Forsch Ingenieurwes (2023) 87:655-671
https://doi.org/10.1007/s10010-023-00610-9

ORIGINALARBEITEN/ORIGINALS

®

Check for
updates

Characterisation of the conveying effect of turned radial shaft seal
counter-surfaces using a simplified hydrodynamic simulation model

Stefan Thielen' @ - Thirumanikandan Subramanian’ - Bernd Sauer’ - Oliver Koch' - Richard Bérner? -
Thomas Junge? - Andreas Schubert?

Received: 23 April 2022 / Accepted: 23 December 2022 / Published online: 31 January 2023
© The Author(s) 2023

Abstract

A typical sealing system for rotating shafts consists of the radial shaft sealing ring (RSS), the lubricant and the shaft
counter-surface (SCS) of the rotating shaft. The properties of the machined surface of the SCS have an impact on the
sealing system. The structural pattern of the SCS influences the lubricant flow along the axial direction. In this paper,
a simplified micro scale hydrodynamic simulation model is presented in order to study and determine the axial flow of
the lubricant induced by the SCS of the sealing system, isolated from the effects induced by the seal, to allow for a rating
of the shaft surface. The influence of the seal was neglected to allow for a simplified simulation. Simulated shaft surfaces
corresponding to different machining parameters of machined SCS are used as input. These variants of SCS were created
using a kinematic model which simulates an ideal surface machining process of the shaft. A micro scale hydrodynamic
simulation model is used to investigate the influence of machining parameters on the lubricant flow along the axial direction
across the tribo-contact. From this investigation, the connection between parameters applied for machining of the SCS and
conveying effects can be estimated. The simulation model is also validated with experimental results of hard turned shafts
of different machining parameters. Differences between manufactured real surfaces and kinematically simulated surfaces
are the cause of deviations between the results.
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Bestimmung des Fordereffekts gedrehter Wellenlaufflichen fiir Radialwellendichtringe mit einem
einfachen hydrodynamischen Modell

Zusammenfassung

Ein typisches Dichtungssystem fiir Wellen besteht aus dem Radialwellendichtring (RWDR), dem Schmierstoff und der
Dichtringgegenlauffliche (DRGF). Die Eigenschaften der gedrehten Oberfliche der DRGF haben Auswirkungen auf das
Dichtungssystem. Die Oberfliche der DRGF beeinflusst den Schmierstofffluss in axialer Richtung. In diesem Artikel
wird ein vereinfachtes hydrodynamisches Simulationsmodell auf der Mikroskala vorgestellt, um die axiale Stromung des
Schmierstoffs zu untersuchen und zu bestimmen, die durch die DRGF des Dichtungssystems verursacht wird, isoliert von
den durch die Dichtung induzierten Effekten, um eine Bewertung der Wellenoberfliche zu ermdglichen. Die Dichtung
wurde vernachlissigt um eine moglichst einfache Modellierung zu ermoglichen. Simulierte Wellenoberfldchen, die ver-
schiedenen Bearbeitungsparametern von gedrehten DRGF entsprechen, werden als Input verwendet. Diese Varianten von
DRGF wurden mit Hilfe eines kinematischen Modells erstellt, das einen idealen Oberflichenbearbeitungsprozess der Welle
simuliert. Ein hydrodynamisches Simulationsmodell auf der Mikroskala wird verwendet, um den Einfluss der Schnittpa-
rameter auf den Schmierstofffluss entlang der axialen Richtung iiber den Tribo-Kontakt zu untersuchen. Anhand dieser
Untersuchung kann der Zusammenhang zwischen den Parametern fiir das Drehen der DRGF und dem Fordereffekt der
DRGEF bestimmt werden. Das Simulationsmodell wird auch mit experimentellen Ergebnissen von hartgedrehten Wellen
mit unterschiedlichen Schnittparametern validiert.

The surface finish of the SCS has a considerable influ-
ence on the sealing system [3, 23, 40]. (In this context,

1 Introduction

Radial shaft seals are used for sealing the exit of rotating
shafts of lubricated systems [39]. Their main task is to pre-
vent the lubricant from leaking out of the working chamber
and also the penetration of fluids and/or dirt particles into
the working chamber [34]. The sealing function must be
durable for a long period of time, since any damage during
time of operation and the resulting cost of repair is much
higher than the cost of the sealing ring itself. For the system
to be tight, the sum of the flow components in the direction
of the oil side must exceed the sum of the flow components
in the direction of the air side [20]. Roughness elevations
on the sealing edge lead to a conveying effect in the case
of an asymmetrical distribution of contact pressure and seal
distortion [32] (cf. Fig. 1). The fluid dragged along by ro-
tation of the shaft is deflected in the axial direction at the
roughness elevations.

Fig.1 Structure of the sealing
system according to [39]

air side

the term surface finish includes the surface topography and
hardness of the near surface region.) During the time of
operation, it influences the wear and surface topography
of the RSS. This in turn has an impact on the conveying
value of the RSS, which is the ability to transfer the lubri-
cant along the axial direction of the sealing contact. The
structural pattern of the SCS also influences the flow of the
lubricant in axial direction due to conveying effects [32].
As a consequence of the shaft manufacturing kinematics
during turning, the SCS exhibits twist structures. During
shaft rotation, these structures contribute to a transport of
the lubricant to either the oil side or the air side of the RSS
similar to the conveying action of a screw pump, based on
the shaft rotation direction and the direction of the lead pat-
tern of the structure. The total conveying effect of a sealing
system is the sum of the effect imposed by the shaft surface
and by the seal [6].
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Fig.2 Macro twist characteristics according to [28]

Generally a twist is any surface phenomenon that leads
to a diversion of the fluid to be sealed [36]. A distinction is
made between macro-twist and micro-twist structures [28].
Macro-twist refers to periodic, directional structures such
as feed grooves. Micro-twist refers to micro-grinding struc-
tures whose main direction has a perpendicularity deviation
from the shaft axis. Standardized parameters exist to de-
scribe the macro-twist [28] as shown in Fig. 2, but this is
not yet the case for the micro-twist.

