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Abstract: The primary task of rotary shaft seals is to prevent an unwanted fluid transfer between two
areas. In shaft passages of gearboxes, for example, rotary shaft seals avoid the leakage of transmission
oil to ambient air. This means the flow in the lubricant film in the sealing gap between the sealing
edge and the shaft surface consists of at least two phases. Taking the phenomenon of cavitation into
account, the flow consists of three phases. This study aims to provide an in-depth understanding
of the multiphase flow in the lubricant film of rotary shaft seals. As experimental studies of the
flow processes on a microscale have proven to be quite difficult, a simulation-based approach is
applied. Computational fluid dynamics (CFD) serves to compute the transient multiphase flows in
the lubricant film in the sealing gap. The computational domain is a three-dimensional microscale
model of the lubricant film. The results show the transient hydrodynamic pressure buildup and the
dynamic phase interactions during operation. This study provides far-reaching insights into the
multiphase flow processes in the lubricant film in the sealing gap and simulation-based evidence of
the lubrication and sealing mechanism of rotary shaft seals.

Keywords: rotary shaft seal; computational fluid dynamics; multiphase flow; surface roughness

1. Introduction

Rotary shaft seals, according to [1,2], are widely used sealing systems in many technical
applications. As summarized in [3], the basic task of sealing systems is to separate two
areas to prevent a free exchange between the fluid to be sealed and the ambient fluid. Thus,
according to [4], they represent a tribological system consisting of the sealing element,
the counter body, the fluid to be sealed, and the ambient fluid. Figure 1 shows the basic
structure of the tribological system rotary shaft seal. The sealing element is the elastomeric
sealing ring, the counter body is the sealing counter face on the shaft, the fluid to be sealed
is commonly oil, and the ambient fluid is air. In the dynamic state, the rotary shaft seal
forms an active sealing mechanism. More detailed descriptions of the physical operating
principles and operating hypotheses explaining the active sealing mechanism can be found
among others in [5,6].

When the shaft rotates, the sealing edge lifts in the sealing zone, causing a thin
lubricant film to be built up in the sealing gap between the sealing edge and the shaft
surface. As a result, there is no solid boundary between the fluid to be sealed and the
ambient fluid, leading to a phase interaction. Assuming that the fluid to be sealed is oil and
the ambient fluid is air, and taking the phenomenon of cavitation into account, this results
in a multiphase flow in the sealing gap consisting of oil, oil vapor, and air.

To date, there is a lack of studies dealing with the transient multiphase flow of rotary
shaft seals. In [7–9] models for the prediction of the position of the oil meniscus on the air
side, the film height, the cavitation zones, and the pressure distribution are presented. The
transient formulation of the Reynolds equation is applied here to solve the hydrodynamic
behavior of the lubricant. The Jakobsson–Floberg–Olsson (JFO) model, according to [10,11],
provides a solution to the cavitation phenomenon. The fluid properties of the secondary
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phase air are neglected. Simplified models serve to consider the surface roughness. The
Reynolds equation is usually used to solve the fluid dynamics of rotary shaft seals. This is
opposed by studies [12,13] which question the general validity of the Reynolds equation
to these tribological problems. With increasing computational performance, the complete
solution for the Navier–Stokes equations becomes even more common in the computation
of the fluid dynamics of rotary shaft seals. For example, Yang et al. [14] used computational
fluid dynamics (CFD) to analyze the flow field around a ribbed helix lip seal. Keller et al. [15]
optimized the microstructures on rotary shaft seals by applying CFD.
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This paper deals with the numerical implementation of and solution to the transient
laminar multiphase flow in the lubricant film in the sealing gap of rotary shaft seals.
CFD is used for this purpose. The inputs are fluid properties that depend on various
operating conditions and surface measurement data of sealing edge surfaces. This will
provide a detailed insight into the flow processes in the sealing gap and lead to an in-depth
understanding of the active sealing mechanism.

2. Methods and Materials

In this study, CFD is used to analyze the multiphase flow in the lubricant film in
the sealing gap of rotary shaft seals. The commercial software ANSYS Fluent 2021 R2
provides the numerical implementation of and solution to the multiphase flow. The
computational domain is limited to the sealing zone. Three representative segments are
used to approximate the lubricant film over the circumference of a rotary shaft seal. Data
from microscopic scans provide the consideration of the rough elastomer surface. The
sealing counter face is assumed to be ideally smooth. The sealing gap height is predicted
via lubricant film thickness equations. This means an indirect coupling of the structure and
the fluid. The computational model relies on the assumption of a laminar flow. The model
considers the three fluid phases: oil, oil vapor, and air. The material properties of oil are
defined in indirect dependence on the temperature. Oil vapor and air are assumed to be
constant. The energy equation and heat transfers are neglected. A pressure-based solver
with absolute velocity formulation is employed.

