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Abstract. Journal bearings are applied in internal combustion engines due to their favourable wearing quality
and operating characteristics. Under certain operating conditions damage of the journal bearing can occur caused
by cavitation. The cavitation reduces the load capacity and leads to material erosion. Experimental investigations
of cavitating ﬂows in dimension of real journal bearing are diﬃcult to realize or almost impossible caused by
the small gap and transient ﬂow conditions. Therefore numerical simulation is a very helpful engineering tool
to research the cavitation behaviour. The CFD-Code OpenFOAM is used to analyse the ﬂow ﬁeld inside the
bearing. The numerical cavitation model based on a bubble dynamic approach and requires necessary initial
parameter for the calculation, such as nuclei bubble diameter, the number of nuclei and two empirical constants.
The ﬁrst part of this paper shows the inﬂuence of these parameters on the solution. For the adjustment of the
parameters an experiment of Jakobsson et.al. [1] was used to validate the numerical ﬂow model. The parameters
have been varied according to the method Design of Experiments (DoE). With a deﬁned model equation the
parameters determined, to identify the parameter for CFD-calculations in comparison to the experimental values.
The second part of the paper presents investigations on diﬀerent geometrical changes in the bearing geometry.
The eﬀect of these geometrical changes on cavitation was compared with experimental results from Wollfarth [2]
and Garner et.al. [3].

1 Introduction
The hydrodynamic journal bearing is an established mechanical element in internal combustion engines. It stands
out by the fact of bear high loads, nearly wearless and low
noise operating conditions. The simple design and the low
priced manufacturing are further advantages. Like in other
hydrodynamic applications cavitation is still a problem in
journal bearings. Caused by the cavitation, erosion of the
surface can occur and that can result in the breakdown of
the bearing. To prevent the damage of the journal bearing
it is necessary to have knowledge about the cause of cavitation. Only if vapour appears in the ﬂow, cavitation can
occur. Therefore investigation of the ﬂow in the bearing
with considering of vaporisation is necessary.
For that investigations the computational ﬂuid dynamics
(CFD) is used. Cavitation is founded by three dimensional
(3D) eﬀects. Therefore the simulations are realised with
the 3D-CFD-Code OpenFOAM. This is a excellent tool
due to the free availability and the open solver code. The
advantage of the numerical simulation is that every detail
of the ﬂow can be obtained. Experiments cannot oﬀer this
diversity. On the other hand an experiment is necessary to
validate the numerical results. One step at the preparation
of the simulation is the grid generation. Therefore special
a
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regions has to be considered. A further step in the preparation is the adaptation of the solver on the ﬂow conditions
in a journal bearing geometry. Therefore the experiment
of Jakobsson et.al. [1] is choosen to simulate diﬀerent parameter variations according to the method Design of Experiments (DoE). The conﬁguration with the best results
is used for a further simulation at the journal bearing of
Wollfarth [2]. In the secound part of the paper changes in
the geometry of the end of the groove and a diﬀerent shape
of the feed hole run out are tested at the journal bearing of
[2].

2 Numerical Model
2.1 Geometrical Parameters

The geometrical parameters of a journal bearing are given
in this section. In ﬁgure1 the diﬀerent dimensions are illustrated. The inner cylinder with the radius R1 is rotating
with ω around the center of rotation. The ﬁxed outer cylinder with the radius R2 stands still.
The displacement of the inner cylinder is considered
by the two eccentricities e x and ey . Other important values
can be calculate from the parameters given in ﬁgure1 by
the following equations 1 to 5.
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Fig. 1 schematic illustration of the principal journal bearing
geometry

(1)

U 1 = ω · R1

(2)

Ψ · R1 · U 1
ν

H0
Ψ=
R1
ε x,y

e x,y
=
H0

sign[pv − p] = −1
sign[pv − p] = 1

(10)

ρ = ρl α + ρv (1 − α)

(11)

ν = νl α + νv (1 − α)

(12)

The ratio of vapour αNuc depends on the radius of the
nuclei R and the number of nuclei n0 .
αNuc =

(4)
(5)

The numerical solver is based on the ﬁnite-volume method.
For a typical journal bearing of an internal combustion engine the Reynoldsnumbers is calculated Re ≈ 35 [4]. That
means that the ﬂow is laminar. Furthermore the ﬂow is
isothermal since the bubble collaps is not considered. So
the system of partial diﬀerential equations is reduced to
the three dimensional conservation equations for mass (eq.
6) and momentum (eq. 7).