Stochastically occurring structures on the SCS, such as
scratches caused by improper handling, are also categorized
as twist, since they can lead to a conveying effect [1, 26].

A simplifying approach assuming an ideal exact circular
corner radius and neglecting the minor cutting edge allows
for the estimation of macro-twist parameters using geomet-
ric-kinematic relations (see Table 1) [31].

Movement of the lubricant towards either side of the
RSS has impacts on the sealing system. Movement towards
the oil side is considered as a tight system, since leakage
is prevented. However, excessive transport of lubricant to-
wards the oil side means starved lubrication in the region of
the sealing ring contact. This leads to a local temperature
rise and increased wear rate, followed by thermal damage
of the RSS. Transportation of the lubricant towards the air
side happens when the conveying effect is stronger than the
pumping effect of RSS and leads to leakage. Thus the con-
veying of lubricant alongside of the RSS and SCS tribo-
contact needs to be balanced. In the desired state of a seal-
ing system, the pumping is mainly done by the RSS and
the SCS remains as neutral as possible.

Table 1 Relation between turning and macro-twist parameters [31].
Symbols are defined in the nomenclature

Macro-twist para-
meter

Relation to machining parameters

Twist angle D, /° tan(Dy) = _#

Twist depth Dt/um Dt =re¢ — /12 - %
DF = %(Ol —sin(a)); o = 2arcsin (L)

Theor. convey- Sre

ing cross section
DF/pm?
Period length
DP/pm

DP=f

Manufacturing of the SCS is usually realised by pre-
turning, hardening and infeed grinding [8, 24]. From an
economic and environmental point of view, however, grind-
ing has numerous disadvantages such as high investment
costs, low flexibility, a high proportion of non-value-added
machining time due to sparking. With the development of
more efficient cutting materials, grinding is increasingly re-
placed by machining processes with geometrically defined
cutting edges, such as hard turning [12, 13, 38] or other fin-
ishing processes [40]. The main advantages of hard turning
include high flexibility, the possibility of complete and dry
machining and the elimination of sparking time. The basic
prerequisite for successful process substitution is the guar-
antee of component function, which is significantly influ-
enced by the properties of the surface. However, hard turned
and ground surfaces differ considerably from one another
in terms of their topography and the physical properties
of the peripheral zone [2, 15, 25]. The feed helix result-
ing from turning, i.e. the kinematic roughness, represents
a pronounced macro-twist compared to ground surfaces.
This can lead to a transport of the lubricant depending on
the direction of rotation. For a long time, hard-turned SCSs
were therefore mostly used only in units with a fixed or
dominant direction of rotation [37, 41]. Investigations of
machined shaft surfaces have shown the potential to create
a tight sealing system and also reduce friction and wear if
the right machining parameters are chosen [10, 38]. Exper-
imental investigations require testing of various SCS man-
ufactured with different process parameters, which means
the number of samples to be manufactured and tested are
high in number. The time involved in machining and also
testing the samples is therefore quite expensive. However,
the identification and definition of surface parameters rel-
evant to sealing technology, which reflect the influence of
the surface finish of SCS on the functional behaviour of the
sealing system with sufficient accuracy, has proven to be
extremely complex [9].

This is why a simulation model is needed, where a SCS
generated by a kinematic simulation can be given as input
and the interaction of the topography of the surface finish
with the lubricant can be simulated to determine the func-
tional parameters of the sealing system, like conveying ac-
tion. Using such a simulation, various combinations of the
surface finishes of SCS can be investigated to determine
and examine the influence of certain critical machining pa-
rameters and hard turning methods. With this knowledge,
a reduced number of targeted experiments can be planned,
with specific critical parameters and specific hard turning
methods. This saves time, effort and is more cost effec-
tive than testing all combinations of relevant machining
parameters of hard turning. Simulations of the lubrication
of a sealing contact usually involve a full elastohydrody-
namic simulation, where the hydrodynamic action of the
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lubricant, but also the deformation of seal and shaft, are
considered [33, 39]. For the numerical evaluation of the
averaged effect a rough surface imposed on lubricant flow,
PATIR and CHENG have introduced flow factors [29, 30].
They describe the ratio of the flow between smooth sur-
faces compared to the flow between rough surfaces for flow
driven by a pressure gradient or the shearing motion due
to sliding of one or both surfaces. The evaluation of flow
factors usually involves hydrodynamic lubrication simula-
tions of the smooth and rough case. HARP and SALANT
have expanded the flow factor calculation by using a mass
conserving cavitation model and applied it to radial shaft
seals [17]. ROCKE and SALANT developed a method taking
into account the angular distortion of the seal roughness
due to shear forces [33]. An other option is to model the
surface roughness using analytical functions. Most of such
models take into account the seal topography and neglect
the shaft roughness [22, 35], in order to prevent the need of
a more time consuming and numerically less stable transient
simulation. When the shaft topography shall be considered,
usually the seal roughness is neglected [14, 19]. Only few
researchers have implemented transient simulations consid-
ering the topography of both shaft and seal yet [11, 39].
Those simulation models however, have a high calculation
cost and time and are not always numerically stable, espe-
cially in the mixed friction region [39]. This greatly reduces
the ability to apply those detailed models for the prediction
of the influence of the shaft surface on the conveying effect
of the shaft from the manufacturing parameters in a setting
outside of academia.

In this paper a simplified hydrodynamic model is de-
scribed where the surface topography of the seal and de-
formation in general are neglected in order to investigate
solely the influence of the SCS topography on the fluid con-
veyance. These simplifications allow for much easier appli-
cation of the model, especially outside of the academic set-
ting. To allow for the estimation of the conveying behaviour
of SCS before manufacturing, SCS generated with a kine-
matic simulation model of the machining process are used
as input. Since the focus is to study the influence of different
surface finishes of SCS on the conveying value, we assume
a smooth rigid surface as contact partner, instead of a rough
deformable seal surface. Thus, the simulation model is re-
duced to the elements necessary to study only the influence
of the SCS finish. The advantage of this approach is a sig-
nificant reduction of calculation cost and time, while the
disadvantage is the aforementioned neglection of the seal
topography and deformation and thus the loss of predictive
capabilities regarding friction and the overall pumping rate
of the whole sealing system. In cases where the behaviour
of the whole sealing system, including effects from the seal,
is to be investigated in detail, those simplifications should
not be used.

