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Abstract: The volume-of-flow method combined with the Rayleigh–Plesset equation is well established
for the computation of cavitation, i.e., the generation and transportation of vapor bubbles inside a
liquid flow resulting in cloud, sheet or streamline cavitation. There are, however, limitations, if this
method is applied to a restricted flow between two adjacent walls and the bubbles’ size is of the
same magnitude as that of the clearance between the walls. This work presents experimental and
numerical results of the bubble generation and its transportation in a Couette-type flow under the
influence of shear and a strong pressure gradient which are typical for journal bearings or hydraulic
seals. Under the impact of variations of the film thickness, the VoF method produces reliable results
if bubble diameters are less than half the clearance between the walls. For larger bubbles, the wall
contact becomes significant and the bubbles adopt an elliptical shape forced by the shear flow and
under the influence of a strong pressure gradient. Moreover, transient changes in the pressure result
in transient cavitation, which is captured by high-speed imaging providing material to evaluate
transient, three-dimensional computations of a two-phase flow.

Keywords: cavitation; Couette flow; bubble dynamics; small clearance; computed flow dynamics;
experiment

1. Introduction

The research of bubble dynamics has a general relevance for numerous technical applications
where a hydrodynamic gap is the core element that either carries the load (journal bearing) or separates
machine compartments (hydraulic seal). In both cases, the fluid film is subject to a shear flow due
the differential velocity of the adjacent walls and a significant pressure gradient. Under transient
operational conditions, the pressure gradient varies over time, combined with a change in fluid film
thickness regions with low local pressure can occur that can result in cavitation, if the local pressure
falls below a critical value.

At this point, the concept of cavitation must be briefly discussed. Firstly, we must ask, where is the
cavity formed? Secondly, what is the fluid and what matter fills the bubble? Thirdly, we will address a
selection of mechanisms that cause cavitation in journal flows. There are numerous works that have
researched cavitation. Borbe’s dissertation [1] is a fundamental work on flow cavitation and a review
for journal bearings is given by Braun and Hannon [2]. In summary, both works suggest a general
differentiation of cavitation into three sub-sections, which are laid out in Table 1 below. It is confirmed
that only vapor cavitation may result in material cavitation due to the extremely short condensation
time. For the generation of voids, Sun and Brewe [3] computed a time of 0.167 ms for the case of vapor
cavitation whereas they found values of 3 × 105 s for gaseous cavitation. Consequently, one would
assume that only vapor cavitation is an issue for typical small gap flows where the residual time of
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the fluid inside the critical zone is significantly less than 1 s. However, a recent study of Pendowski
and Pischinger [4] strongly suggested that under transient conditions, the application of the otherwise
reliable Henry’s law is not valid and substantially shorter formation times of gas voids have to be
applied, which are closer to the order of magnitude of evaporation.

Table 1. Cavitation. Definition of expressions according to [1,2].

Type Fluid Cavitation Material Cavitation

location of cavity void in the liquid formed by gaseous matter

cavity in the wall
caused by repetitive
implosions of vapor

bubbles

Type Gaseous Cavitation Pseudo Cavitation Vapor Cavitation

matter filling the bubble released gas (pure) mixture of released gas
and evaporated liquid

evaporated liquid
(pure vapor)

fluid liquid containing
dissolved gas

liquid containing
dissolved gas pure liquid

This paper focusses on vapor cavitation, i.e., the formation of voids inside the liquid, their growth
and transportation inside the fluid film. Xu et al. [5] describe the dynamics of bubbles in relation to
the clearance between adjacent walls and explain that the structural change of the bubble dynamics
is related to the coalescence of the bubbles. They define a wide gap if the clearance is greater than
0.3 mm and small gaps, if the clearance is less than 0.3 mm. Consequently, this study deals with a
small gap flow, because the clearance in the critical section of the fluid film is 0.15–0.3 mm.

Tryggvason et al. [6] point out that it is important to consider the multi-scale aspect of small gap
flows, because it makes the application of otherwise well established numerical methods difficult due
to the aspect ratio of film thickness vs. width and length scale. However, the correct prediction of
vapor formation in liquid films requires a transient and three-dimensional model, which is documented
in studies by Braun and Dzodzo [7] and Schmidt [8]. Experimental results of Nobis [9] confirm the
numerical data given by [8].

One reason for the technical relevance of research stems from the fact that hydrodynamic journal
bearings, which are a major component for internal combustion engines due to their simple design,
are subject to cavitation, which might result in a potential breakdown of the engine itself. It might be
assumed that pure vapor cavitation is merely a theoretical case due to the aeration of the lubricant
under normal operation conditions [4]. However, this work deals with vapor cavitation, because of
the documented cases of material cavitation that are listed below and because of the extremely short
time scales that are reported in the results section of this work. Reviews pertaining to cavitation in
journal bearings are given by Gläser [10] and [2] as well as summarized by ISO 7146 [11]. Based on [10],
Garner et al. [12] and Engel [13] Table 2 describes four types of cavitation and their relation to particular
features, which are characteristic for journal bearings in internal combustion engines.