4
3

1+

π R3 n0
4
3

π R3 n 0

(13)

For the bubble dynamic approach the velocity of the
nuclei wall Ṙ is necessary. Therefore the simpliﬁed RayleighPlesset equation 14 is used.

2 |pv − p|
(14)
·
Ṙ =
3
ρl
To adapt the solver for special cases two dimensionless
constants CC and CV are used. They have a linear inﬂuence on the transfered mass of vapour or liquid. Close to
the interface between vapour and liquid the eq. 7 is extended by the surface tension σ. The momentum equation
in such regions is given in eq. 15.
1
∂ρ u
+ (u · ∇) u = ρ g − σ n − ∇ p + μ ∇2 u
∂t
R

(15)

(6)

∂ρ u
(7)
+ (u · ∇) u = ρ g − ∇p + μ ∇2 u
∂t
To consider a secound phase and the phase change a transport equation have to be solved. This transport equation is
given in eq. 8.
m˙+ + m˙−
∂α
+ ∇ · (α u) + ∇ · [α (1 − α) uα ] =
∂t
ρl

3 αNuc
· (1 − αNuc ) · sign[pv − p] · Ṙ
R

(3)

2.2 Mathematical model

∂ρ
+ ∇ · (ρ u) = 0
∂t

·

The density ρ and the viscosity ν are calculated as a mixture which depends on α, see eq. 11 and eq. 12.

H0 = R2 − R1

Re =

(9)

The third term in eq. 8 is only signiﬁcant at the interface between the liquid and vapour phase. If α = 1 (liquid)
or α = 0 (vapour) the term disappears. The velocity of the
compression from the interface is given by the value uα .
The source term on the right side of eq. 8 describes vaporisation m˙+ and condensation m˙− . For this source term a
bubble dynamic approach according to Sauer [5] is used.
The transfered mass is calculated by eq. 10.



R2

Vl
Vl + Vv

(8)

The volume fraction α depends on the volume of liquid
Vl and the volume of vapour Vv in a cell and is calculated
with eq. 9.

2.3 Grid Generation

For the grid generation the blockMesh tool from OpenFOAM is used. The important areas are the feedhole, the
groove, the discharge hole and the gap between the inner
and the outer cylinder. The feedhole and the discharge hole
are meshed with a typical O-grid. For the groove and the
gap a blockstructured mesh is used. To connect the diﬀerent mesh shapes the option mergeMesh is used. A planar
cut through the mesh is illustrate in ﬁgure 2. For the simulation of the experiment from Jakobsson et.al. [1] the grid
is simpliﬁed. Both holes and the groove are not used so that
only the gap has to be modelled. The hole mesh is used in
the simulation of the experiment from Wollfarth [2].
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Table 2 boundary conditions for the simulation of the experiment from Wollfarth [2]



 

inlet
ﬁxed walls
inner cylinder
outlets



  

 



pressure

velocity

α=1
∇α = 0
∇α = 0
α=1

p = 15 bar
∇p = 0
∇p = 0
p = 1 bar

u = f (p)
u = (0 0 0)T
ω = 210 s−1
∇·u=0

Table 3 identiﬁed values for diﬀerent parameters
     
   

Fig. 2 numerical grid for the simulations
 

parameter

value/range

vapour pressure
surface tension
liquid density
liquid viscosity
vapour density
vapour viscosity

pv = 0, 1 Pa
σ = 0, 0265 N/m
ρl = 800 . . . 870 kg/m3
νl = 1 . . . 2 · 106 m2 /s
ρv = 9, 8 kg/m3
νv = 0, 418 · 106 m2 /s

   
  



simulation. A moderate time for the simulation is important for practical analysis. Therefore an alternative solution were found. In the ﬁrst step the ﬂow ﬁeld is calculated
with a steady-state solver with one ﬂuid and without phase
change. Here equation 6 and 7 are solved. The resulting
values for pressure and velocity in every cell are the initial
solution for the transient solution. The time for the simulation is the necessary time for turning the shaft about 2◦ . It is
assumed that the position of the shaft (e x and ey ) is known.
For this short time the moving of the shaft on a trajectory
and the deformation of the housing is neglected. The grid
of the transient solution is the same like in the steady-state
case. With this approach the special case of ﬂow cavitation
can be analised. This special type of cavitation in a journal bearing is founded by the deﬂection of the ﬂow and a
higher velocity caused by a smaller passage to pass by the
ﬂow. In this case the position of the discharge hole plays
an important role and has to be considered.