2.1. Gorvening Equations

The conservation laws for mass, momentum, and energy provide a description of
the fluid flows. Assuming an isothermal flow, the conservation law for energy can be
neglected. This study employs the mixture model to describe multiphase flow. A detailed
description of the mixture model can be found in [16,17]. Considering a flow with n phases,
the continuity equation for the mixture m is given by the following equation:

∂

∂t
ρm +∇ · (ρm um) = 0, (1)
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where

um =
∑n

k=1 φk ρk uk

ρm
(2)

is the mass-averaged velocity vector and

ρm =
n

∑
k=1

φk ρk (3)

is the mixture density. Here, φk and ρk are the volume fraction and the density of the
kth phase and uk is the velocity vector of the kth phase. The momentum equation for the
mixture model is as follows:

∂

∂t
(ρmum) +∇ · (ρm um um) = −∇ p +∇ ·

[
ηm

(
∇ um + uT

m

)]
+ ρm g + f−∇ ·

n

∑
k=1

φk ρk uMk uMk, (4)

where f represents the body forces and g represents the gravity vector. The viscosity of the
mixture model is based on the following equation:

ηm =
n

∑
k=1

φk ηk, (5)

where ηk is the viscosity of the corresponding phase k. The drift velocity, i.e., the relative
velocity of phase k to the center of mass of the mixture, is given by the following equation:

uMk = uk − um. (6)

As described in [18], local pressure that drops below the saturation pressure pv of the
fluid can occur in a fluid flow in micro irregularities, such as on the asperities of a rough
surface. This causes the fluid to go from the liquid phase to the vapor phase. The unsteady
mass transfer between the phases in vapor cavitation can be described using the model of
Schnerr and Sauer [19]. The vapor transport equation

∂

∂t
(
φvap ρvap

)
+∇ ·

(
φvap ρvap uvap

)
=

.
m− − .

m+ (7)

allows the description of the mass transfer between the two phases in cavitation, where
φvap and ρvap are the volume fraction and the density of the vapor phase. The velocity of
the vapor is represented by uvap. The mass transfer rates

.
m− for evaporation and

.
m+ for

condensation provide a description of the mass transfer between the two phases depending
on the local pressure p via the following equations:

.
m− =

ρliq ρvap

ρ
φvap

(
1− φvap

) 3
rb

√
2
3

pvap − p
ρliq

, when p ≤ pvap (8)

and
.

m+
=

ρliq ρvap

ρ
φvap

(
1− φvap

) 3
rb

√
2
3

p− pvap

ρliq
, when p > pvap. (9)

Here, rb is the radius of the vapor bubbles, ρliq is the density of the liquid phase, and ρ
the local density.

2.2. CFD Modeling

The modeling represents a decisive step in CFD. This includes the definition of the
geometry of the computational domain, the specification of the material parameters, the
discretization of the computational domain into a discrete computational grid, and the
setting of boundary conditions.
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2.2.1. Geometry

The first step in CFD modeling is to define the geometry of the computational domain.
This includes the setting of reasonable borders, relevant to the problem. As shown in
Figure 2, the fluid domain in the sealing gap is bounded by the shaft surface and the sealing
edge surface. In addition, it is necessary to define an air side and an oil side border of
the computational domain. This study focuses on the hydrodynamic effects of the rough
elastomer sealing edge surface, so the shaft surface is assumed to be ideally smooth in a
first approximation. The deformed rough sealing edge surface h(x, y) results from previous
finite element analyses (FEA) according to [20,21]. The limit gap height hlim provides the
definition for the air side and the oil side border of the fluid domain.
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In addition to the sealing edge surface h(x, y), the minimum gap height h0 defines
the computational domain. An estimation of the lubricant film thickness is based on the
equation proposed by [22,23]. Marx et al. [22] used an optical interferometry to measure
the lubricant film thickness under soft elastohydrodynamic lubrication (EHL) conditions
and obtained the film thickness equation as follows:

hc

R′

(
W
U

)2
= 2.7 g0.725

E . (10)