Table 2. Forms of cavitation characteristically for journal bearings [10,12,13].

Type Flow
Cavitation

Impact
Cavitation

Suction
Cavitation Exit Cavitation

transient
condition

local flow
velocity

rotating shaft
boring

rapid shaft
displacement

rapid shaft
displacement

bearing
structure

grooves feed
holes shaft boring - groove

All of these types of cavitation require a transient condition. Hence, it is necessary that experiments
must include means to change the conditions of the fluid film either geometrically (film thickness)
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or physically (flow rate) and numerical models must be transient and the meshing must adapt to
a variable film thickness. Moreover, the numerical model has to be three-dimensional, which is
substantiated by the results of Almqvist and Larson [14] as well as [8], who describe the limitations
of a two-dimensional model applied to a fluid film flow. Sharma et al. [15] point to the difficulties
in describing the phase boundary when the two-phase flow becomes more complex than a bubbly
flow. In summary, a transient and three-dimensional dimensional flow, which is subject to cavitation,
requires more research to understand the generation of voids inside the liquid and its transportation.

2. Experimental Apparatus and Set-Up

The experimental set-up is a Couette flow apparatus where a cylinder (1) is located inside a housing
with a cylindrical cavity (2). The cylinder rotates with a given rotational speed ω1 and is positioned
eccentrically in relation to the axis of the cavity. Due to the rotation of the cylinder, a journal bearing
type flow develops inside the fluid film. The cavity encloses the cylinder completely thus, the clearance
at top and bottom of the cylinder give space for a cross flow, from the pressure maximum towards the
pressure minimum which are caused by the circumferential flow, creating a three-dimensional flow
structure. Figure 1 displays the design features of the experiment.
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Figure 1. Experiment, Couette apparatus consisting of cylinder (1) rotating in a transparent cavity (2),
combined with motor and sensors.

Figure 2 indicates the main parameters of the experiment and Couette flow. A cylinder (1) with
its center M1 rotates inside a cylindrical cavity (2) with its center M2 that is also the origin of the
coordinate system. The position (1’) indicates a virtual alignment which represents an ideally rigid
system whereas, the real system is elastic and the pressure building in the converging gap pushes
the inner cylinder sideways into position (1). The momentary displacement of the inner cylinder in
relation to the origin is

→
e1 =

(
∆x1

∆y1

)
, (1)

which is equal to the momentary eccentricity and a function of the rotational angle. The time derivative
of the rotational angle is the rotational speed of cylinder (1)

ω1 =
dφ
dt

. (2)
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Moreover, the static eccentricity E0 denotes the distance between M2 and the axial centerline of
the shaft, which supports cylinder (1), and the co-axial alignment of (1) against the centerline is given
by the dynamic eccentricity E1. Similar to the well known crankshaft kinematics Equation (3) describes
the transient function for the momentary film thickness under rigid conditions.

h′min = H0 − E0 ·

√
1 + λ2 − 2 λ cosφ, (3)

which is equal to the corrected reading of the displacement sensors

h′min = Hmin + E1 cos φ. (4)

The angular position of the minimum film thickness hmin oscillates with

arctanβ(φ) = −λ sinφ. (5)

When the system is operated with the speed ω1 a pressure is building inside the converging gap
and the system is subject to an elastic displacement eel that is resulting in ∆hmin and ∆β, which are
indicated in Figure 2 and are both, detected by the displacement sensors.

Including the elastic displacement of the rotating cylinder (1) the momentary minimum film
thickness is defined by

hmin = h′min + ∆hmin. (6)

3. Measurement Equipment

The flow and the fluid condition are monitored by displacement, pressure and temperature
sensors, which are indicated in Figure 1. Additionally, rotational speed and motor torque are measured.
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3.1. Fluid Film Thickness

The location of the minimum clearance is fundamentally important to understand the eccentric
Couette flow and according to the Reynolds equation, the magnitude of the eccentricity defines
the location and magnitude of the pressure gradient. Moreover, magnitude and orientation of the
eccentricity define the angular position of the pressure extrema. Thus, the clearance between cylinder
and cavity is monitored by means of three displacement sensors, whilst the middle sensor (2) located
at a Sommerfeld angle ϕ of 180◦ and the neighbor sensors arranged symmetrically at a lateral distance
δ, respectively. By applying a second-order interpolation, the three individual displacement values yi

and their corresponding lateral positions yield the magnitude of hmin

hmin = y2 +
k
4

(7)

and the lateral position
β = k δ (8)

with
k =

y3 − y2

2(y1 + y3 − 2y2)
and δ = 11

◦

. (9)

