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Abstract: Digital photography of cavitation in narrow gap flows, e.g., lubrication films in journal
bearings or squeeze film dampers, demands a high time-resolution and a solution to approaching
the particular spatial restrictions. Typically, the lubrication film thickness is in the range of a few
microns and the characteristic time for vapor bubble generation and collapse is about one millisecond,
respectively. The authors have developed a Journal Bearing Model Experiment, which is designed
according to similarity laws providing fully similar flow conditions to real journal flows while
offering ideal access to the flow by means of optical measurement equipment. Compared with
other methods, e.g., pulsed laser, electrical discharge, tube arrest, applied to produce vapor bubbles,
the work on hand applies a dynamic variation of the minimum film thickness to produce suction
cavitation, which proves the applicability of this novel approach to study vapor cavitation in fluid
films similar to lubricant flows. The results are obtained by means of digital high-speed photography
of vapor bubbles from inception to implosion triggered by the dynamic variation of the minimum
film thickness of a narrow gap flow. Moreover, the results are set in relation to a general overview of
cavitation processes.

Keywords: cavitation; bubble dynamics; two-phase flow; experiment; high-speed photography;
Couette flow; small clearance; Stokes flow

1. Introduction

The work on cavitation demands a precise definition of the term itself, the process and
its particular conditions. In general, cavitation is defined as an inception of bubbles in a
continuum. The second-tier category differentiates the process according to the substance
in which the cavity occurs. It is material cavitation, if the cavity is a result of erosion on
the surface of, e.g., a bearing liner or a hydraulic component. If the cavity is a gas- or
vapor-filled bubble in a fluid, the category is fluid cavitation.

In an effort to define and separate cavitation in lubricant flows from other areas of
research, e.g., hydraulics, the authors suggest summarizing characteristic flow conditions in
a third tier. The flow domain of lubricant flows is a two-dimensional liquid film restricted
by two adjacent walls and bubble diameters are of the same magnitude as the clearance
between the shaft and bearing housing, which is a paramount difference from cavitation re-
search in general. Additionally, lubricants always contain a significant amount of dissolved
air according to Osterland [1], which is a further significant contrast to cavitation in water.
Typical applications of lubrication are journal bearings and squeeze film dampers.

For journal bearings, which are the research object of the work on hand, the character-
ization of the cavitation type follows common state-of-the-art definitions established by
comprehensive studies of Glaser [2], Garner et al. [3], and Engel [4]. Following the observa-
tion of Osterland [1] that lubricants always contain a significant amount of dissolved air,
both forms of cavitation, gaseous and vaporous cavitation, must be considered. According
to the findings of Braun and Hendricks [5] and more recently, Braun and Hannon [6], the
forms of cavitation can be defined as such:
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Definition

Substance material cavitation

Flow Conditions
Domain
Fluid

Application

Gaseous cavitation occurs when dissolved gas is released out of the lubricant and
gas-filled bubbles are formed.

Vapor cavitation occurs when the liquid lubricant is subject to a local pressure below
its vapor pressure and spontaneous evaporation engenders vapor-filled bubbles.

Pseudo-cavitation occurs when gas-filled bubbles change their size without any mass
transfer with the surrounding liquid.

In his dissertation, Borbe [7] investigated fluid cavitation in wastewater and concluded
that vapor cavitation is the mechanism that results in material cavitation or erosion. This
conclusion is confirmed for lubricant flows; Braun and Hannon [6] and Leonard et al. [8]
concur that only vapor cavitation may lead to material cavitation and erosion. In an
extensive analysis of displacement curves of the crankshaft inside the main bearings of
an eight-cylinder diesel engine, Graf and Kollmann [9] identify sections of the load cycle
and thus areas of the bearing liner which are prone to cavitation damage caused by suction
cavitation. They surmise that the risk of cavitation correlates with the dynamics of the
film thickness. Consequently, the work on hand follows this approach by introducing
vapor bubbles solely by an unsteady increase in the thickness of the fluid film. In a recent
work [10], the authors give a detailed overview of cavitation-related works and motivate
their research for the particular case of journal bearings inside diesel engines. Figure 1
displays a nomenclature and summarizes the overview.

lubricant flow hydraulics
3D: semi-infinite space
above solid surface
oil: alkane mixture & air, 2 phases water: pure matter, 2 phases

squeeze film . :
- pipe flow, impeller, ...