Here, the dimensionless elasticity parameter, according to [24],

gE =
W

8
3

U2 (11)

represents the relation between the load parameter

W =
F

E′ R′2
(12)

and the velocity parameter

U =
ηliq u
E′ R′

(13)

according to [25,26]. F is the normal force, η the dynamic viscosity, and u the effective
velocity. The reduced Young’s modulus is given by

E′ =
1
2

(
1− ν2

1
E1

+
1− ν2

2
E2

)
, (14)
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with the respective Young’s moduli E1 and E2 and Poisson’s ratios ν1 and ν2 of the contact
bodies. According to [27], the radius of curvature in x and y direction is

R′x,y =
1√
2 Sq

(
λx,y

2 π

)2

, (15)

with the effective wavelengths

λx,y = 2 π
Sq

σx,y
(16)

according to [28], and the root mean square roughness slopes σx,y. Sq is the root mean
square height. The reduced radius of curvature results in

R′ =

(
1

R′x
+

1
R′y

)−1

. (17)

Sperka et al. [23] provide the analytical equation

hc

hmin
= 1 + 0.1 α0.128

pη M0.38 −
√

M

(
α0.2

pη ln(L)− 3

22.7

)
(18)

for determining the ratio between the central lubricant film thickness hc and the minimum
lubricant film thickness hmin. Here,

M = G (2 U)
1
4 (19)

and
L = W (2 U)−

3
4 (20)

represent dimensionless parameters according to [29], and αpη is the pressure
viscosity coefficient.

By setting the minimum lubricant film thickness hmin equal to the minimum sealing
gap height h0,

hCFD(x, y) = h(x, y) + h0 (21)

is obtained as the upper boundary surface of the computational domain. Hence, the
lower boundary surface of the computational domain is smooth, like the left and right
boundary surfaces.

2.2.2. Fluid Properties

The multiphase flow considered in this study is composed of three phases: lubricant
(oil), lubricant vapor (oil vapor), and air. The lubricant properties are considered to be
dependent on the operating conditions of the fluid to be sealed. The fluid properties of the
other two phases, oil vapor and air, are assumed to be constant.

The lubricant properties decisively determine the lubrication and sealing mechanism
of rotary shaft seals. They affect the flow behavior and the friction condition during
operation. The lubricant properties change considerably depending on the temperature.
Rotary shaft seals are subjected to a wide range of operating conditions and, thus, undergo
a wide range of temperatures. A method for estimating the contact temperature in the
sealing gap and, thus, the temperature of the lubricant is presented in [30]. Based on the
given operating conditions, friction conditions, fluid data, and process-related settings,
this tool allows the estimation of the temperature in the sealing gap. The determination of
the lubricant properties is performed analogously to [31]. The lubricant adopted in this
study is a mineral oil without additives (FVA 3 reference oil, ISO VG 100, Weber Reference
Oils, Oberhausen–Rheinhausen, Germany), according to [32]. Rotational speeds in a range
of n = 500 . . . 5000 min−1 (

.
x = 2.1 . . . 20.9 m s−1) are considered. The sealing ring has a
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nominal inner diameter of d = 80 mm. The shaft is half in the oil sump with a lubricant
temperature in the sump of ϑsump = 80 ◦C. Table 1 shows a list of the adopted lubricant
properties. The properties of the lubricant vapor are taken from [10]. The vaporization
pressure pvap = 2× 104 Pa and the bubble number density of ρb = 1× 1011 are applied as
input for the cavitation model. The properties of the secondary phases, air and oil vapor,
are listed in Table 2.

Table 1. Lubricant properties in the sealing gap under different operating conditions.

Rotational Speed
n/
(
min−1) Circumferential

Speed
.
x/
(
m s−1)

Contact
Temperature

ϑcon/◦C

Dynamic
Viscosity
ηliq/(Pa s)

Pressure Viscosity
Coefficient
αpη/

(
Pa−1) Density

ρliq/
(
kg m−3)

500 2.1 82.4 0.0147 1.56× 10−8 836
1000 4.2 89.6 0.0118 1.51× 10−8 830
2000 8.4 103.8 0.0081 1.43× 10−8 824
3000 12.6 117.3 0.0059 1.37× 10−8 812
4000 16.8 130.2 0.0044 1.31× 10−8 806
5000 20.9 142.5 0.0036 1.26× 10−8 800

Table 2. Fluid properties of oil vapor and air.