3.2. Camera

A high-speed camera (Dantec Phantom Miro 110) is used to capture bubble formation and
transport inside the liquid film. The throughput of the camera is limited to 1.6 Gpx/s. Hence, resolution
and frame rate have to be balanced. The experiment is recorded with a resolution of 640 × 480 pixels at
5400 fps. Based on a physical resolution of 80 px, which defines the minimum detection limit for the
smallest bubble, the maximum exposure time is set at 100 µs. Additionally, major equipment includes
a large aperture macro lens (Tokina AT-X M100 Pro D Macro) and artificial lighting (2 LED spotlights
Hedler ProfiLux LED 1000 á 25,000 lm) that is completing the set-up. Due to the experiment’s physical
dimensions, the lens has to support close focus with a respective magnification ratio of 1:1.

Figure 3 shows the camera’s view and two image areas are indicated, which are used to show
photographic and visualized numerical results in Section 8 of this paper. The image areas are
downstream of the absolute minimum film thickness Hmin inside the divergent section of the fluid
film. The Sommerfeld angle ϕ marks the lateral position. A precision machined and polished housing
made of acrylic (PMMA) provides the best optical quality and the octagonal outer shape enables an
unrestricted radial optical access into the cavity. The camera is aligned perpendicular to the octagon’s
side, which is adjacent to the Sommerfeld angle of 180◦ in order to achieve optimum image quality in
the region of the divergent cross-section of the fluid film.
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4. Analogy and Fluid Design

The diagram displayed in Figure 4 puts this work into a broader perspective in relation to other
studies pertaining to the Taylor-Couette flow at low clearance ratios. The diagram shows the Reynolds
number and the clearance ratio that are addressed in this work. It can be surmised that the flow is of a
laminar nature due to the distance to the stability limit proposed by DiPrima [16] and the occurrence
of Taylor vortices is not that expected if compared to the results by Eagles et al. [17]. Moreover,
Kahlert [18] investigated in his dissertation the validity of computing the lubrication flow without
convective terms and proposed the limit

Re ·Ψ = 1 (10)

when convective terms can be neglected. The flow, which is subject to the work on hand, marks the
corner of a parameter range that is subject to future research, which extends towards the operational
range of journal bearings for instance in CI-engines. This connection to technical applications founds
on a similarity analysis and resulting in the Couette apparatus which is an experimental model derived
from the lubricant flow in journal bearings. In a previous work, the authors [19] have proposed a
similarity approach to compare the flow of the model experiment with a real bearing. The procedure
shall be briefly outlined here. The main similarity numbers are: normalized clearance Ψ, Reynolds
number Re and a kinematic parameter K which are derived from the actual geometry and operational
parameters listed in Table 3 as well as physical restrictions such as the camera performance given by its
resolution and frame rate. The kinematic parameter is defined by the dynamic changes in eccentricity
related to suction cavitation, in particular [19]. Thus, the first anchor in the operational chart displayed
in Figure 5 is the time scale, which in turn leads to the requirements of the fluid when geometrical
scale and Re are taken into consideration. Hence, the point of operation is fixed based on the fluid’s
properties and the operational conditions, i.e., rotational speed, fluid temperature, static pressure
inside the cavity. Future work will then include dynamic tests carried out varying the eccentricity’s
magnitude and change rate.
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Table 3. General parameters of experiment and the narrow gap flow related to Figure 2.

Symbol Value Definition Description

B 111.0 mm cylinder height
E0 3.417 mm static eccentricity
E1 0.030 mm dynamic eccentricity
H0 3.62 mm R2 −R1 clearance, average fluid film thickness

Hmin 0.173 mm R2 −R1 − E0 − E1 minimum fluid film thickness
R1 146.44 mm cylinder radius
R2 150.06 mm cavity inside radius
ε0 94.4% E0

H0
normalized static eccentricity

ε1 0.829% E1
H0

normalized dynamic eccentricity
λ 0.878% E1

E0
eccentricity ratio

Ψ 2.47% H0
R1

normalized clearance
ω1 23.2 1/s angular frequency
Re 134 ω1 R2

1 Ψ ρ0

µ0
Reynolds number
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The core component of the experiment is the fluid, which must be selected properly, because its
viscosity defines Re and time scale. Moreover, the pressure distribution is directly depending on the
viscosity and together with the fluid’s vapor pressure defining the boiling point or in other words the
operational point of cavitation.