@ Springer

In order to verify and validate the simulation model,
experiments with samples of the same surface finishes of
the SCS that were simulated, are carried out.

2 Hydrodynamic simulation

2.1 reynolds and fischer-burmeister system of
equations

In the sealing contact, a lubrication gap is created between
shaft and seal lip in relative movement. This lubricating gap
arises elastohydrodynamically [34]. In hydrodynamic lubri-
cation, the pressure is only generated by the relative move-
ment of the two surfaces and the associated dragging of the
lubricant into this gap [39]. In fluid mechanics, REYNOLDS
equation, which is derived from the NAVIER-STOKES equa-
tions, can be used to describe fluid flow mathematically for
narrow gaps [16]. Cavitation is defined as the formation
of a local vapor phase when the pressure in the fluid falls
below a certain limit pressure. The vapor phase can con-
sist both of vaporized lubricant and solved gases present
in the lubricant, which pass into the gas phase at a certain
pressure. It can have a significant influence on the lubricant
flow and should therefore not be neglected when consid-
ering the lubrication gap flow. Therefore, in the simulation
model, the REYNOLDS equation using a mass conserving
cavitation model according to WOLOSZYNSKI [42] with the
cavitation degree ® = 1—p/p;;4, which describes the ratio
of gas in the cavitation region, is used [42]. Here, p is the
lubricant density, % is the lubricating gap, 7 is the dynamic
viscosity and @ is the cavitation degree:

QR ), D (oY
dx \ 125 dx ay \12ndy )

(uy; +uy) (1 -O) ph N (vi+v2) 0 (1 —0O)ph
2 ax 2 ay

ey

Here, the velocities u; and u, represent the velocities
of the surfaces in x direction. The velocities v; and v,
represent the velocities in the y direction. In most cases,
it is assumed that the x direction is circumferential direc-
tion and y direction is axial direction. In the hydrodynamic
simulation presented here, velocity v; is not zero due to
a slightly different choice of the coordinate system. Further
explanation can be found in Sect. 4.
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When applying the REYNOLDS equation to our problem,
for numerical accuracy, dimensionless terms are needed,
which are obtained using the relations below:

Uup+u V] + Uy v Um X
u = Vi = = — -
m ) m ) m Uom .
h d
Y:l H=— ﬁzﬁ ﬁzi dY:—y
Iy o Po Mo Ly
d l 2
d)(:_x K== PzL
lx ly 12u11xn0

Here u,, is the mean flow velocity in x direction, vy,
is the mean flow velocity in y direction, V}, is the dimen-
sionless mean flow velocity in y direction, [ is the length
of the simulation area in x direction, /, is the length of
the simulation area in y direction, dx is the length of the
edge of the control volume in x direction, dy is the length
of the edge of the control volume in y direction, x and y
are the coordinates in x and y direction respectively, X and
Y are the dimensionless coordinates in x and y direction
respectively, H is the dimensionless lubricating gap, P is
the dimensionless pressure, © is the cavitation degree, p
and 77 are the dimensionless density and dimensionless
dynamic viscosity respectively, pyp and ng are the reference
density and dynamic viscosity respectively and « is the ratio
of the length of the simulation area in x and y direction.

Thus, the dimensionless formulation of (1) is:

O (BHOPY o0 (BH'0P
ax \ "7 ox Yy \" 7 oy

_01-O)pH |, 9(1-0)5H
ST X K¥m ™5y

2

The system of equations can be solved after discretiza-
tion applying the finite volume method (FVM).

a.Pg +ay Pw +a, Py +asPs — (ae +ay +ay, +as)Po
=drps +b0O0 — byx Oy — bsy@s —bo+byx+ bsy

3)

The convective term in (3), describes a flux where the
value of a point depends much more on the upstream than
on the downstream points. Therefore, in order to describe
the convective terms, the individual values at the edges are
not linearly interpolated by the neighbouring central points,
instead an upwind method [27] is usually used, which de-
pends on the direction of flow. here, the first order upwind
method shall be used.

In order to determine the cavitation degree ®, a FIS-
CHER-BURMEISTER equation as represented in (4) is used
in addition to the REYNOLDS equation. Here, p is contact
pressure and p.qy iS the cavitation pressure:

P = DPeav+ O =V (P = Peav)? +O? =0 4

Above the cavitation pressure p — pcqy > 0, the cavitation
degree is always zero (® = 0) and in the cavitation zone,
when p— pcqay < 0, the cavitation degree @ varies between
Oand 1: 0 < ® <1 [42].

2.2 Solver

The discretized form can be used as the system of equa-
tions which needs to be solved to determine the pressure
distribution and cavitation degree. For non linear systems,
NEWTONS method is applied to determine the solution us-
ing the residue of the system [27]. Basically, in this method,
by using local linearisation, the zero point of a function
is determined by converting the function to residual form
(f(x) = b =0). This can be written as (Ap — b = 0) for the
solver represented here. The RHS obtained represents the
residue. Solving the system of equations (5) for both pres-
sure distribution and cavitation degree can be performed
with the JACOBI matrices of both equations.

Jrep Jree (SP© _ (RE 5
Jep Jrso) \80® ) " \FB

where (assuming peqy = 0),

P;
Jrgp=1- —— (©)
P;? + ©;*
Jrpo =1~ ’ (7
P;? + ©;*
RE REYNOLDS equation in residual form
FB FISCHER-BURMEISTER equation
J re,p  Derivation of the REYNOLDS equation (RE) in
terms of P
J rp,p  Derivation of the FISCHER-BURMEISTER equa-
tion (FB) in terms of P
§ PW  Correction value for P in the i-th iteration step
§ ® O Correction value for @in the i-th iteration step

On solving (5), using the GAUSS-SEIDEL method, cor-
rection values of both pressure and cavitation degree can
be determined. With these correction values, the dimen-
sionless pressure distribution and dimensionless cavitation
degree along the control volume can be calculated using (8)
and (9) for the current iteration step i.