Fluid Dynamic Viscosity
ηliq/(Pa s)

Density
ρliq/

(
kg m−3)

lubricant vapor 2.0× 10−5 1.2
air 1.7894× 10−5 1.225

2.2.3. Geometric and Structural Parameters

The computation of the sealing gap height with the lubricant film thickness equation
involves the input of geometrical and structural mechanical parameters in addition to the
fluid properties.

The compressed sealing edge surface segments considered in this study are shown in
Figure 3. These three representative surface segments originate from a total of 48 measuring
fields on 6 different sealing rings. The selection is based on the root mean square height
Sq in the unmounted state. Across all considered measurement fields, values in a range
of Sq = 1.73 × 10−6 m . . . 3.46 · 10−6 m are obtained. The surface segment in Figure 3
has a root mean square height of Sq = 2.70× 10−6 m in the unmounted state. That in
Figure 3 is Sq = 2.98× 10−6 m and that in Figure 3 is Sq = 3.35× 10−6 m. Preliminary FEA,
according to [20,21], are used to determine the deformation of the sealing edge surfaces
in operation. The color bar represents the deformed surface h(x, y). The limit gap height
is set as hlim

∼= 15× 10−6 m. The x axis corresponds to the circumferential direction and
the y axis to the axial direction. The arrow indicates the main direction of motion with the
circumferential speed

.
x. Table 3 lists the corresponding geometric surface parameters in

the deformed state. The reduced Young’s modulus is E′ = 21.43× 106 Pa for all segments.

Table 3. Geometrical and structural mechanical parameters of the considered deformed sealing edge
surface segments.

Segment
Root Mean

Square Height
Sq/m

Root Mean
Square Slope

σx/rad

Root Mean
Square Slope

σy/rad

Effective
Wave Length

λx/m

Effective
Wave Length

λy/m

Reduced
Radius of
Curvature

Rx/m

Reduced
Radius of
Curvature

Ry/m

seg 1 0.30× 10−6 0.14 0.13 13.41× 10−6 14.31× 10−6 10.70× 10−6 12.19× 10−6

seg 2 0.27× 10−6 0.11 0.12 15.00× 10−6 14.73× 10−6 14.77× 10−6 14.24× 10−6

seg 3 0.37× 10−6 0.08 0.10 29.03× 10−6 22.48× 10−6 40.70× 10−6 24.41× 10−6
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2.2.4. Discretization of the Computational Domain and Boundary Conditions

Since there is no exact analytical solution to the system conservation equations, a nu-
merical approximation is required. The finite volume method (FVM) allows the discretiza-
tion of the continuous conservation equations given in (1) and (4) into a discontinuous
integral formulation. The meshing algorithm given in [31] is used for the discretization.
The algorithm provides an automatic meshing of the computational domain by specifying
the minimum gap height h0, the number of grid points nx and ny in x and y directions,
and the number of cell layers nz in z direction. This enables the generation of structured
hexahedral CFD grids for various lubricant films. According to [33], hexahedral grids
provide more accurate flow field solutions than tetrahedral ones with the same number
of edges.

In order to minimize the discretization error, grid refinement studies, as in [34–36],
were performed in advance. For the grid refinement study, a steady state was assumed.
The Grid Convergence Index (GCI) method, according to [37], was proposed by [38] to
quantify the discretization error. In order to obtain a suitable computational grid, an
initial computational grid was systematically refined. Figure 4 shows an example of two
computational grids with different fine discretization. The discretization error estimation
was performed using the lubricant film segment for the surface segment seg 1 of Figure 3a.
The computations were performed at a circumferential speed of

.
x = 20.9 m s−1. The critical

variable in this study represents the mass flow rate on the fluid side
.

mfld. For the evaluation,
the dimensionless mass flow rate is calculated based on the following equation:

.
m∗fld =

.
mfld

ρ · Afld
, (22)

where Afld corresponds to the area of the bottom surface (shaft surface). The results
of the grid refinement study are presented in Table 4. From the presented example, a
GCI ∼= 1 % could be achieved with the first refinement level. Based on this, a grid of
nc = (nx − 1) · (ny − 1) · nz = 667 926 cells is selected for further studies.
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Figure 4. Computational grid of the sealing edge surface segment seg 1 from Figure 3a: initial
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nc = 667, 926) (b).

Table 4. Grid study.