    
   



  
  

Fig. 3 boundaries at the hole numerical model
Table 1 boundary conditions for the simulation of the experiment from Jakobsson et.al. [1]

inner cylinder
outer cylinder
open ends

vol. fraction

vol. fraction

pressure

velocity

∇α = 0
∇α = 0
α=1

∇p = 0
∇p = 0
p = 1 bar

ω = 48, 1 s−1
u = (0 0 0)T
∇·u=0

3 Adjustment of the Parameters
2.4 Boundary Conditions
3.1 Selection of the Parameters

Cause of the two experiments, diﬀerent boundaries are deﬁned. For the simulation of the experiment from Jakobsson
et.al. [1] only the ﬁxed outer cylinder, the rotating inner
cylinder and the outlet at the open ends has to be considered. At the simulation of the experiment from Wollfarth
[2] furthermore an inlet at the feedhole, the outlet at the
discharge hole, the ﬁxed walls from feedhole, groove and
discharge hole has to be considered. All these boundaries
are shown in ﬁgure 3. The boundary conditions for both
experiments are listed in table 1 and 2
2.5 Procedure

In the real life the movement of the shaft in the bearing
is very complex. It rotates around the centre axis, moves
on a trajectory and is aﬀected by the deformation of the
housing. The consideration of all these eﬀects leads to a
complex CFD-Model resulting in long real time for the

In the equations 8 to 15 two constants and eight properties
are included. For the liquid phase the values for density
ρl and viscosity νl are known. From the literature some
values for the vapour pressure pv were found. A vapour
pressure pv ≈ 0, 1 Pa is in the most cases legal. It should
be considered that oil consist of hydrocarbons. The diﬀerent hydrocarbons steams at diﬀerent pressures respectively
temperatures. Mineral oil consists to 70 % of paraﬃn hydrocarbons down to C18 H38 . For Eicosan (C20 H42 ) values
for the density ρv and viscosity νv of the vapour phase and
the surface tension σ are identiﬁed in [6, 7]. For the number of nuclei, the start diameter of the nuclei and the constants CC and CV no values could be identiﬁed. This has to
be done by diﬀerent experimental settings according to the
method Design of Experiments (DoE). Therefore the experiment from Jakobsson et.al. [1] is used. Here the length
of the cavitation area at a constant width of the bearing is
well-known with lcav = 96, 9 mm.
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3.2 Design of Experiments

n0 x CVn0 x CV
n0 x CC

To identify the relationship and the eﬀect between diﬀerent variables it is often necessary to perform a lot of experiments or simulations. Because of limited time and money
the number of experiments or simulations are also limited.
To get the most knowledge from the simulations the DoE
is a good method. A model equation describes the relationship between the result and the variables. In the most cases
a linear approach with interactions between the variables is
suﬃcient to describe the relationship [8]. An example for
a linear model with interactions is given in eq. 16.
φ = a0 +

m

i=1

a i · χi +

m 
i+1


ai j · χi · χ j . . .

i=1 j=1

CC x CV

CD

n0 x CC x CVACD
dNuc x CC x CBCD
V
dNuc x CV

BD

n0

A

CC

C

n0 x dNuc x CC xABCD
CV
n0 x dNuc
dNuc

AB
B

n0 x dNuc x CCABC

0.02

0.04

0.06
0.08
0.1
standardised effect

0.12

0.14

0.16

Fig. 4 standardised eﬀect of every variable and interaction

3.3 Testing the Approach

The approach is veriﬁed with statistical tests. First the validity of the model equation is tested with regard to the
experimental design. Then the determination of the regression is tested. For the validity of the model equation the
simple coeﬃcient of correlation rop has to be determined,
eq. 18.
sop
rop =
(18)
so · s p
The covariance sop obtains to the measured length of the
simulation and the length calculated from the model equation.
N

(φi,Meas − φ̄ Meas ) · (φi,Mod − φ̄ Mod ) (19)
i=1

The standard deviations so and s p are also calculated from
the length of the simulation and the calculated length.
1 
(φi,Meas − φ̄ Meas )2
N − 1 i=1

(20)

1 
(φi,Mod − φ̄ Mod )2
N − 1 i=1

(21)