P@=P@“+w@P®> (8)
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x10°

simulation model
Sommerfeld

pressure / N/m?

0 /2 T 3r/2 2m

circumferential direction in cylindrical coordinates / radians

Fig.3 Verification of the simulation model using SOMMERFELD solu-
tion

0 = @D 4, (8@(”) 9)

This is repeated in iterative manner until convergence is
reached. In addition to the discretization error, which de-
pends on the grid resolution, the precision of the estimation
is based on how small the convergence limit is.

Due to the neglection of the seal, in this case the appli-
cation of a force balance to solve for the lubricant height is
not feasible. Instead, a typical value for a lubrication film
in sealing systems is used. This is a further simplification
of the simulation model, which is necessary in this special
case.

Before proceeding with the application of the simula-
tion model to shaft surfaces, a validation against the ana-
lytic SOMMERFELD (cavitationless) solution of an infinitely
wide journal bearing surface (10) [16] was carried out.

~ 6n0wb(%b)ze sin ¢ (2 + e cos ¢)
Tpo= 2+e2)(1+ecose)?

(10)

where,

po  pressure at the maximum film thickness=0N/m?

w p angular velocity of surface=104.72rad/s

p radius of journal bearing=40mm
radial clearance of journal bearing (gap)=15pum
eccentricity ratio (distance between symmetry axis
of shaft and journal bearing)=0.75

0] angle in cylindrical coordinates (circumferential)

no lubricant dynamic viscosity =14.27 mPas

1 length of journal (infinitely wide), assumed as 1 x
10°m

@ Springer

Since there exists no analytic solution considering mass
conserving cavitation, the cavitation was deactivated in the
simulation model for this purpose. Therefore, the compar-
ison does not include a validation of the mass conserving
cavitation aspect of our model. Fig. 3 shows the compari-
son of the analytical and numerical solution. An agreement
of 99.65%, or an error of 0.35%, respectively was achieved
for the cavitationless solution.

3 Kinematic simulation and manufacturing
of shaft surfaces

The SCS kinematic simulation serves as input for the hy-
drodynamic simulation. It is built on a dexel based model
which was first introduced and described for the simula-
tion of milling operations in [4, 5]. Since physical effects
such as burr formation, chipping as well as cutting forces or
temperatures are not considered it is called "kinematic sim-
ulation’. The tool, which is represented in simplified form
by its cutting edge contour, is moved through the work-
piece volume according to its movement trajectory. Any
intersecting volume is subtracted from the workpiece vol-
ume leaving a track of the cutting edge. The simulation
is implemented by modelling both workpiece and tool in
a dexel-based data model. For the current investigations the
simulation principle was adjusted for turning operations.
Using this model, the surfaces were simulated according to
Table 2.

Variations include different values for feed, corner ra-
dius, shaft diameter and as the comparison of conventional
cutting tools vs. cutting tools with special wiper geometry,
which is used to produce a reduced surface roughness com-
pared to conventional tools [7]. Variants 9 and 10 use the
same machining parameters as variant 3 and 4, the only dif-
ference is the use of a wiper geometry instead of a tool with
a conventional corner radius (Fig. 4). This results in signif-

feed direction
—

feed direction
‘—

=2
e 20 nun

Fig.4 Comparison between a conventional corner radius b and cutting
geometry with wiper as a significantly larger radius transition to the
minor cutting edge (tool reference plane)
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Table2 Machining parameters and surface characteristics

Variant Shaft Feed Corner ra- DF (pm?) Rqqvg (m) Rzgyg (Lm) Twist depth Twist
Dia (m) dius (um) (wm) angle

(mm) )

1 80 55 400 342 0.32 1.39 1,08 0.013
2 80 115 400 193 0.89 3.20 2.75 0.026
3 80 80 800 55.7 0.34 1.64 1.16 0.018
3.1* 40 80 800 39.88 0.29 1.32 0.79 0.015
3.2% 100 80 800 42.13 0.30 1.46 0.80 0.036
4 80 160 800 316 1.06 3.81 33 0.036
5 80 100 1200 70.6 0.35 1.45 1.05 0.023
6 80 200 1200 471 1.25 4.57 3.75 0.046
g** 80 80 800 6.5 0.09 0.55 0.18 0.018
10** 80 160 800 234 0.13 0.79 0.34 0.036

* Variants with same machining parameters as variant 3 but with different shaft diameters,

** Wiper geometry variants

icantly reduced values of roughness Rz and is expected to
also influence the conveying action.

As long as the shaft diameter remains constant, the twist
angle only depends on the feed (see Table 1). Therefore,
variants 3.1 and 3.2 with 40 mm and 100 mm shaft diameters
and consequently different twist angle as variant 3 have
been investigated as well.

The variants listed in Table 2 were also manufactured in
order to perform reverse pumping experiments. The amount
of possible experiments was limited and did not permit in-
vestigation of further parameter sets. The alloyed case
hardening steel 16MnCr5 was used for the investigations.
The specimens were in case-hardened state (hardness 56
HRC, case hardness depth 0.8 mm). After pre-machining,
the specimens were characterised by a diameter of 80.1 mm.
For the machining experiments, cubic boron nitride (CBN)
tipped indexable inserts of the type CCGWO09T3 were
used. The cutting material of the inserts contains approx.
65%—-70% of CBN particles with an average grain size of 4
pm and TiN as binder. Furthermore, the inserts are coated
with a TiAIN/TiCN layer offering a thickness of 2 pm.
Standardized indexable inserts with a clearance angle of
o =7°, a rake angle of y = 0° and a tool included angle of
€, = 80° were used. The cutting edge contains a negative
chamfer with a width of 0.12mm and a chamfer angle
of 25°. In combination with the tool holder used a tool
cutting edge angle of the minor cutting edge of km,’=5°
results. In addition to the feed rate, the corner radius (r¢)
was varied in three equal steps in the range from 400 um
to 1200 wm in order to investigate the influence of different
kinematical surface roughness on the hydrodynamic prop-
erties. Furthermore, standardised indexable inserts with
a wiper geometry were used. They contain an arc-shaped
transition from the corner radius to the minor cutting edge
that is visualized in Fig. 4 in comparison to a standard
geometry without modified minor cutting edge. The radius