For this purpose, the authors [20] have developed a special cavitating fluid, which was already
applied successfully to demonstrate that a cavitating Taylor-Couette flow shows a double transition:
Taylor vortices and vaporization simultaneously at one operation point. The fluid in question is a
mixture of a low boiling pentane, which triggers cavitation, and a long chain alkane (paraffin) to
meet viscosity and refractive index. The fluid has been tested to be chemically compatible with all
components of the model experiment. The relation between pressure and other restricting parameters
defines the target value for the vapor pressure of the fluid that must show cavitation under the
operation conditions of the model experiment. Moreover, the fluid must have an appropriate viscosity
and refractive index, which is compatible with the housing material of the model experiment, enabling
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the application of optical measurement of fluid velocity, bubble size and visualization. A detailed
description of the fluid design can be found in [21] and the thermodynamic properties of the cavitating
fluid are listed in Table 4. The value of the bulk modulus is adopted from data given by Watter [22] for
mineral oil, because the cavitating fluid uses alkenes as basic liquid.

Table 4. Thermodynamic properties of the cavitating fluid at T = 20 ◦C.

Symbol Value Description

ρ0 868 kg/m3 density
µ0 80 mPa s dynamic viscosity
K0 1.5 × 109 Pa bulk modulus

5. Numerical Model

The numerical model must be tailored to the particular conditions given by the small gap.
The domain is not isometric, because the film thickness, the radial dimension is more than two orders
of magnitude smaller than axial and angular dimension. One of us (M.S.) has developed a numerical
model that fulfills the necessary requirements [8,23].

The first step is the meshing of the fluid domain and pertaining to computing efficiency and
robustness, a block-structured mesh has been supplied most successfully. The schematic of the
computational domain of the numerical simulation is shown in Figure 6. The grid for the fluid film
between cylinder and cavity surface is created with the blockMesh tool included in the open source
data bank [24]. The grid is generated as a block-structured mesh with wall-adapted cells to increase
the numerical accuracy and to keeping the computing time acceptable. A recent joint research project
carried out by [25] confirmed that a minimum number of cells must be applied to the fluid film in
the radial direction. By means of a sensitivity test (Figure 7) based on deviations of velocity profiles
at two lateral positions inside the fluid film (Figure 8) it is determined that 12 cells applied achieve
the acceptable radial resolution for the expected Reynolds number range. Moreover, not only is the
radial number of cells important for optimized efficiency and convergence but the aspect ratio must
be applicable and based on Kistner’s recommendation [26]. Hence, the range of the aspect ratio is
4.2 6.5 for the work on hand.
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The simulation model and the boundary conditions are shown in Figure 6. The domain of the
fluid film has three boundaries. The housing is fixed and its surface boundary is defined with a no-slip
condition for the velocity and a zero gradient condition for the pressure. The rotating inner cylinder
has a surface velocity, which is defined by the motion vector incorporating a combination of the surface
rotational velocity and the displacement velocity. Finally, a boundary condition was implemented at
the bottom and the top end of the fluid film enabling a cross flow from high to low pressure in the
circumferential gap flow. The result is an outflow and inflow of the fluid and its magnitude depends
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on the pressure difference. Additionally, the reference pressure related to the experiment is defined at
both ends.

Another important feature of the meshing is a micro flexibility, which is needed to incorporate the
relative movement of the rotating cylinder, which results in a cyclic variation of the magnitude and the
angular position of the minimum film thickness. This feature of the mesh is realized by the dynamic
mesh functionality of the of the open source code combined with an implemented boundary condition
for the wall motion of the inner cylinder. For each time step, the displacement of the center of the
rotating cylinder (1) is included according to Equation (1) based on measured data from the experiment.
The transformation of the measured values into functional data is outlined in Section 3.1. The motion
of the mesh structure is characterized by stretching and squeezing of the volume cells within the fluid
film, which results in a true simulation of the local change in film thickness that is unique for the
suction type cavitation. In the following, the positional change of the grid points is calculated on
the basis of a Laplace equation. To avoid a local deterioration of the mesh quality, the deformation
and distortion of the grid points are distributed uniformly over the solution domain, as explored by
Jasak et al. [27].

The simulation of the complex and three-dimensional two-phase flow was performed by using
the software OpenFOAM, which is based on the finite volume method and utilizes a mass balance
equation and the three-dimensional, incompressible Navier–Stokes equations in detail described by
Ferziger and Perić [28]. Equation (12) is expanded by a surface tension term and the time-varying field
forces. The two-phase flow requires an additional transport equation for the liquid volume fraction
α, which is normalized by the total volume of liquid and gas phase. All equations require transient
time-dependent solvers. The Equations (11)–(13) are discretized in space and time using second-order
accuracy methods. The initial time step size is 10−6 and is adjusted during the calculation to fulfill
the Courant–Friedrichs–Lewy (CFL) condition by keeping the CFL value below unity. The relevant
equations are the following:

The continuity equation
∂ρ

∂t
+
→

∇ · (ρ
→
u) = 0, (11)

an extended Navier-Stokes equation

∂ρ
→
u

∂t
+ ρ(

→
u ·
→

∇)
→
u = ρ

→
g − σ

1
R
→
n −

→

∇ p + µ
→

∇ · (
→

∇
→
u) (12)

and additionally, the transport equation for the liquid volume fraction according to Sauer [29]

∂α
∂t

+
→

∇ · (α
→
u) +

→

∇ · [α (1− α)
→
uα] =

·
m
+
+
·

m
−

ρ
, (13)

which calls for the definition of the liquid volume fraction

α =
Vl

Vl + Vv
. (14)

The computation of the two phase flow is based on the Schnerr–Sauer model [30], which applies
the Rayleigh equation

.
RB =

√
2
3

∣∣∣pv − p(φ)
∣∣∣

ρ
. (15)

Recently, Kumar et al. [31] published a benchmark study that discussed the configuration of the
vapor model for the application on the flow inside a nozzle. The Schnerr–Sauer model includes two
empirical parameters CV and CC describing the mass flow at evaporation

.
m+ and condensation

.
m− at
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the source term on the right side of Equation (13), respectively. The mass flow rates are described as
follows, for evaporation

.
m+

= 3 sgn[pv − p(φ)] ·
ρl ρv

ρ

.
RB

RB
· α (1− α) ·CV (16)

and for condensation
.

m− = 3 sgn[pv − p(φ)] ·
ρl ρv

ρ

.
RB

RB
· α (1− α) ·CC. (17)

An additional parameter of the Schnerr–Sauer model is the bubble number density per unit
volume and according to [29], it is originally recommended to be 1013/m3. In an earlier project,
the authors [32] investigated the impact of the bubble number density on the numerical result by
means of a DoE for the simulation of an eccentric Couette flow. However, the model described in the
work on hand makes use of a bubble number density of 1013/m3 and the initial nuclei radius is 2 µm.
This ensures that there is at least one nuclei in each volume cell of the model.

Another aspect which [31] included in their work compares the validity of the Schnerr–Sauer
model vs. the Zwart–Gerber–Belrami model. The results show that for a compressible flow,
the Zwart–Gerber–Belrami model is more accurate for turbulent flows at high Reynolds numbers.
However, taking the properties of the cavitating fluid (Table 4) into account, the compressibility can be
calculated based on a simplified Tait equation which was suggested by [31]

(
ρ

ρ0
)
κ
=

K0 + κ∆p
K0

(18)

which is developed in a Taylor progression of first order resulting in

ρ

ρ0
= 1 +

∆p
K0

(19)

and with
∆p = pmax − p0 = 127kPa (20)

Equation (19) yields
ρ

ρ0
= 1.000085. (21)

In other words, it can be surmised that compressibility can be neglected under the given conditions.

6. Elasticity

The pressure gradient, which is the driving factor of the bubble development, has its maximum in
the vicinity of the minimum film thickness and its magnitude is strongly affected by the eccentricity.
Therefore, it is important to measure the displacement of the rotating cylinder (1) in relation to
the housing (2), which is carried out by means of three displacement sensors and a second order
approximation (Equations (7) ff) yields the momentary minimum thickness hmin and its lateral location
β. A correlation study of hmin and β versus the rotational speed shows a progressive increase of the
minimum film thickness (∆hmin) vs. the downstream movement of its lateral position (∆β) compared
to the rigid case. In summary, elasticity causes the minimum film thickness to move towards the
divergent part of the fluid film. The relation between ∆hmin and ∆β is displayed in Figure 9.
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The apparatus behaves like an ideal, rigid system when operated at very low speeds (< 0.1 1/s) or
if it is filled with a low viscosity fluid, e.g., air instead of a paraffin. In both cases, the pressure that
builds in an eccentric Couette flow is significantly less than 1 MPa does not result in any displacement
of the components. However, when operated with the cavitating fluid (viscosity µ0) at a rotational
speed ω1 a peak pressure of 227 kPa is generated and the center of the cylinder (1) is deflected, resulting
in an increase in the film thickness of approximately 30%. This radial displacement combines with a
downstream movement of the location of the minimum film thickness represented by the angle ∆β of
nearly 2◦, which is displayed in Figure 9. This lateral displacement appears to be insignificant, but when
looking at the angular distance of the pressure extrema, which can be estimated by Equation (22) based
on the journal bearing theory laid out by Hutter [33]

∆ϕ = 2 · arccos
( 3ε

2 + ε2

)
(22)

and according to the data listed in Table 1 the magnitude of the ratio becomes

∆β
∆ϕ

= 0.0857. (23)

Moreover, it is necessary to match the numerical model with the experiment and as described in
Section 3, the model applies structured meshing which includes a strong geometric relation between
the rotating cylinder (1) and the housing (2). Hence, the elastic displacement must be taken into
consideration by assuming linear regression for ∆hmin in the vicinity of the point of operation indicated
in Figure 9 that equates to