N

N

sp =

BC

(16)

At a two level design (every variable is tested at two different settings) the eﬀect of the diﬀerent variables can be
calculated from the diﬀerence of the mean values at the
high and low level. A large eﬀect indicates that these variable has a large inﬂuence on the result. The eﬀect can also
be determined at interactions of variables.

so =

D

dNuc x CC

0

In the Jakobsson experiment the attribute φ is the cavitation
length lcav . The values χi . . . χm are functions from the unknown variables. This functions are unknown and the best
way to identify these functions is to test diﬀerent functions
with considering the eﬀect on the attribute lcav . The values
a0 . . . ak are the parameters of the model equation. These
parameters should be identidied after the run of the experimental design. Equation 16 could also be written in matrix
form. The parametervektor ā can than be determined by
eq. 17.
 T
−1
T
(17)
ā = F̄ · F̄ · F̄ · φ̄

1
N−1

AC

n0 x dNuc x CVABD

+ ak · χi · χ j · . . . · χm

sop =

CV

With the simple coeﬃcient of correlation and the number
of simulations N the following comparison has to be done:
rop
2
1 − rop

·

√

N − 2 > t1−λ, f .

(22)

The value t1−λ, f is the percentile from the Student- distribution with the probability of error λ and the degree of
freedom f = N − 1. A typical value for the probability
of error is λ = 0, 05. If the comparison 22 is accepted the
model equation is validated for the tested conﬁguration of
variables. The secound test is the determination of the regression. Therefore the multiple coeﬃcient of correlation
rχi φ has to be determined. For every parameter of the model
equation a single multiple coeﬃcient of correlation exists
and is calculated with eq. 23.

det|S̄|
(23)
rχi φ = 1 − 2
si · det|S̄ii |
The value det|S̄| is the determinant of the covariance matrix, s2i is the variance of the respective parameter and det|S̄ii |
is the subdeterminant of the covariance matrix. The subdeterminant is formed by removing from row i and column i.
With every multiple coeﬃcient of correlation the following
comparison has to be done:
rχ2i φ
1 − rχ2i φ

·

N−k
> F1−λ, f1 , f2
k−1

(24)

Here k stands for the number of parameters. The percentile
of the Fisher-distribution F1−λ, f1 , f2 depends on the probability of error λ and the degree of freedom f1 = k − 1
and f2 = N − k. If the comparison 24 is accepted, the relationship between the variable and the model equation is
conﬁrmed.
3.4 Analysis of the System

In an older series of simulations the Jakobsson experiment
were tested with a full factorial design on a coarse grid.
From that series the eﬀects of the diﬀerent variables and
interactions is determined and shown in ﬁgure 4. In ﬁgure
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Table 4 adjustment levels for the unknown variables

end of the
groove

parameter

high level

low level

number of nuclei
diameter of nuclei
constant for condensation
constant for vaporisation

n0,H = 1010
dNuc,H = 10 μm
CC,H = 1
CV,H = 10

n0,L = 108
dNuc,L = 2 μm
CC,L = 0, 1
CV,L = 1

4 it is shown that the diameter of the nuclei has an inﬂuence smaller than 2% and can be neglected. Also the interactions n0 · dNuc · CC · CV , n0 · dNuc · CC , n0 · dNuc · CV and
n0 · dNuc have small inﬂuence on the result so they are also
neglected. Every other variable and interaction is received,
so eq. 25 is the linear model equation for the given case.

damage at the
bearing surface

moving of the shaft

Fig. 5 damage of the bearing surface downstream the end of the
groove

φ Modell,1 = a0 + a1 · χ1 + a2 · χ3 + a3 · χ4 + . . .
. . . + a4 · χ1 χ3 + a5 · χ1 χ4 + a6 · χ2 χ3 . . .
(25)
. . . + a7 · χ2 χ4 + a8 · χ3 χ4 + a9 · χ1 χ3 χ4 . . .
. . . + a10 · χ2 χ3 χ4
The following relationship were tested and proved as the
best:
–
–
–
–

χ1
χ2
χ3
χ4

= log10 (n0 ),
= log10 (dNuc ),
= log10 (CC ),
= log10 (CV ).

vapour at the wall
of the bearing

In the case of four variables a full factorial design of the
simulation runs is acceptable. That means for four variables on two adjustment levels, 24 = 16 tests have to be
performed. From older simulations some experience about
the coarse range of the values is present. The high and low
levels for every variable is given in table 4.
With eq. 17 the parametervektor is determined. The
statistical test 22 indicates with more than 95% probability that the model equation 25 is correct. Comparison 24
indicates for eight parameters also more than 95% probability of correctness. Only the parameters a6 and a7 have
more than 90% probability of correctness, but this seems
to be also ok. With model equation 25 a cavitation length
lCav = 96, 86 mm were determined with the following adjustment:
–
–
–
–

n0 = 1010 ,
nNuc = 2 μm,
CC = 0, 179,
CV = 5, 58.