Number of Grid
Points nx

Number of Grid
Points ny

Number of Cell
Layers nz

Number of
Cells nc

GCI

140 200 3 82,983 -
280 400 6 667,926 1.0300%
420 600 9 2,258,829 0.2300%
560 800 12 5,359,692 0.0195%

Figure 4a shows the six bounding surfaces of the computational domain. To solve the
problem, boundary conditions need to be defined there. As marked in blue in Figure 4a,
the surface with coordinates x = 0 is coupled to the hidden surface with coordinates
x = max(x) via a translational periodicity. Pressure outlets are defined at the area marked
in red on the air side and on the hidden opposite fluid side. The gauge pressure on the
two sides is ∆p = 0. On the air side, the initial air volume fraction is φair = 1 and on the
fluid side φair = 0. The two remaining white surfaces in Figure 4a are defined as walls. The
upper rough sealing edge surface is stationary, whereas the lower shaft surface is subjected
to the circumferential speed

.
x. The computational domain is initialized at the beginning of

the analysis (t = 0 s) with an oil volume fraction of φoil = 1 and an air and oil vapor fraction
of φair = φvap = 0. Only the right boundary surface on the air side is initialized with an air
volume fraction of φair = 1. Figure 4a also indicates the minimum gap height h0.

2.3. Solver Settings and Solution Control

The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm, as
proposed by [39], is applied to solve the given transient multiphase problem. This is imple-
mented in the applied commercial software ANSYS Fluent 2021 R2. It is a pressure-based
solver with absolute velocity formulation and is suitable for both steady-state and transient
problems. The under-relaxation factors decisively determine the stability and the conver-
gence of the solver. Table 5 lists the under-relaxation factors employed for the solution
control. These settings ensure a convergent and stable solution for all cases considered here.
The residual criteria proved to be appropriate for the present problem are εc = 1× 10−5 for
the continuity, εx = εy = εz = 1× 10−3 for the velocities, and εvap = εair = 1× 10−2 for
the volume fractions of the secondary phases. Preliminary investigations proved that with
nt = 30× 103 time steps by a time step size of ∆t = 0.1× 10−3 s, a sufficiently fine time
discretization can be achieved at reasonable computational effort. Furthermore, it was
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found that a stable state occurs in the resulting total time of t = 3 s for all investigated
operating conditions.

Table 5. Solution controls.

Under-Relaxation Factor Symbol Value

pressure αp 0.7
density αρ 1.0

body forces αf 1.0
momentum αmom 0.3

vaporization mass αvap 1.0
slip velocity αu 0.1

volume fraction αφ 0.5

3. Results
3.1. Sealing Gap Heights

As previously introduced, the minimum sealing gap height h0 corresponds to the
minimum lubricant film thickness in this study. Thus, the sealing gap height depends on
the parameters from Tables 1 and 3. Figure 5 shows the curve of the sealing gap height
h0 versus the circumferential speed

.
x. The markers represent the estimated values for

the sealing edge surface segments shown in Figure 3. The corresponding lines show the
general profile. The sealing gap heights according to Wollesen [40] and Dakov [41] are
compared. Wollesen estimated the sealing gap height based on measured friction torques
and lubricant film temperatures of typical rotary shaft seals. Dakov adopted a numerical
approach and computed the minimal gap height of rotary shaft seals with hydrodynamic
sealing aids based on a fully coupled soft elastohydrodynamic analysis (EHL).
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The results for the gap heights are in the same order of magnitude regardless of the
applied model. The minimum gap heights for all surface segments considered in the
present study lie in a range of h0 ∼= 1.4× 10−7 . . . 4.1× 10−7 m. The gap height increases
up to a circumferential speed of

.
x = 12.6 m s−1 and remains approximately constant

beyond this. The sealing gap heights from [40] show the same trend, up to a circumferential
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speed of
.
x ∼= 6 m s−1 but drop slightly as the speed increases. The gap height curve in [41]

shows a linear increase over the circumferential speed.

3.2. Pumping Rates

The measured data from back-pumping rate tests out of [31] according to [42] serve to
validate the computational results. The sealing ring is mounted inversely to its original
mounting orientation, meaning that oil is constantly provided on the original air side.
When the shaft is rotating, the rotary shaft seal pumps oil from the air side to the fluid side.
There, the pumping rate of the rotary shaft seal can be determined from the oil pumped
through the sealing gap.