of this arc is significantly larger than the corner radius and
determines the theoretical roughness. Thus, a significantly
smaller surface roughness can be achieved with the same
cutting parameters. An additional advantage of this wiper
geometry form is that it is less sensitive to deviations from
the theoretical cutting edge angle of the minor cutting edge.
The machining experiments were conducted on a precision
lathe of the type SPINNER PD 32. In the finish machining
experiments the feed was varied as shown in Table 2. Lower
feeds should lead to a decrease of the kinematical surface
roughness and thus to a smaller reverse pumping value.
The cutting speed and the depth of cut were kept constant
at 180m/min and 0.05 mm, respectively, since they do not
change the outcome of the kinematic simulation. This last
turning step was performed without any lubrication as it is
usual for hard machining of steels. The geometrical proper-
ties of the machined surfaces were measured using a stylus
instrument type Mahr LD 120. The stylus was character-
ized by a spherical radius of 2 pm and an included angle
of 90°. After finish machining, the surface roughness of all
specimens was measured at three positions offset by 120°
in the circumferential direction with respect to the direction
of the feed motion. The measuring length was 4mm. The
filtering of the profiles was done in accordance with ISO
11562 [18].

4 Flow simulation model - application and
evaluation methods

The flow simulation model was built in MATLAB based
on the equations discussed in Sect. 2. The structure of the
model is shown in Fig. 5. The kinematic model of the SCS
is used as input for the flow simulation model.

The size, the orientation and the position of the sim-
ulation area in the kinematic model influence the results
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Fig.5 Process flow of the sim-
ulation model to determine flow
in axial and circumferential

] Kinematic model

direction

‘ (simulated SCS profile)

i Additional inputs:

i Simulation area dimensions
y Rotational speed

h Average gap height

‘ (RSS assumed as smooth

! rigid surface)

! Viscosity & density

of the hydrodynamic simulation. In order to perform the
numerical calculations, the simulation domain needs to be
represented by a grid with a given resolution, which is lim-
ited by the computer’s computational power and memory.
In our case, a regular grid with equally spaced elements is
used.

Since the twist angle is extremely small, the cross section
of the turning structure can not be represented with good
accuracy, using a reasonable resolution. This is because of
the difference in the orientation between simulation area
and the twist of the surface.

If the grid is oriented along the axial (y) and circum-
ferential (x) direction, as it usually is in similar applica-

@ Springer

______ PREPROCESSING
J" 4 B
g .| Calculation of lubrication
g gap height
" (. vy
/ SOLVER
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:' Implementing the calculated
: terms into system of equations
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!

Discretization of system of equations using
FVM

Creation of JACOBI system of
matrices — solving for correction
values dp & de

A

Calculating pressure and
cavitation degree

Reached
convergence

__________________

Calculating flow in axial direction (¢,) and in
circumferential direction (g,)

tions [39], the minimum twist angle D;,“i“ that could be
represented by such a grid on a simulation area can be

calculated as follows :

D;,“i“ = arctan (cll_y) an
X

with dy as distance between grid points in axial (y) di-

rection and /, as length of the simulation domain in cir-

cumferential direction. In order to satisfyingly represent

the geometrical features of the twist structure, an signifi-

cantly higher resolution would be necessary, which would

strongly depend on the twist angle. With the grid described
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Fig. 6 Effect in the profile gap, a

t.: when simulation area is not

in orientation with twist angle,

the ridge of the structure forms

an artificially step-like shape. 1
b.: when simulation area is
oriented along the twist angle,
this problem does not occur

axial direction / m
o
(%]

0
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circumferential divection / m %107

o
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axial direction / m

0 <
0 0.5

circumferential direction / m X107

in Sect. 6.1 follows Dgli“ =0.0099, which is not < D, of
the investigated shafts (see Table 2).

In such a simulation domain and grid, this resolution de-
pendence leads to a poor representation of the shaft surface
geometry as can be seen by the step-like variation in height
of the profile across the circumferential direction in Fig. 6.

To eliminate this problem the grid is oriented along the
twist direction as shown in Fig. 6b. Thereby, the dependence
of the grid resolution on the twist angle and also the poor
representation of the shaft surface can be eliminated.

Based on this approach, the surface data for the planned
SCS variants were simulated. The rotation of the simulation
domain by angle D,, also requires that the surface velocities
in relation to the simulation grid ¥ and v are recalculated

surface profile (simulation area)

0 1 2 3 4 5

- ‘ 0.013° circumferential direction / m %107
i twist Angle
i B
X 107
E g36
> il
2 A
[}
2 825
5 ° (I
j=1
0 1 2 3 4 5
circumferential direction / m X 104

surface profile (simulation area)
7><ﬂ:)'d

5

-

LS]

axial direction / m

-

. 0.013°
i twist Angle

0 1 2 3 4 5
circumferential direction / m %1074

X107~ A B
836\ 'l' ‘W

8.25

profilegap / m

0 1 2 3 4 5
circumferential direction / m X 104

(with u’ and v’: axial and circumferential direction in local
coordinate system of the shaft, see also Fig. 13):

u =u'cos(Dy) +v'sin(Dy) (12)
v =2v"cos(D,) +u’sin(D,) (13)

The same must be taken into account, when analysing the
flow velocities in the lubrication gap, which can be calcu-
lated from the simulation results.

4.1 Evaluation of functional behaviour in sealing
system

In order to derive the functional behaviour of a shaft surface
in a sealing system, simulations are performed with differ-
ent shaft rotation speeds and gap heights within the typical
range for radial shaft seals [34, 39]. The simulation yields
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the distribution of cavitation degree and pressure, which
then needs to be further evaluated to determine conveying
action and assess the lubrication properties of the surface.