The cavitation length of the appendant simulation is lCav =
109, 4 mm and is to large. To improve the quality of the
model equation ﬁrst the full linear model equation with
every interaction is used. This does not improve the result. Further steps with diﬀerent model equations of secound order don‘t show an advantage. To solve that problem a model equation with higher order terms is necessary. Therefore more simulations have to be done to train a
neuronal network. The eﬀort for that is very extensive and
should not be carried out in the given case. Alternatively
the simulation is chosen with the most closest cavitation
length (the value is lCav = 97, 2 mm) as reference. The according settings are as follows:
– n0 = 108 ,

Fig. 6 vapour region downstream the end of the groove in the
simulation

– nNuc = 2 μm,
– CC = 0, 1,
– CV = 1.

4 Results
4.1 Validation of the Model

In the ﬁrst run the prepared model shall be validated with
experimental data. Therefore the experiment from Wollfarth [2] is the reference. In this experiment the damage of
the bearing surface is a indicator for the existence of cavitation respectively vapour at the bearing surface. In ﬁgure 5
the damage of the bearing surface is shown downstream the
end of the groove. Therefore the discharge hole is placed at
an angle 90◦ downstream the feedhole. This is because the
deﬂection of the ﬂow is founded in the presence of the discharge hole at this region. In ﬁgure 6 the vapour region in
the simulation is close to the surface of the bearing. This
indicates the possibility of cavitation at the surface. The
comparison of the cavitation regions in ﬁgure 5 with the
vapour region in ﬁgure 6 shows a good agreement.
Another case of cavitation is shown in ﬁgure 7. In this
case the damage occurs downstream the feed hole at the
surface of the bearing. The cavitation here is founded in the
double deﬂection of the ﬂow. The ﬁrst deﬂection occurs at
the intersection feedhole with groove and the secound at
the intersection groove with discharge hole. For that case
the discharge hole is placed at an angle 10◦ downstream
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the feedhole. The related illustration from the simulation
is shown in ﬁgure 8. Also in this case the vapour region
is in good agreement with the damaged region at the bearing surface. The comparison between the numerical results
and the damages from the experiment is very good. The
conclusion is that the numerical solver gives a plausible
solution for the ﬂow cavitation in a journal bearing.

unmachined

chamfer 45°

chamfer 20°

chamfer 14°

Fig. 9 three chamfer ends in comparison with the unmachined
end of the groove

damage at the
bearing surface

unmachined

R 5 mm

R 10 mm

R 20 mm

moving of the shaft

Fig. 7 damage of the bearing surface downstream the feedhole

Fig. 10 three rounded ends in comparison with the unmachined
end of the groove

vapour at the
wall of the
bearing

shape of the groove end

org.

Fig. 8 vapour region downstream the feedhole in the simulation

4.2 Investigation in Geometrical Changes

After the validation of the model were done, the inﬂuence
of diﬀerent geometrical changes shall be tested. In the ﬁrst
series of simulations the eﬀect of diﬀerent shapes of the
end of the groove is tested. A ﬂow eﬃcient shape should
prevent the behaviour of cavitation. In Wollfarth [2] investigations on six diﬀerent shapes were done. Three chamfer
ends and three rounded ends were tested. The smoothest
intersection should indicate the fewest aﬃnity of cavitation. The vapour regions of the simulation is shown in ﬁgure 9 and ﬁgure 10. A qualitative analysis is shown in ﬁgure 11 where the volume of vapour of every shape is related
to the unmachined shape. It is obvious that the amount of
vapour decreases with smoother groove ends. In case of the
smoothest intersection (14◦ chamfer and rounded end with
R = 20 mm) the amount of vapour increases compared
with the next smoothest intersection. The reason for that
is founded in the high velocity in this region. The velocity of the original shape, the 14◦ chamfer and the rounded
end with R = 20 mm is shown in ﬁgure 12. Caused by the
smaller gap between the groove and the discharge hole the
velocity increases and the pressure decreases. It is obvious
that the main stream is more aligned to the wall and that the