In order to compare the computed results with the measured values, the pumping
rate of each examined sealing edge segment is extrapolated to the circumference. Figure 6a
shows the computed pumping rates

.
m plotted against the circumferential speed

.
x for the

sealing ring segments examined. The computed points are linearly fitted. Segment 1 and
segment 2 show a linear increase with increasing velocity. Segment 3 is an exception here.
The values for the pumping rate are very low or even negative, regardless of the velocity.
However, negative values do not mean leakage of the rotary shaft seal, but rather that, in
this segment, oil enters the fluid domain via the fluid boundary on the fluid side. This
effect is essential for the lubrication mechanism of rotary shaft seals. If the sealing ring
pumps fluid out of the sealing gap over the entire circumference, the sealing ring runs dry,
becomes thermally damaged, and finally fails. It is, therefore, necessary that fluid enters the
sealing gap in areas around the circumference to ensure fluid exchange during operation.
Furthermore, it is not critical for the rotary shaft seal to show leakage in certain areas, as
long as the back-pumping effect of the remaining areas compensates this.
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Figure 6b compares the computed pumping rates
.

mcomp with the measured pumping

rates
.

mexp. Here, the computed values represent the average values of the results obtained
for the three surface segments. The experimental results show the average values of a total
of 70 values. The trend lines show a linear course. The computed trend line matches the
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trend line of the measured data quite closely. Thus, the presented model provides valid
results for the fluid flows in the lubricant film in the sealing gap of rotary shaft seals.

3.3. Phase Interactions and Flow Features

In operation, the sealing edge lifts up and there is no solid boundary between the fluid
to be sealed (oil) and the ambient fluid (air). A phase interaction occurs between oil and air.
In addition, high pressure gradients in the fluid domain lead to cavitation.

Figure 7 shows the volume fractions of the two phases, oil φoil and air φair, at different
times at a circumferential speed of

.
x = 2.1 m s−1. The results obtained are for seg 1 of

Figure 3a. The color bars represent the volume fraction of the respective phase. Figure 7a
shows the air and oil fractions in the fluid domain at a time of t = 5× 10−3 s. The air
fraction increases rapidly starting from the air side while the oil fraction decreases. After a
time of t = 50× 10−3 s, only a small fraction of oil remains on the air side, see Figure 7b.
Over time, the oil fraction decreases further until a continuous air film forms on the air
side after a time of t = 1 s, see Figure 7d. Beyond this time, the phase transition between
air and oil does not change its position. The phase transition between oil and air is also
known as the oil meniscus. There are areas that are approximately from the center of the
fluid domain to the oil side where neither oil nor air are present. Here, cavitation occurs,
resulting in oil vapor. These cavitation zones vary slightly over time.
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Figure 7. Volume fractions of oil φoil and air φair in the fluid film segment seg 1 at different times at
a circumferential speed of
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Figure 8 shows the volume fractions at different circumferential speeds in seg 1.
The position of the phase transition between oil and air does not vary with increasing
circumferential speed. However, the velocity affects the fraction of oil vapor in the fluid
domain. As the velocity increases, the cavitation zones expand and more oil vapor occurs.

Figure 9 shows the oil and air volume fractions in the other two lubricant film segments
examined, each at the circumferential speeds

.
x = 2.1 m s−1 and

.
x = 20.9 m s−1. Some of

the results are very different from those for seg 1. The phase boundary between oil and air
extends to the air side for seg 2. In seg 3, there is a distinct phase boundary between oil
and air in the fluid region. Compared to the results for seg 1, this is closer to the air side.
Moreover, seg 3 shows a relatively large mixed area where oil and air are present.
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.
x = 20.9 m s−1;
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x = 2.1 m s−1; and (d) seg 3 at

.
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The flow features in the different lubricant film segments are shown in Figure 10.
Following [43], the streamlines and the distribution of the z-vorticity ωz are presented. The
values are obtained from a transformed surface with an ISO distance of ∆w = 0.12× 10−6 m
to the upper surface (sealing edge surface). The presented flow features result at a cir-
cumferential speeds of

.
x = 2.1 m s−1 after a time of t = 3 s. In general, the fluid film
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segments show a similar flow characteristic. Three regions can be distinguished. In the
middle of the domain, where the lubricant film thickness is lowest, the streamlines indicate
straight lines in the circumferential direction. Here, the z-vorticity is low, which implies
that the tangential flow component in the circumferential direction is dominant. In the
regions on the fluid side and the air side, the z-vorticity is stronger, and the streamlines
show significantly higher proportions of the flow component in the axial direction. On
the fluid side, a stronger z-vortex intensity is apparent than on the air side. In conclusion,
a major proportion of the fluid is dragged along in the sealing gap and, thus, lubricates
the sealing edge. Axial flow components appear on the fluid side and the air side, which
provide the basis for the active sealing mechanism of rotary shaft seals.
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3.4. Cavitation and Hydrodynamic Pressure