Type of Cavitation impact cavitation

Form of Cavitation

pseudo-cavitation

gaseous cavitation .
— research object

Figure 1. Nomenclature and overview of cavitation, comprehensive comparison between lubricant
flow and hydraulics.

2. Method and Materials
2.1. Experiment

The experimental set-up is a further development of the Couette flow apparatus that
was presented originally by Reinke et al. [11], and has recently been modified to study
gaseous cavitation [10]. The authors conclude that the inception of vapor bubbles demands
a more dynamic increase of the film thickness.

According to Figure 2, the Journal Bearing Model Experiment incorporates an electric
motor (1) which drives a cylinder (2) located inside a housing with a cylindrical cavity (3).
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The housing is made of polymethyl methacrylate (PMMA), precision machined and pol-
ished, providing the necessary optical quality which, together with its octagonal outer
shape, enables an unrestricted radial optical access to the cavity. A plain side of the octagon
is positioned orthogonally to the optical axis of the image area.

Figure 2. Journal Bearing Model Experiment, consisting of motor (1), cylinder (2) rotating inside the
transparent cavity (3), linear traversing guide (4), pendulum (5), pressure taps (6), displacement sensors
(7) and digital high-speed camera (8). Ax denotes the radial displacement of (3) in relation to (2).

The cylinder (2) rotates with a given rotational speed w; and is positioned eccentrically
in relation to the axis of the cavity. The initial position is ¢y. Due to the rotation of the
cylinder, which is powered by the motor (1), a journal bearing type flow develops inside the
fluid film. The cavity encloses the cylinder completely; thus, the clearance at the top and
bottom of the cylinder gives space for a cross-flow from the pressure maximum towards the
pressure minimum. The pressure difference is a result of the circumferential flow. In addition
to the original design [11], the housing (3) is mounted on a linear traversing guide (4) which
assures precise positioning in relation to the cylinder (2) and control of the minimum fluid
film thickness between (2) and (3). Previously [10], a pneumatic actuator and a rocker
mechanism propelled the housing, resulting in a dynamic variation of the film thickness that
was fast enough to produce gaseous cavitation. However, the formation of vapor cavitation
demands a jerk resulting in a more dynamic displacement. Consequently, the apparatus is
fitted with a pendulum (5) which swings towards the base of the housing. Upon impact, the
kinetic energy of the pendulum’s mass is transferred to the housing resulting in a jerk which
initiates the housing’s displacement. Hence, the thickness of the lubricant film between (2)
and (3) increases abruptly with the necessary displacement velocity.

Additional measurement devices are pressure taps (6) at the bottom and the top of the
housing (3) and three displacement sensors (7) detecting the distance between the cavity
(3) and rotating cylinder (2). The algorithm for the computation of h,,;, based on these
distance data is presented in [11]. The digital high-speed camera (8) completes the set-up.

2.2. Camera

Figure 3 shows the camera’s view and the image area A, across which the image
processing is performed. The image area is downstream of the minimum film thickness
H,,;,, inside the divergent section of the fluid film. The Sommerfeld angle ¢ indicates
the lateral position. The optical set-up follows the previous work [10]. A high-speed
camera (IX-Cameras i-Speed 720) is used to capture bubble formation and transport inside the
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liquid film. The maximum data capacity of the camera is 20 Gpx/s. Hence, the resolution
and frame rate have to be balanced. The experiment is recorded with a resolution of
1512 x 1098 pixels at 10,000 frames per second (fps). Based on a physical resolution of 25 px,
which defines the minimum detection limit for the smallest bubble, the exposure time is
set at 100 ps. Additionally, major components, including a fast lens with macro capacity
(Walimex T3.1 100 mm ED) and artificial lighting (two spotlights Hedler ProfiLux LED 1000
with a combined luminous flux of 50,000 Im), complete the set-up. Due to the experiment’s
physical dimensions, the lens must support close focus with a respective magnification
ratio of 1:1.

@=1193.5° 179°

image area
14.5° x 51 mm

Figure 3. Optical access into the fluid film; viewing area located downstream of minimum film thickness.

2.3. Cavitation Fluid and Dissolved Gas

The cavitation fluid, which is specifically designed for the experimental tests, is a mixture
of paraffin oil (CAS-8042-47-5) and pentane (isopentane, Cs5H;5), which is transparent, providing
excellent optical access while its physical properties fulfill similarity demands. The pentane
fraction reduces the boiling point of the fluid and makes it more susceptible to cavitation. A
similar cavitation fluid was successfully used to study a new type of Taylor vortex flow [12].

