obtained if the fluid velocity profile in the gap
is linearly extrapolated up to the case of no slip. This means at the stationary wall
down to zero and at the moving wall up to wall velocity U. The normal distance be-
tween the wall and the extrapolated velocity profile represents the slip length 4,
and 1,. From this sketch the geometrical interpretation of wall slip as an apparent
gap opening can be figured out.

Slip velocity ug and shear rate y are linked by the slip length A:

us; = Ay (1)

Up to now slip length measurements were mainly performed for long-chain silicone
molecules and water. Regarding the solid surfaces glass and silicon wafers were
mainly used. The purpose of these up to now applied measurement methods is
mostly limited to a few tribological systems - which are not directly related to common
hydraulic systems. A review is given by the authors in [5].
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2. Measurement Principle

In this section, the measurement approach for determining the slip length of a typical
material combination of hydraulics, is presented in detail.
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Figure 2: Measurement principle — Experimental setup.

Figure 2 shows a principle sketch of the measurement device. Key parts are the
rotating and the stationary disk. The measuring apparatus evaluates the torque that
is transferred from the rotating to the stationary disc through the liquid film depending
on the gap height h. The gap height is adjusted by the inlet pressure p and the stiff-
ness as well as the initial load of the spring. The measurement of the gap is realized
by a capacitive distance sensor that is integrated into the stationary disk. The top
shelf resembles the wobbling motion of the power train due to the bearing play of the
used roller bearings. Figure 3 illustrates the experimental examination of the slip
length. The measurement principal was developed by Pelz in 2007 and was already
published in [6].

The transmitted torque is applied to the accompanying gap height. The torque at h=0
can not be measured due to the fact that each technical surface has a finite rough-
ness. Measurements at a sufficient number of measurement points allow the deter-
mination of the torque at gap height h=0 by an extrapolation of the recorded meas-
urement points.
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Figure 3: Measurement principle — Analysis of the slip length. [6]

From hydrodynamic lubrication theory it is known that the friction torque between
two flat disks at distance h for no slip boundary condition is given by the equation

_ nlip
M="2 2

In the above equation 7 represents the dynamic viscosity, £ the rotational speed of
the disk and I, the geometrical moment of inertia. From equation (2) it can be figured
out that the friction torque M is an inverse linear function of the gap height h. This
relationship is illustrated in Figure 3 with the markers for the case of slippage. The
inverse friction torque remains finite for zero gap height. For the case of no slip,
denoted by the lines without markers, the inverse friction torque tends to zero for
zero gap height. With an increasing rotational speed of the rotating disk, the inclina-
tion of the linear function increases. The red and the white markers denote two dif-
ferent rotational speeds at constant dynamic viscosity and equal geometry. Above it
was mentioned that the slip length can be interpreted as an enlargement of the con-
fined gap.

For the presented test rig, slip occurs at the rotating as well as at the stationary disk.
A, represents the gap enlargement due to the surface at the stationary disk and 4,
the enlargement due to the surface at the rotating disk. And the sum of the slip length
is evaluated by an extrapolation of the inverse frictional torque until the linear line
crosses the abscissa. The negative axis section indicates the sum of the slip length
of the fixed and rotating disk. Furthermore Figure 3 contains the hypothesis that the
slip length is independent of the shear rate . This hypothesis has to be proofed by
experimental investigations.
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3. Test Rig

In this section the design implementation of the slip length tribometer is described in
detail. For a better understanding the sketch from Figure 2 is recapped. The slip
length is obtained by the measurement of the two quantities gap height h and fric-
tional torque M. The key parts of the test rig are the two gap confining disks and the
top shelf.

In

Figure 4 a sectional view of the test rig is presented. The main components that
ensure the function of the tribometer are labeled with humbers and named in the
table stated below the sectional view. The test rig can be roughly subdivided into two
parts: the drivetrain (No. 1 to 4) and the powertrain (No. 5 to 12). The drivetrain
contains the measurement devices: The torque sensor with a maximum measure-
ment range of 1 Nm, the force sensor to adjust the spring preload and the capacitive
distance sensor with a measurement range of 200 ym. The mounting of the distance
sensors will be discussed later on. The powertrain contains the supply. The fluid is
fed into the system by a rotary feed through. This has the advantage that the meas-
urement chain (drivetrain) remains torque-free. A synchronous servo drive with a
maximum torque of 10 Nm is used to provide a constant rotational speed. The power-
train is beard by a conventional fixed-floating bearing. The remaining clearance of
the roller bearings is adjusted by a gimbal mounting of the drive train. This is obtained
by the top shelf.
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Figure 4: TU Darmstadt slip length tribometer.
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Of paramount importance for the tribometer are the lubricating gap and the gap
measurement. The gap confining disks are made by a nitrided steel. In a first step
the disks were drilled with a definite material allowance. Subsequently they were
hardened and dressed to size. These blanks are displaced by the manufacturing
process lapping into the final state. The finished disks have a flatness of 30 nm.
The distance measurement system is directly inserted into the stationary gap con-
fining disk and calibrated by the sensor manufacturer after the finishing of the disks.

4. Results

In this section the obtained results are presented. In a first step the reproducibility of
the measurement results was focused in the investigations. The temperature during
the measurements was kept constant by +0.1°C. This is reached due to the fact that
the whole test rig is operated in a commercial temperature chamber. The measure-
ments were conducted at 40°C using a polyalphaolefin with a kinematic viscosity of

v = 29 mm?/s.

Figure 5 show the results of five slip length measurements at two rotational speeds.
Two measurements were conducted at rotational speeds of 1 Hz and three at rota-
tional speeds of 1.5 Hz. The left part of Figure 5 shows the different measurement
points across the varying gap height. Each marker represents one torque measure-
ment. The minimum reached gap height was about 1.3 ym.
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Figure 5: Slip length measurements.
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On the left diagram there is nearly no difference in reproducibility for the different
measurements recognizable. Hence a closer look at the intersection with the ab-
scissa is

useful and illustrated in the right diagram of Figure 5. In this detail view one can
figure out, that the difference in the sum of the slip length measurements varies by
+30 nm. These results are satisfactory and a good basis for the beginning of sys-
tematic investigations.

5. Summary and Outlook

In this paper a method and a tribometer to evaluate the slip length with regard to an
usage in hydraulic applications was presented. This quantity allows sealing manu-
facturers to understand the relation between surface energy and leakage behaviour
of sealing systems. Up to now at the Chair of Fluid Systems the measurement prin-
ciple was developed and applied for the tribological system steel-polyalphaolefin-
steel at one constant temperature. For the future these investigations have to be
extended and systematized. In a first step the temperature has to be varied from
10°C to 80°C. Based on these investigations two easy possibilities exist to influence
the tribological system. First the synthetic oil can be changed into a mineral based
hydraulic oil. And the surface energy of the gap confining disk can be reversible
changed by a plasma treatment.
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gap height

geometrical moment of inertia
frictional torque

pressure

wall velocity

slip velocity

shear rate
dynamic viscosity
slip length
kinematic viscosity
rotational speed