It appears that the effect of cavitation and, thus, the formation of oil vapor in the
lubricant film in the sealing gap of rotary shaft seals depends on the circumferential speed.
A significant deviation over time cannot be established. A nearly steady state is reached
after a short period of time. The phenomenon of cavitation depends on the pressures in the
flow. The cavitation number serves to characterize the tendency of a fluid flow to cavitate.
The cavitation number, according to [44–46], is calculated as follows:

Ca =
p− pvap

1
2 ρ

.
x2 . (23)

It is assumed in the following that if the cavitation number is Ca < 1, the fluid tends
to cavitate. If the cavitation number is Ca > 1, the evaporation of the liquid is not expected.
This does not represent an exact cutoff value, but it gives an indication of the tendency of a
fluid to cavitate under specific operating parameters.

Figure 11 shows the development of hydrodynamic pressure and the tendency toward
cavitation versus the circumferential speed for seg 1. Here, the median value of the total
pressure p̃ in the fluid domain and the fraction of the area in the fluid region where Ca < 1
are plotted. The volume fraction of oil vapor φvap and the total hydrodynamic pressure
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p for the lubricant film seg 1 at different circumferential speeds are shown in Figure 12.
The hydrodynamic pressure first drops over the circumferential speed and then increases
sharply. The median value of the total pressure in the fluid domain is p̃ ∼= 77 Pa at a
circumferential speed of

.
x ∼= 2.1 m s−1 in Figure 12a, drops to a value of p̃ ∼= 11 Pa at a

circumferential speed of
.
x ∼= 4.2 m s−1 in Figure 12b, and then increases continuously to

a value of p̃ ∼= 244 Pa for a circumferential speed of
.
x ∼= 20.9 m s−1 in Figure 12d. The

fraction of areas in the fluid domain is shown in Figure 12a where Ca < 1 is ∼= 74%. With
increasing circumferential speed, this fraction increases and is∼= 91 % for the fluid region in
Figure 12d at a circumferential speed of

.
x ∼= 20.9 m s−1. At the lower circumferential speeds

in Figure 12a,b, high oil vapor fractions appear especially in the low-pressure regions. At
the high circumferential speeds in Figure 12c,d, oil vapor volume fractions also appear
in the regions with higher pressures. Continuous stripes in the circumferential direction
with oil vapor appear in the lubricant film segment. This is consistent with the visual
observations in [18], where the so-called cavitation streamers could be found in the sealing
gap of a transparent seal.
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Figure 13 shows the oil vapor fraction φvap and the total hydrodynamic pressure p in
the lubricant film segments seg 2 and seg 3 at circumferential speeds of

.
x = 2.1 m s−1 and

.
x = 20.9 m s−1. In seg 2, the median value p̃ ∼= 3034 Pa in Figure 13a increases to a value
of p̃ ∼= 6329 Pa in Figure 13b. The fraction of areas in the fluid domain tending toward
cavitation increases from ∼=64% to ∼=77%. The median hydrodynamic pressure values for
seg 3 range from p̃ ∼= 11 Pa in Figure 13c to p̃ ∼= 3630 Pa in Figure 13d. The fraction of areas
tending toward cavitation increases from ∼=80% to ∼=95%. Thus, all examined lubricant
film segments show qualitatively the same behavior.
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seg 2 and seg 3 at different speeds after a time of t = 3 s: (a) seg 2 at

.
x = 2.1 m s−1; (b) seg 2 at

.
x = 20.9 m s−1; (c) seg 3 at

.
x = 2.1 m s−1; and (d) seg 3 at

.
x = 20.9 m s−1.

4. Conclusions

The present study deals with the computation of the transient multiphase flow in the
lubricant film in the sealing gap of rotary shaft seals. In conclusion, the following points
can be stated:
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• Computational fluid dynamics (CFD) is suitable for the computation of transient flow
processes of rotary shaft seals.

• The presented method allows the implementation of surface measurement data for
this purpose.

• The lubricant film thickness equations according to [22,23] provide plausible sealing
gap heights with the presented input parameters comparable to those from [40,41].

• The results of three selected sealing edge segments show different flow processes. This
means that the dynamic sealing gap of a rotary shaft seal may not be assumed to be
constant but varies over the entire circumference.

• On average, the computed mass flow rates show high agreement with the measured data.
Consequently, the presented model provides physically reasonable and valid results.