Due to the fact that gaseous cavitation reduces the effect of vapor cavitation, the air
content of the actual fluid in use is monitored by means of a fibre-optic oxygen sensor
(pyroscience OXSOLV-PTS) detecting the infrared absorption spectrum of oxygen. The
detected oxygen reading is compared with a reference reading of pure paraffin at standard
pressure and 23 °C where the air content ap is documented. The ratio of the oxygen reading
x of the fluid in use vs. the reference reading xp of pure paraffin leads to the air content in
question, according to Equation (1). Peters et al. [13] have applied this method successfully
in their study pertaining to air degassing from oil.

X
a:ﬁp‘g 1

2.4. Broader Perspective and Physical Parameters

The diagram displayed in Figure 4 puts this work into a broader perspective in relation
to previous work [10,11] and 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. Compared to recent work [10,11] with operating points located at
the corners of the targeted research range that extends towards the operational range of
journal bearings in Cl-engines, the current experimental campaign is carried out exactly
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below the limit proposed by Kahlert [14] but still inside the domain of the Stokes flow. The

limit for the Stokes flow region is defined by Equation (2)

Re-¥ =1.
10% Y
Couette I'Iow| Taylor vortices
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p 4
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=O= DiPrima, 1963
= Kahlert, 1946
O Cl-engines
Reinke, 2020
%X Reinke, 2022

X present work

0.1%

30 Reynolds number Re

Figure 4. Stability diagram of the Taylor—Couette flow developed from Reinke et al. [12].

@

Moreover, the borders to the Taylor vortex flow according to Eagles et al. [15] and to
the fully turbulent flow according to DiPrima [16], are displayed as well. It can be surmised
that turbulence is of no concern, because at the given clearance the Reynolds number is
more than one order of magnitude below the critical value. All substantial operational

parameters are listed in Table 1 for further reference.

Table 1. Physical parameters of the experiment.

Symbol Value Definition Description
B 111.0 mm cylinder height
Ey 3.082 mm initial eccentricity
Hy 3.620 mm Ry, — R4 clearance between cylinder and cavity
H,in 0.538 mm Hy — Ey absolute minimal fluid film thickness
R4 146.44 mm radius of inner cylinder
R, 150.06 mm radius of cavity
To 293 K operating temperature
€0 85.1% 5—% relative initial eccentricity
b4 2.47% %’ normalized clearance
w1 8.141/s rotational speed of cylinder (2)
Re 38.2 % Reynolds number
0
Properties of paraffin at 23 °C
op 872 kg/m3 paraffin density
ap 0.1094 air content
Properties of the cavitation fluid at T,
00 868 kg/ m> fluid density
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Table 1. Cont.

Symbol Value Definition Description
Mo 98.2mPas dynamic viscosity
v 113 mm? /s kinematic viscosity
3.6% pentane fraction
PD 2766 Pa vapor pressure
R 1155]/kg K unique gas constant of pentane
3. Results

3.1. High Speed Photography—Raw Material

The paramount contribution of this work is in forcing the inception of vapor bubbles
in a lubricant type flow that are solely engendered by an unsteady increase in the film
thickness. The increase in the film thickness depends on the radial displacement of the
cylindrical cavity (3) in relation to the rotating cylinder (2). The sequence of Figures 5-11
shows digital photography collected at a speed of 10,000 fps across the circumferential
section of the fluid film downstream from H,,;,, to a Sommerfeld angle of 193° across a
width of 51 mm. The images capture the life cycle of a selected vapor bubble during
its seven phases: inception (1), growth (2), maximum bubble size (3), contraction (4),
unsteady collapse (5), re-bounce (6) and remains of collapsed bubble (7). By means of image
processing, the cycle lifetime of a vapor bubble is measured to last from the inception to
the end of the first collapse and the average is calculated to be t) = 1.1 0.2 ms.

Firstly, compared to the cycle lifetime of a gas bubble, which was found to be 8.3 ms [10]
from inception to reaching the final stage of a residual bubble, the vapor bubble’s life is
significantly shorter. Secondly, after the collapse and the rebounding, a vapor bubble leaves
no remains while a gas bubble is compressed and the residual gas mass remains inside the
fluid film and accumulates during the entire duration of the experiment.