∆hmin = 0.0806mm ·
(

∆β
1.104◦

− 1
)
. (24)
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Equation (24) is applied to the geometric relations, which are displayed by the schematic in Figure 2
to calculate the momentary position of the rotating cylinder (1) as a function the rotational angle

∆x1 = e1 · sin(β(φ) + ∆β)∆y1 = −e1 · cos(β(φ) + ∆β) (25)

with
e1 = e′1(φ) − ∆hmin (26)

and
e′1(φ) = E0 ·

√
1 + λ2 − 2 λ cosφ. (27)

The validity of the elastic correction becomes clearly visible in Figure 10, which compares actual
displacement values measured and computed data. For rigid conditions, the minimum film thickness
h′min is computed according to Equation (4). For real operational conditions when the cavity is filled
with paraffin and the rotational speed is ω1, Figure 10 displays data for hmin according to Equation (6)
in combination with

β1 = β(φ) + ∆β. (28)
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displacement data and calculated minimum film thickness by means of the elastic correction.

According to [5], the definition of a small gap flow is met if the clearance is less than 0.3 mm and
Figure 10 illustrates that the Couette apparatus complies with this definition, because in the vicinity of
the minimum film thickness, the clearance is between 0.15–0.23 mm in the rigid case and 0.23–0.28 mm
under real operation including the elastic deflection of the rotating cylinder.
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7. Results

7.1. Steady Conditions

The formation of a large accumulation of vapor in the divergent section of a Couette flow with
favorable conditions of eccentricity and Re is well documented in the community. A well cited reference
is Jakobsson et al. [34] who presented experimental data. Cupillard et al. [35] applied a commercial CFD
program whereas, [32] used open source software. More recently, Böhle [36] expanded the Reynolds
model for flows across a permeable wall. However, it is necessary to apply a 3D-model based on
Equation (12) that includes surface tension combined with an appropriate grid size to capture the true
three-dimensional structure of the vapor bubbles in the divergent fluid film. Figure 11 represents the
imaging area 1 as specified in Figure 3 and displays (a) the numerical result and (b) a photographic
image illustrating the finger-like structure of the bubbles that are streamlined in the flow directed from
left to right.
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Figure 11. Steady cavitation zone in the divergent section of a fluid film, imaging area 1 according to
Figure 3: (a) numerical results, iso-surface of 20% vapor volume fraction computed with a transient and
three-dimensional two-phase model based on extended Navier–Stokes equations and 12 cells across the
film, (b) high speed image of the flow inside the Couette apparatus (Figure 1) at Re = 134, Ψ = 2.47%
and ε = 94.4%.

The computation of the formation of vapor in the divergent section of the fluid film requires
additionally to the modeling features mentioned above empirical constants such as the evaporation
and the condensation coefficient as specified in Equations (16) and (17), respectively. These coefficients
must be calibrated to the fluid under consideration. An important feature of the shape of the bubbles
is the streamline structure that divides the vapor zone into finger-like elements, which is a result of the
extension of the Navier–Stokes equations (Equation (12)) by a surface tension term. This term becomes
important, if bubbles make contact with a solid wall and a contact angle between gaseous matter and
liquid on the wall has to be considered. Another detail of the steady vapor zone in the divergent part
of the fluid film is the local flow dynamic on the trailing edge of the bubbles (on the right side in each
picture), where the film thickness is higher and the discontinuity surface is subject to a re-circulating
flow in the wake of the bubbles. This can be observed in a movie much better than in still pictures.
For this work, the excellent agreement between numerical and experimental results provides proof of a
successful calibration that is henceforth applied to the transient changes of the flow caused by dynamic
eccentricity and a second more rapid disturbance, which are addressed in the following section.



Fluids 2020, 5, 208 15 of 21

7.2. Transient Conditions

The set-up includes a co-axial alignment of the cylinder (1) between its centerline and its axis of
rotation that causes a dynamic eccentricity, which results in a periodic variation of the film thickness
synchronized with the rotational speed. According to our proposal [19] to address suction cavitation,
a kinematic factor can be calculated taking the dynamic eccentricity and its derivative into Equation (29)

K =

∣∣∣∣∣∣ ε′

(1− ε)3

∣∣∣∣∣∣ (29)

yielding
K = 9.7. (30)

This value is low compared to journal bearing flows subject to material cavitation due to suction.
However, K can be considered an amplification of the steady pressure and thus, local cavitation can
occur which is displayed in the images in Figure 12.
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Figure 12. Dynamic cavitation zone in the divergent section of a fluid film, imaging area 2 according to
Figure 3, rotational angle φ = 150◦–160◦: (a) numerical results showing the 10% volume fraction vapor
computed with a transient and three-dimensional two-phase model based on extended Navier–Stokes
equations and 12 cells across the film, (b) high speed image of the flow inside the Couette apparatus
(Figure 1) at at Re = 134, Ψ = 2.47% and ε = 94.4%.