4.1.1 Rate of flow and conveying action

The conveying effect that the shaft surface imposes on
the lubricant can be determined by calculating the fluid
flow (per volume element) in axial direction using (14) and
(15) [29], where ¢, and ¢, are the flow rates in x- and
y- direction respectively. dx and dy are the edge lengths
between the discretization points.

) -1 ap h
dy = (E}" 5h3dx) + ((U2 + 'l)])E@dx) (14)
. -1 p 5 h
4dx = (mah dy) + ((u2 +U1)§Ody) (15)

After determination of total flow rate in x- and y- direc-
tion by integration along the respective diagonal direction,
the resulting flow rate ¢,, in axial and g, in circum-
ferential direction has to be calculated using the simple
trigonometric relations shown in Fig. 13 and (12), (13). The
flow rate g, in axial direction was subsequently scaled to
the whole shaft circumference and normalized with respect
to the sliding distance (yielding a dimension of l/m) to
allow for a comparison to the reverse pumping rate results
(Sect. 5.1), as shown in (16):

. wd 10007 d
dax = Yax (Z) ( 60 ) (16)
where,
Iy width of the simulation surface=5 x 10™*m

d diameter of the shaft=80mm

5 Experimental setup and investigation

In order to determine the influence of the machining param-
eters on the conveying action of the hard turned samples and
also for comparison with simulation results, reverse pump-
ing values of shafts finish-machined with different combi-
nations of cutting parameters were evaluated and studied
to conclude on the cutting parameter dependencies. RSS
of type BAUM 5X7 80-100-10 made of the fluoro-elasto-
mer 75 FKM 585 and a PAO lubricant with SAE viscosity
grade OW-20 (n = 14.27mPas at 70°C) were used for all
investigations.
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Fig.7 Test setup for measuring the reverse pumping using the two
chamber principle [6]

5.1 Reverse pumping value measurement

The test setup is made up of two test chambers as shown in
Fig. 7. Every test was conducted with test chamber 2 (right)
filled fully with oil and the riser pipe attached with the test
lubricant, while in test chamber 1 (left), the oil was just
filled up to the height of the shaft centre representing the
actual application [23] In each of these chambers, the oil
pressure is measured and monitored with a high resolution
pressure sensor. Since the oil pressure depends on the oil
level in the riser pipe, the rate of fluid transport into or out
of the test chamber is determined. The method of measur-
ing is based on the converse installation of the radial shaft
seal [0, 21]. The air side of the RSS was directed towards
chamber 2, resulting in a conveyance effect from chamber 2
to chamber 1. The temperatures of both oil chambers were
controlled using two separate heating circuits. Before the
start of the experiment, the RSS performed a 100 km run-
in at 5 m/s (1189rpm). A thermal equilibrium between both
test cells is ensured before the start of the actual measure-
ment. As a result of the reverse pumping effect, the initially
filled riser pipe is emptied by the transfer of lubricant to the
other chamber. This concludes the test. As the oil level in
the riser pipe decreases linearly, the measured pressure also
decreases. The test is run in both directions in order to de-
termine the reverse pumping value for both SCS and RSS
separately as described below. For statistical purposes, each
measurement is repeated once.

The reverse pumping value of the system consisting of
SCS and seal can be calculated using (17), where d g p is the
diameter of the riser pipe, K is the gradient of the pressure
signal in oil chamber 2, p the density of the lubricant at
test temperature, g the gravitational constant (g=9.81m/s>)
and v the relative speed in the sealing contact. The resulting
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Fig.8 Exemplary results of the simulation of variant 2 with feed f = 115wm, twist angle D, = 0.026°, tool corner radius re = 400 um
at 1000rpm and an average gap height of 1.51 wm a Simulated SCS profile gap of variant 2 (after orientation along twist angle) b pressure

distribution ¢ cavitation

reverse pumping value was normalized with respect to the
sliding distance and is given in wl/m [6, 40].

Kd;
pv="2Ckp a7
4 pgur
By using (18) and (19), the individual reverse pumping
values of both SCS and RSS can be determined [40].

1
PVgss = E(PVSySI +PVSysZ) (18)

1
PVscs = 3 (PVsys1 — PVsys2) (19)

Here, PVg,41 represents the reverse pumping value of
a sealing system with SCS rotating in counter-clockwise
direction and PV, represents the reverse pumping value
of sealing system with SCS rotating in clockwise direction.
PVRgss is the reverse pumping value of the RSS alone,
similarly, PVgcs is the reverse pumping value of the SCS.
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6 Results
6.1 Simulation

Hydrodynamic simulations with the SCS generated using
the kinematic simulation according to Table 2 have been
conducted and evaluated as described in Sects. 2 and 4.
The input parameters for the simulation are listed below:

[,  length of the simulation surface=5 x 10™*m
! . width of the simulation surface=5 x 10™#m
ny grid size along length of simulation surface=

101 cells*

n x grid size along width of simulation surface=
101 cells*

* this resolution has proved to be sufficient for the

investigated surfaces in a mesh convergence analysis
d diameter of the shaft=80mm

u investigated range of rotational shaft speed=
1000 rpm to 4000 rpm

h ¢  investigated range of average gap heights=0.5um
to 2.0 um

4000
3000

rotational

speed /rpm

400
3000 - o
average gap 2000

height / pm

flow in axial direction / pl/m ©

o X S
rotational 0.5 1000

speed /rpm

Fig.9 Flow in axial direction of three shaft surface variants vs. average gap height and rotational speed a Variant 1 with feed=55 pum, tool corner
radius=400 wm, b Variant 3 with feed=80 um, tool corner radius=800 Lm, ¢ Variant 5 with feed=100 wm, tool corner radius= 1200 m. (see

Table 2 for all surface characteristics)
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The results are presented in this chapter and compared
to experimental results obtained with manufactured SCS.

In Fig. 8a, the simulated surface of SCS of variant 2
after orientation as explained in Sect. 4 is depicted. The
corresponding pressure distribution and cavitation degree
distribution obtained from simulating this surface accord-
ing to Sects. 2 and 4 can be seen in Fig. 8b and c. Fig. 8
serves as exemplary depiction of the primary results (pres-
sure and cavitation) of the hydrodynamic simulation. From
the pressure and cavitation distribution and the gap height,
the local fluid flow can be calculated using (14), (15) and
(16).