The following Figures 5-11 display a digital image of a selected vapor bubble during its life
cycle. A reference indicates a scale of 5 mm and the location of the minimum film thickness is
marked by the red line while its actual value is shown at the top of each image at the Sommerfeld
angle ¢ = 180°. The rotational direction of the inner cylinder is to the left and the cylinder’s
equator is indicated by the broken white line according to the convention given in Figure 3.

h. () = 0.538mm

Figure 5. Inception of vapor bubble, phase 1, at t = 0.0 ms, cavitation fluid: 96.4% paraffin and
3.6% pentane. The arrow indicates the vapor bubble.
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hin(®) = 0.557Tmm L8N

Figure 6. Growing vapor bubble, phase 2, at t = 0.2 ms after its inception, cavitation fluid: 96.4% paraf-
fin and 3.6% pentane.

h,..(f) = 0.590mm [Pz

Figure 7. Maximum size of vapor bubble, phase 3, at t = 0.5 ms after its inception, cavitation fluid:
96.4% paraffin and 3.6% pentane.

Figure 6 displays the growing vapor bubble 0.2 ms after inception. The yellow arrow
indicates the bubble contour where it touches the wall of the cavity.

Figure 9 displays the imploding vapor bubble 0.9 ms after inception. The yellow arrow
indicates the bubble contour that is shaped like a crescent. The duration of the implosion is
less than an increment of the frame rate of 0.1 ms.

Figure 11 displays the area where the vapor bubble imploded. The yellow ellipse
encircles the area 3.2 ms after inception. No visible remains or rest gas can be observed,
which proves that a complete condensation of the vapor occurred and the re-liquified
pentane dissolved entirely into the paraffin.
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h . (1) = 0.600mm

Figure 8. Contracting vapor bubble, phase 4, at t = 0.8 ms after its inception, cavitation fluid:
96.4% paraffin and 3.6% pentane.

Figure 9. Imploding vapor bubble, phase 5, at t = 0.9 ms after its inception, cavitation fluid:
96.4% paraffin and 3.6% pentane. The arrow indicates the vapor bubble’s deformation.
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h,.(1) = 0.632mm [Jaim

Figure 10. Rebounding vapor bubble, phase 6, at ¢t = 1.8 ms after its inception, cavitation fluid:
96.4% paraffin and 3.6% pentane.

h . (1) = 0.685mm

Figure 11. Remains of collapsed vapor bubble, phase 7, at t = 3.2 ms after its inception, cavitation
fluid: 96.4% paraffin and 3.6% pentane.
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3.2. High Speed Photography—Evaluation by Digital Imaging

In a previous work [10], the authors studied a lubricant flow with gaseous cavitation
that was incepted by an unsteady increase in the film thickness. That unsteady process was
actuated by means of a pneumatic cylinder and a rocker mechanism which displaced the
housing in relation to the rotating cylinder. Based on those results, the authors surmised
that the rapidity in the unsteady increase of the fluid film thickness must be greater in order
to force the fluid to produce vapor cavitation. Hence, the work on hand utilizes a new
mechanism where a pendulum forces a jerk to start the displacement of the housing and
to increase the fluid film thickness more rapidly. Figure 12 displays typical curves of the
displacement velocity based on the normalized momentary minimal fluid film thickness
versus time. The time scale is synchronized at the moment when the bubbles inception
starts (t = 0). The new mechanism reaches the maximum displacement velocity already
within 0.2 ms after the pendulum releases its impact force onto the linear transverse (4).
Thus, not only is the acceleration rate of the film thickness higher, but the maximum
displacement velocity is also higher than both kinematic properties which were achieved
when gaseous cavitation was produced by means of the pneumatic cylinder.

5.0
4.21

w1 Hy vapor cavitation
3.0

2.0

gaseous cavitation 0.228
\\

1.0

00 B e —————
0 1 2 3 4 5 6 7 { in ms 9

Figure 12. Development of the displacement velocity after initiation of transient radial displacement,
vapor cavitation in cavitating fluid (paraffin 96.4%, pentane 3.6%) and gaseous cavitation in paraffin
saturated with air [10], respectively.