For the interpretation of the visualized data displayed in Figure 12, it is important to know the
local film thickness which is calculated according to Sommerfeld’s theory [37] and incorporating both,
the time scale expressed by the rotational angle and the elastic correction laid out in Section 6 leading to

h(ϕ,φ) = H0 + e1(φ, ∆hmin) · cos(ϕ+ β1(φ)). (31)
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Quantitatively, the data are combined in Figure 13 which presents the increase in vapor fraction
evaluated for the section, as defined by Figure 3. The evaporation is triggered by the dynamic
eccentricity which causes a decrease in local pressure beginning at φ = 45◦. The increase in vapor
fraction is rather a result of an increase in the number of bubbles detected by the image-processing tool
than in individual bubble growth. Both distributions of normalized vapor fractions peak at an angular
position of φ = 162◦ which reflects the good agreement between experiment and simulation. A steep
decrease representing the condensation of vapor succeeds the maximum over an equal angular segment,
respectively. The duration and location of condensation are of fundamental interest pertaining a
potential prediction of the region, which is subject to cavitation erosion. Thus, the results are promising.
However, the comparison of the background level of the vapor fraction outside the peak region is not
satisfactory due to unsteady experimental conditions resulting in a drift of the operation conditions,
which are not entirely mirrored by the computation.
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Figure 13. Gaseous fraction inside the dynamic cavitation zone in the divergent section of a fluid film
vs. rotational angle φ: at Re = 134, Ψ = 2.47% and ε = 94.4%.

The vapor curve should continue past 180◦ and decline symmetrically due the physics of the
eccentricity governed by its harmonic equation (Equation (3)). Instead, the condensation appears much
more rapidly. This rapid condensation is caused by a pressure wave resulting from an imperfection
on the surface, a bulge located on the centerline of the rotating cylinder (1). The duration of this
condensation becomes

∆t1 =
∆φ1

ω1
= 15.3 ms (32)

with ∆φ1 indicated in Figure 13. In relation to results presented by [3,4], it can be assumed that vapor
cavitation is associated with the process. The position of the bulge is at the middle of the height of
cylinder (1) and has a diameter of 24 mm and an elevation of 0.1 mm above the surface of the rotating
cylinder. The magnitude of the pressure wave is this significant due to the fact that the bulge crossing
the area of minimum film thickness blocks the highly reduced cross-section of the fluid film. Moreover,
the transient nature of the condition is underlined when the bulge moves further downstream creating
a suction pressure in its wake which, in turn, causes a second evaporation zone that is located inside
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imaging area 2 that is specified in Figure 3. Based on the blocking ratio pertaining to the dimensions of
the bulge, a corresponding kinematic parameter is estimated for this condition of K = 1990.

Hence, a second phase of local cavitation occurs at approx. 20◦ rotation later, which is displayed
in Figure 14 for both, numerics and experiment taken at corresponding rotational angles. Again,
the local film thickness is indicated next to the momentary rotation angle. During this second phase of
cavitation, larger bubbles have formed. Whereas, the diameter of the earlier bubbles was about the
same size as the film thickness, the current bubbles are larger and their radial axis exceeds the local
firm thickness. Hence, bubbles make contact with the walls and the contact angle between gaseous
matter and liquid at the solid wall becomes important.
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Figure 14. Dynamic cavitation zone in the divergent section of a fluid film, imaging area 2 according to
Figure 3, rotational angle φ = 197◦–207◦: (a) numerical results showing the 30% volume fraction vapor
computed with a transient and three-dimensional two-phase model based on extended Navier–Stokes
equations and 12 cells across the film, (b) high speed image of the flow inside the Couette apparatus
(Figure 1) at Re = 134, Ψ = 2.47% and ε = 94.4%.

The second phase of cavitation is highly transient as it is presented in Figure 14 by the example of
a bubble that has a length of 0.82 mm at φ = 197◦ which increases to 2.65 mm at φ = 207◦ yielding
∆φ2 = 10◦. Taking into account that the clearance is nearly constant at h = 0.356 mm the bubble’s
volume increases proportional with the visible cross-section, i.e.,

k =
(2.65

0.82

)2
≈ 10 (33)

in other words, the volume growth rate per time becomes

·

VB ≈ 98
mm3

s
(34)
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and its duration according to Equation (32) is

∆t2 =
∆φ2

ω1
= 7.5 ms (35)

It shall be pointed out that the numerical results display the 30% iso-surface of the vapor volume
fraction, which underlines the substantial growth in vapor volume in just 7.5 ms. Again, this duration is
substantially shorter than any reaction time documented for the case of gaseous cavitation. In summary,
transient variations of the film thickness result in pressure gradients that, in turn, have an immense
impact on cavitation. A sudden pressure increase might force condensation as shown in Figure 13
whereas, a sudden decrease will lead to strong production of vapor, as shown in Figure 14. Consequently,
the assumption is substantiated that the subject of this work is vapor cavitation.