45°
20°
14°
R5
R10
R20
0

0.25

0.5

0.75

1

volume of vapour related to the unmachined

Fig. 11 relative volume of vapour related to the unmachined
groove end

velocity is higher than in the original case. If the velocity
is high enough the pressure underrun the vapour pressure
and then the amount of vapour increases.
In another simulation the shape of the intersection from
the feedhole to the groove is changed. A chamfer with
(1x1) mm should improve the ﬂow in that intersection so
that the amount of vapour at the wall of the bearing increases. In ﬁgure 13 a comparison of the vapour region
of the unmachined intersection with the chamfered intersection is illustrated. The amount of vapour at the wall of
the bearing decreases. In the discharge hole the volume of
vapour decreases. That is founded in the deﬂection of the
ﬂow at the intersection of the groove with the discharge
hole. In that simulation the diameter of the discharge hole
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Nomenclature

Chamfer 14°

Symbols
unmachined

R 20 mm

Fig. 12 velocity in a planar cut of diﬀerent shapes of the groove
end

amount of vapour at
the wall increases

Fig. 13 velocity in a planar cut of diﬀerent shapes of the groove
end

is not equal to the width of the groove. In every other simulation the diameter of the feedhole and the discharge hole
are equal to the width of the groove. To consider the chamfer a little modiﬁcation at the model were done. This leads
to the diﬀerence between the diameter and the width of the
groove. However the simulation illustrates the decreasing
risk of cavitation in the case of the chamfered intersection.

5 Conclusion and Outlook
In this work the possibility of simulating cavitating ﬂow
in a journal bearing geometry is shown. The constants and
unknown properties for the speciﬁc numerical solver were
found. With this settings the validation between the numerical results and the experimental data has been done. The
results are satisfying. Furthermore the expected improvement of changes in geometrical details were shown in the
simulation. This is a further reason to trust the results of
the CFD simulation.
In further works the numerical gridgeneration can be improved. Details like chamfers, diﬀerent shapes of the groove
etc. should be optional adapted to the model. Otherwise
other geometrical changes like diﬀerent widths of the groove,
heights of the groove and relative bearing clearances could
be observed.
02099-p.7
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ai
ā
CC
CV
dNuc
e
F̄
F1−λ, f1 , f2
f
f1
f2
g
H0
k
lCav
ṁ+
ṁ−
N
n
n0
p
R
R1
R2
Ṙ
Re
rop
rχi ,φ
S̄
s2i
so
sop
sp
sign
t
t1−λ, f
U1
u
uα
V
α
αNuc
ε
λ
μ
ν
ρ
σ
φ
χ
Ψ
ω

model constant
parametervektor
constant for condensation
constant for vaporisation
diameter of the nuclei, μm
eccentricity, m
variationmatrix
percentile of the Fisher-distribution
degree of freedom of the Student-distribution
ﬁrst degree of freedom of the Fisherdistribution
ﬁrst degree of freedom of the Fisherdistribution
gravity acceleration, 9, 81 m/s2
bearing clearance, m
number of model constants
length of the cavitation area, m
mass ﬂow of transfered vapour, kg/(s m3 )
mass ﬂow of transfered liquid, kg/(s m3 )
number of tests
normal vector
number of nuclei, 1/m3
pressure, Pa
radius of the nuclei, m
radius of the inner cylinder, m
radius of the outer cylinder, m
velocity of the bubble wall, m/s
Reynoldsnumber
simple coeﬃcient of correlation
muliple coeﬃcient of correlation
covariance matrix
variance of the value i
standard deviation of the measurement
covariance betweeb the measurement and the
model
standard deviation of the model
signum function
time, s
percentile of the Student-distribution
velocity in circumference direction, m/s
vector of velocity, m/s
velocity of the compression of the interface,
m/s
volume, m3
volume fraction
ratio of vapour
relative eccentricity
probability of error
dynamic viscosity, Pa s
kinematic viscosity, m2 /s
density, kg/m3
surface tension, N/m
result of model equation respectively measurement
transformed variable
relative bearing clearance
angular velocity, 1/s

Indices

l
v
x,y,z

liquid
vapour
coordinates
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