• The computed phase interaction provides an in-depth insight into the sealing and
lubrication mechanism of rotary shaft seals. The results show that a steady state is
established after a period of t = 1 s. This is in agreement with the results from [7],
where at a time of t = 0.8 s, the motion of the oil meniscus stops and reaches a
stable position. A variation of the position of the phase interface depending on the
circumferential speed cannot be found.

• The flow features show a dominant tangential flow in the lubricant film with axial
flow components on the fluid side and on the air side. This provides explanations for
the lubrication and sealing mechanism of rotary shaft seals.

• The analyses of the hydrodynamic pressure and cavitation show that there is almost
no noticeable variation over time. However, as the circumferential speed increases,
the cavitation zone fraction increases and the pressure increases after a slight drop.
The obtained cavitation zone fraction corresponds to the values given in [8].

In conclusion, this numerical study provides an in-depth insight into the multiphase
flow processes in the lubricant film in the sealing gap of rotary shaft seals. In addition, the
presented modeling enables a variety of extension possibilities. Fluid–solid interfaces offer
the possibility to consider heat transitions in the system. Dynamic mesh models allow the
coupling of elastic deformations during operation. The implementation in ANSYS Fluent
2021 R2 offers a variety of extensions with the help of the so-called user-defined functions
(UDF). Thus, the present paper forms the basis for far-reaching investigations on various
problems in sealing technology and tribology.
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Nomenclature

Afld Area of the bottom surface of the fluid domain
Ca Cavitation number
d Nominal diameter
E′ Reduced Young’s modulus
E1 Young’s modulus of the sealing ring
E2 Young’s modulus of the shaft
F Normal force
f Body forces
g Gravity vector
gE Central film thickness
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h Sealing gap height
h0 Minimum gap height
hc Central film thickness
hf Spring lever arm
hlim Limit gap height
hmin Minimum film thickness
L Moe’s parameter
M Moe’s parameter
.

m+ Mass transfer rate for condensation
.

m− Mass transfer rate for evaporation
.

mfld Mass flow rate on the fluid side
.

m∗fld Dimensionless mass flow rate on the fluid side
n Rotational speed
nc Number of cells
nt Number of time steps
nx Number of grid points in circumferential direction
ny Number of grid points in axial direction
nz Number of cell layers in radial direction
p Local pressure
p̃ Median pressure
pvap Vaporization pressure
rb Radius of the vapor bubbles
R′x Reduced radius of curvature in circumferential direction
R′y Reduced radius of curvature in axial direction
Sq Root mean square height
t Time
∆t Time step size
U Velocity parameter
u Effective velocity
uk Velocity vector of the kth phase
um Mass-averaged velocity vector of the mixture
uMk Drift velocity vector
uvap Velocity vector of the vapor phase
W Load parameter
∆w ISO distance
x Circumferential direction
.
x Circumferential speed
y Axial direction
z Radial direction
α Fluid side contact surface angle
α f Under-relaxation factor for body forces
αmom Under-relaxation factor for momentum
αp Under-relaxation factor for pressure
αpη Pressure viscosity coefficient
αu Under-relaxation factor for vaporization mass
αvap Under-relaxation factor for vaporization mass
αρ Under-relaxation factor for density
αφ Under-relaxation factor for vaporization mass
β Air side contact surface angle
εair Residual criterion of air volume fraction
εc Residual criterion of continuity
εvap Residual criterion of vapor volume fraction
εx Residual criterion of circumferential velocity
εy Residual criterion of axial velocity
εz Residual criterion of radial velocity
ηk Viscosity of the kth phase
ηliq Dynamic viscosity of the liquid phase
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ηm Viscosity of the mixture
ϑcon Contact temperature
ϑsump Oil sump temperature
λx Effective wavelength in circumferential direction
λy Effective wavelength in axial direction
ν2 Poisson’s ratio of the shaft
ν1 Poisson’s ratio of the sealing ring
ρ Local density
ρb Bubble number density
ρk Density of the th phase
ρliq Density of the liquid phase
ρm Density of the mixture
ρvap Density of the vapor phase
σx Root mean square slope in circumferential direction
σy Root mean square slope in axial direction
φair Volume fraction of the air phase
φk Volume fraction of the kth phase
φoil Volume fraction of the oil phase
φvap Volume fraction of the vapor phase
ωz z-vorticity

Abbreviations

CFD Computational fluid dynamics
FEA Grid convergence index
GCI Finite element analyses
JFO Jakobsson–Floberg–Olsson cavitation model
UDF User-defined functions
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