The successful implementation of the new mechanism capable of forcing the necessary
magnitude of the displacement velocity and, thus, increasing the fluid film’s thickness
yields vapor cavitation that is documented by the bubble growth rate and the fact that after
collapsing and re-bouncing a vapor bubble leaves no remaining rest. Figure 13 summarizes
the results of image processing comparing the development of vapor bubbles with air
bubbles that were analyzed earlier [10]. Compared with the comprehensive study of
Podbevsek et al. [17] pertaining to other methods, e.g., pulsed laser, electrical discharge,
tube arrest, applied to produce vapor bubbles, the work on hand proves the applicability
of this novel approach to study vapor cavitation in fluid films similar to lubricant flows.
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Figure 13. Development of the bubble volume, vapor cavitation in cavitating fluid (paraffin 96.4%,
pentane 3.6%) and gaseous cavitation in paraffin saturated with air [10].

The seven phases of a vapor bubble’s life cycle are indicated in Figure 13, making
reference to the digital images (Figures 5-11). After inception (phase 1), the bubble grows
(phase 2), reaching its maximum size (phase 3) within 0.5 ms. After a short stagnation,
the bubble begins to contract (phase 4), followed by its collapse (phase 5) that starts at
approximately 0.9 ms after inception. The selected bubble re-bounces (phase 6) once and
vanishes completely (phase 7), without leaving any amount of rest gas. It can be noted
that the life cycle of a vapor bubble is significantly shorter compared to an air bubble with
a cycle time of 8.3 ms. Moreover, the experimental data show that the gas mass of the
air bubble also remains constant while the bubbles decrease in size. This result confirms
the observations of Zhou et al. [18], who found that gas release is a fast process, but that
absorption evolves 10,000 times more slowly.

4. Discussion

This work presents experimental results of vapor cavitation based on digital high-
speed photography of a lubricant-type flow in the eccentric gap between a rotating cylinder
and a cylindrical cavity. The vapor cavitation’s type is similar to suction cavitation in a
dynamically loaded journal bearing. An unsteady increase in the fluid film thickness causes
this cavitation type. In contrast to other work, where pulsed laser or electric discharge is
applied to induce cavitation, the presented experimental approach is solely based on the
displacement of the housing versus the rotating shaft, resulting in the unsteady increase in
the thickness of the fluid film. Hence, the entire process is similar to conditions inside the
lubricant film in dynamically loaded journal bearings.

Departing from earlier results related to gaseous cavitation, the authors surmised that
the production of vapor cavitation demands a faster increase in the fluid film thickness.
Therefore, a modified mechanism is applied which utilizes the kinetic energy of a pendu-
lum to create a jerk with an impact force strong enough to force the necessary unsteady
displacement velocity of housing. Displacement data show that this method yields a radial
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displacement velocity of the housing which is more than a magnitude higher than the one
generated by means of a pneumatic cylinder.

With a time resolution of 10,000 fps, the high-speed imaging system provides digital
photography of the entire development of vapor bubbles from inception to collapse. Com-
pared to gaseous bubbles which grow due to a mass transfer based on gas release, and in
combination with pseudo-cavitation, vapor bubbles grow only due to the mass transfer as a
result of the change of state of the liquid or a low-boiling component of the liquid mixture.
The authors assume that the rapidity of vapor cavitation inhibits pseudo-cavitation.

The following open questions remain. What effect does the saturation level of the
air in the fluid have on the result? Earlier experiments show that, at very low air content,
gaseous cavitation ceases altogether. What is the correlation between the eccentricity and
rapidity of the increase in the fluid film thickness in relation to the onset of vapor cavitation?
This correlation could lead to the definition of a limit of vapor cavitation in dynamically
loaded journal bearings, which in turn is important for bearing design because only vapor
cavitation can result in material cavitation and erosion of the bearing liner.
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Nomenclature

A image area

a air content of fluid in use

ap air content of paraffin at 23 °C

B cylinder height, fluid film width

d diameter of bubble

Eo initial eccentricity

Hy clearance between cylinder (2) and cavity (3)

H,iy minimal fluid film thickness

h displacement velocity

hpin ~ momentary minimal fluid film thickness
p local pressure

Pg saturation pressure of a gas dissolved in the liquid
Po vapor pressure

R unique gas constant of pentane

Ty operating temperature

Ry radius of inner cylinder

Ry radius of cavity

Re Reynolds number

t time

1% bubble volume
Vinax ~ maximum bubble volume
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x oxygen reading of fluid in use

xp oxygen reading of paraffin at 23 °C
z axial coordinate

Ax displacement

Greek Symbols

o relative initial eccentricity

v kinematic viscosity

Mo dynamic viscosity

00 fluid density

Q Sommerfeld angle

¢ rotational angle

b4 normalized clearance

w1 rotational speed of inner cylinder
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