8. Discussion

This work presents simulations carried out with a transient, three-dimensional two-phase model
that combines the volume-of-flow method with the Rayleigh–Plesset equation, an approach that is well
established for the computation of cavitation, i.e., the generation and transportation of vapor bubbles
inside a liquid flow. The special application is a small gap flow with a clearance of less than 0.3 mm.
The numerical results are validated with experimental data that have been obtained with a Couette
apparatus particularly designed for narrow gaps with a high (>90%) eccentricity. Another particularity
of the experiment is the correction of the elasticity of the apparatus. A first-order correction is applied
to the displacement of the rotating inner cylinder, which enables a better fitting of the numerical model
to the experiment. Moreover, experiment and numerical models include transient changes of the film
thickness, which affect the pressure distribution and the flow of the fluid film. Whereas, the numerical
model applies the Schnerr–Sauer model to predict cavitation, the experiment uses a tailored fluid
specifically designed to vaporize at the point of operation. A method that the authors have originally
tested on the cavitating Taylor–Couette flow and, which they have herewith transferred to the eccentric
Couette flow that is a model of the lubricant flow in journal bearings. This work presents experimental
and numerical results of the bubble generation and its transportation in a Couette-type flow under the
influence of shear and a strong pressure gradient which are typical for journal bearings or hydraulic
seals. Under the impact of variations of the film thickness, the VoF method produces reliable results
if bubble diameters are less than half the clearance between the walls. For larger bubbles, the wall
contact becomes significant and the bubbles adopt an elliptical shape forced by the shear flow and
under the influence of a strong pressure gradient. Moreover, transient changes of the pressure result in
transient cavitation, which is captured by high-speed imaging providing material to evaluate transient,
three-dimensional computations of a two-phase flow.

Future studies will aim at the investigation of transient conditions defining flow and vaporization
of the fluid film combined with an expansion of the parameter range (see Figure 4) towards journal
flows incorporated in a DoE approach, respectively. Additionally, the direct conformation of vapor
cavitation is has not yet been presented and there remains a demand of future work. The transparent
design of the Couette apparatus enables the application of optical methods such as Raman spectroscopy
targeting vapor bubbles. As temperature and pressure are known, the Raman shifted spectrum
is directly related to the gaseous matter that fills a bubble. However, optical analysis calls for a
high operational effort and other readily available means should be considered, too. Gas analysis
is a common technology in the automotive industry and the detection of hydro-carbons is reliable,
which opens an avenue to prove that evaporated components of the paraffin-based cavitating fluid can
be detected in a gas sample taken during the experiment.
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Nomenclature

B cylinder height, fluid film width
CC condensation coefficient
CV evaporation coefficient
E0 static eccentricity
E1 dynamic eccentricity
e1 resulting eccentricity
e′1 rigid eccentricity
eel elastic displacement
g gravity constant
H0 clearance between cylinder (1) and cavity (2)
Hmin absolute minimal fluid film thickness
h local, transient film thickness
hmin momentary minimal fluid film thickness
h′min rigid minimal fluid film thickness
∆hmin elastic change of fluid film thickness
K kinematic parameter
K0 bulk modulus
k constant
n surface normal vector
.

m+ mass flow at evaporation
.

m− mass flow at condensation
p local pressure
p0 reference pressure
pmax maximum pressure
pmin minimum pressure
pv vapor pressure
∆p pressure difference
R1 radius of inner cylinder
R2 radius of cavity
RB radius of bubble
.
RB bubble expansion velocity
t time
u fluid velocity
uα interface compression velocity
V1 liquid volume
Vv vapor volume
∆x1 displacement of cylinder (1)
y displacement reading
∆y1 displacement of cylinder (1)
Greek Symbols
α volume fraction
β lateral displacement of minimum film thickness
β1 resulting lateral displacement of minimum film thickness
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∆β elastic lateral displacement of minimum film thickness
δ lateral spacing of displacement sensors
ε relative eccentricity
ε0 relative static eccentricity
ε1 relative dynamic eccentricity
κ compression exponent
λ eccentricity ratio
µ0 dynamic viscosity
ρ local density
ρ0 reference density
ρl liquid density
ρv vapor density
σ surface tension
ϕ Sommerfeld angle
φ rotational angle
Ψ normalized clearance
ω1 rotational speed of inner cylinder
Mathematical Operators
→

∇ nabla operator

sgn signum function
∆ difference
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