6.1.1 Numerical simulation of the fluid flow induced by the
shaft surface

Fig. 9 shows the overall flow in the simulation domain
in axial direction for variants 1, 3 and 5 for shaft speeds
varying from 1000 rpm to 4000 rpm and average gap height
varying from 0.5 pm to 2.0 wm. The average axial lubricant
flow of SCS increases strongly with rotational speed and in-
creases slightly with decreasing gap height, indicating, that
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the conveying effect of the SCS is stronger for smaller gap
heights. Furthermore, it also increases with increasing feed
(and thus higher twist angle and conveying cross section).
This represents the expected behaviour.

In order to determine the influence of the machining
parameters and resulting surface topography of the shaft
surface, further simulations were limited to a constant speed
of 1000rpm and average gap height of 1.51 um. The flow
Jax 1n axial direction was determined and analysed.

In Fig. 10, the flow of the lubricant in axial direction
is depicted over the feed, twist angle, roughness Rz and
conveying cross sectional area. Here, the roughness of the
SCS manufactured with same parameters has been used,
when available, since the calculation of twist depth is not
valid for tools with wiper geometry, i.e. variant 9 and 10.
It can be observed that the flow increases with all of those
parameters. The best coefficient of determination of a linear
fit R? can be found with roughness and conveying cross
section area.

The results for variants 3.1 and 3.2 with different shaft
diameters show, that the flow depends much more on the
roughness Rz than on the twist angle. Furthermore, it can be
seen, that SCSs which have been machined using a wiper
geometry (and thus have significantly reduced values of
roughness Rz, see Table 2, Var. 9, 10) have reduced ax-
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Table 3 Coefficient of determination of linear regression R? and adjusted coefficient of determination of linear regression (considering 3

2

machining parameter dependencies) Radj

between simulation results and SCS parameters for all variants

Simulation result Feed Corner radius Twist angle Rzyvg DF Rquvg
R? Flow qgx 0.618 0.009 0.38 0.85 0.78 0.88
Rﬁd,.Flow dax 0.43 -0.49 0.065 0.77 0.67 0.82

ial flow rates compared to their corresponding conventional
tool variants with same machining parameters (Var. 3 and
4). For a conventional tool geometry, the flow depends
strongly on the roughness and conveying cross sectional
area and depends less on feed and twist angle. However,
the wiper geometry variants slightly deviate from the lin-
ear regression for both parameters. This is probably due to
the fact, that the conveying action also depends on the feed
(Table 1) and thus the twist angle, which is not influenced
by the use of a wiper geometry.

The coefficient of determination of a linear fit between
flow and corner radius of the tool was poor and is therefore
not shown. However, an increase of flow with corner radius
could be found when comparing SCS variants with similar
feed, indicating that the corner radius has a minor effect
compared to the feed.

Since the fluid flow depends on several machining pa-
rameters, the adjusted coefficient of determination taking
into account dependencies with three independent parame-

ters (d, f, re; all other investigated parameters are depen-
dent on these three values in an idealized turning process)
R, =1-(1- Rz)nf—;)l_l (with n =number of data points,
p=number of independent parameters) has also been cal-
culated (Table 3). Results show, that especially for the twist
angle Rﬁdj is much lower and that if even becomes negative
for the corner radius.

Summarizing, it can be concluded, that the flow depends
on all investigated parameters with different strength and
also that there exist cross dependencies between those pa-
rameters.

Dependencies between the machining parameters and
hydrodynamic lift-off pressure could not be found using
this simplified simulation approach. This is probably due to
the choice of a fixed average gap height, since the lift-off
pressure strongly depends on the gap height. Furthermore,
in sealing systems, a part of the contact load is borne by
direct roughness contact [39] which was also neglected.
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Fig. 12 Comparison of regression of measured reverse pumping value
vs. simulated flow in axial direction to the ideal results. A deviation to
the ideal results is present, which is significant especially for low shaft
roughness

6.2 Experiment
6.2.1 Reverse pumping value

The reverse pumping values of the individual SCS, deter-
mined normalized with the sliding distance as described in
Sect. 5.1, are shown in Fig. 11. The negative sign indicates
fluid conveyance from air to oil side.

In agreement with the simulation of the conveying effect
(Fig. 10), the measured absolute reverse pumping values,
the strongest dependencies are with roughness and convey-
ing cross sectional area. Small deviations between the be-
havior in simulation and measurement can be found for feed
and twist angle. These deviations can be explained by the
difference between the surfaces generated by the kinematic
simulation (simulation input) and the manufactured surface
(input for measurements). Since a kinematic simulation ne-
glects tool vibration and plastic material behaviour during
cutting, the real surface has a different roughness and cross
sectional area than the simulated surface although the same
feed has been used.

In order to compare simulation and experimental results,
the measured reverse pumping value and simulated flow
are depicted in Fig. 12. The coefficient of determination
of a linear fit between both data sets of R?> = 0.984 in-
dicates that the simulation can predict the general behav-
ior of the real manufactured surface with reasonable ac-
curacy. However, a deviation between the absolute values
is present, especially for the shafts with lower roughness.
Possible reasons for these deviations are the differences be-
tween the manufactured surfaces and the kinematic simula-
tions, which do not consider elastic and plastic deformations
of the material, tool wear or vibration. A comparison of
the roughness of the simulated and manufactured SCS has
shown, that the deviation between both values is of the same
magnitude as the deviation between the simulated fluid flow
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and measured pumping rates. In concordance with the rel-
ative deviation between flow simulation and measurement,
for surfaces with lower roughness, the relative deviation
between simulated and manufactured surface is bigger than
for surfaces with higher roughness. The relative deviations
match very well in their order of magnitude. This justifies
the conclusion, that the deviations depicted in Fig. 12 are
the result of differences between kinematic simulation and
real manufactured surfaces.

The simplifications made in the hydrodynamic simula-
tion, i.e. neglection of RSS surface, deformation and calcu-
lation of the oil viscosity based on the oil sump temperature
might also result in minor prediction errors. The choice of
a fixed average gap height for all surfaces in the simulation
could also play a role. It is plausible, that the real gap height
is smaller for surfaces with lower roughness values.

Nevertheless, the results show, that the general influence
of the SCS on the fluid flow can be estimated even before
shafts are machined using surfaces generated from a kine-
matic simulation with reasonable accuracy. This already
allows for the qualitative comparison of different manufac-
turing parameters. Considering tool vibrations and wear in
the kinematic simulation in order to get a more realistic es-
timation of the manufactured surface could further improve
the prediction quality of the modeling approach.

7 Summary and outlook

A simplified hydrodynamic simulation model has been set
up to investigate the effect of different machining param-
eters on the function of shaft surfaces in sealing systems
using radial shaft seals. The simplifications include the ne-
glection of seal topography, deformation, force balance and
mixed friction. The fluid conveying effect in axial direc-
tion has been investigated in shaft surfaces generated with
a kinematic turning simulation model.

Using the model, it could be shown that the axial flow
rate, which represents the conveying effect of the surface
within a sealing system, strongly depends on the shaft
roughness Rz and the conveying cross sectional area DF
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and also slightly on the twist angle D,, and the feed f. The
investigation of additional parameter sets was not possible
in the scope of the work presented in this paper but could
improve and expand the findings further in future work.

A comparison to measured reverse pumping values of
hard turned shaft surfaces shows that the simulative predic-
tions for the axial flow rates fit well with the behaviour in
areal sealing system. Deviations between the results of flow
simulation and reverse pumping value measurement were
shown to be caused by differences between the roughness
of simulated and manufactured shaft surfaces.

The proposed simulation model can be applied to pre-
estimate the effects of the different machining parameters
on the conveying action of a shaft in sealing systems and
thus allow manufacturers to pre-select promising parameter
sets. The model will also be used to investigate shaft sur-
faces generated with special turning kinematics, which are
supposed to generate a lead-free surface in our upcoming
research.
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0/.

8 Appendix

8.1 Transfer between shaft coordinate system and
twist coordinate system

simulation domain without rotation (along shaft axis)
simulation domain with rotation (along twist)
v

Circ o

Dy

A -
ax’
Fig. 13 Geometric relationships between the velocities in simulation
domain along the shaft axis and the simulation domain along the twist
direction. The angle of rotation between both systems is D,,

8.2 Nomenclature

Table4 Nomenclature

Symbols  Description Unit
c Radial clearance of journal bearing (lubricat- m
ing gap)
d Shaft diameter mm
drp Diameter of the riser pipe of the test setup to m
determine reverse pumping value
dx Edge length of control volume in x direction m
d, Edge length of control volume in y direction m
e Eccentricity ratio -
e Discretization on eastern edge of control vol- -
ume
€ tool included angle of cutting insert °
f Feed of the turning process mm/rev
g Gravitational constant m/s?
h Lubrication gap height m
hg Range of average gap heights wm
l Length of journal m
Iy Length of simulation area m
I Width of simulation area m
Ny Grid size along length of simulation surface -
ny Grid size along width of simulation surface -
n Discretization on northern edge of control -
volume
p Contact pressure N/m?
DPmax Pressure at maximum film thickness N/m?
Pcav Cavitation pressure N/m?
qs Cell thickness of the simulation area m
Gax Lubricant flow in axial direction Wwl/m
Gax Rate of lubricant flow in axial direction m?/s
deire Rate of lubricant flow in circumferential di- m>/s
rection
G Rate of lubricant flow in x direction m’/s
qy Rate of lubricant flow in y direction m’/s
p Radius of journal m
Te corner radius of the cutting insert mm
s Discretization on southern edge of control -
volume
u’ Surface velocity in circumferential direction m/s
U Flow velocity in input in x direction m/s
U Flow velocity in output in x direction m/s
Um Mean flow velocity in x direction m/s
v’ Surface velocity in axial direction m/s
Flow velocity in input in y direction m/s
v, Flow velocity in output in y direction m/s
U Mean flow velocity in y direction m/s
vy Relative speed in sealing contact m/s
w Discretization on western edge of control -
volume
Coordinate in x direction m
Coordinate in y direction m
Coordinate in z direction m
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Table 4 (Continued)

Symbols  Description Unit
o clearance angle of the tool °
§p W Correction value for P in the i-th iteration -
step
§e D Correction value for @ in the i-th iteration -
step
n Dynamic viscosity Ns/m?
Mo Reference dynamic viscosity Ns/m?
n Dimensionless dynamic viscosity -
K Ratio of the length of the simulation area in -
x and y direction
K, tool cutting edge angle of the minor cutting °
edge
o Density kg/m?
0 Reference density kg/m®
0 Dimensionless density -
e Cavitation degree -
wp angular velocity of bearing surface rad/s
DF Theoretical conveying cross-sectional area m?
DpP Period length wm
Dt Twist depth wm
D, Twist angle °
H Dimensionless lubrication gap height -
Jre. P Derivation of the REYNOLDS equation (RE) -
in terms of P
Jrs. P Derivation of the FISCHER-BURMEISTER -
equation (FB) in terms of dimensionless
pressure P
K the gradient of the pressure signal in oil Pa/s
chamber of the test setup to determine re-
verse pumping value
M Number of cells in the width of the simula- -
tion area
P Dimensionless pressure -
PV Reverse pumping value Wwl/m
PVgss Reverse pumping value of RSS wl/m
PVycs Reverse pumping value of SCS Wwl/m
PVsysi Reverse pumping value of sealing system wl/m
with both SCS and RSS rotating in counter-
clockwise direction
PVsy2 Reverse pumping value of sealing system wl/m
with both SCS and RSS rotating in clockwise
direction
Rqave RMS average of the SCS pwm
Rz4yg Average maximum height of the SCS wm
Vin Dimensionless mean velocity in y direction -
X Dimensionless coordinate in x direction -
Y Dimensionless coordinate in y direction -
Z Dimensionless coordinate in z direction -
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