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Abstract: A common approach to optimising hydrodynamic journal bearings for power
loss is to reduce the lubricant supply and direct the oil to specific bearing areas where it
is needed to guarantee safe operation. This requires information on the processes in the
gap and the surrounding pocket areas for both pre-design and simulation. In this paper, a
system consisting of a total of eight cameras is used to determine the void fraction in deep
grooves outside the lubricant film. The void fraction in the lubrication gap is determined
using a novel method for the evaluation of two proximity measurements. While the
variation of the deep groove void fraction is realised by a special oil supply and radially
adjustable deep groove elements, the gap void fraction is adjusted by the oil supply in the
lube oil pockets at the pad leading edges. On the one hand, the experimental investigations
show that the void fraction of the deep groove areas has hardly any influence on the
general operating behaviour. On the other hand, the void fraction in the lubrication gap
can be measured quantitatively for the first time, and the operating point-dependent gas
fractions can be visualised. It is also shown that gaseous cavitation is the main mechanism
in partially filled regions of the lubrication gap.

Keywords: large hydrodynamic journal bearings; turbomachinery applications; power loss;
operational safety; bearing efficiency; void fraction; density ratio; fractional film content;
gaseous cavitation; test rig; distance measurement

1. Introduction

Large hydrodynamic journal bearings are installed in a wide range of turbomachinery
applications, such as turbines or general machines for power generation. Due to advancing
climate change [1] and the associated need to lower the dissipation of all machine elements
involved in the energy conversion process, it is necessary to optimise currently used large
hydrodynamic journal bearings in terms of power loss without endangering operational
safety [2].

The basis for all optimisation in this field is an improved understanding of the physical
processes in the lubrication gap, pocket areas, and space between pads. While the gap
areas are characterised by a small distance between the shaft and the bearing surface in the
micrometre range, the adjacent deep groove areas have distances of several millimetres.
Despite more than a century of intensive research, the interaction between these single
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areas, especially in large hydrodynamic journal bearings with high rotational speeds and
radial loads, is still not completely understood.

To this day, the basis for describing the processes in the lubrication gap and the
general journal bearing behaviour is the Reynolds equation established by Reynolds in
1886 [3]. While this equation is suitable to describe fluid flow and pressure generation in
convergent, completely filled gap regions, its classical form provides high tensile stresses
in the divergent gap regions [4]. However, despite the fact that the possibility of limited
negative pressures, i.e., tensile stresses, in fluids has been known for several years [5], this
scenario seems implausible for hydrodynamic journal bearings under significant shear
stresses due to high speeds and specific bearing loads [6]. In areas of high gap widths and
shear rates, hydrodynamic journal bearings will, at some point, experience a film rupture [7],
the characteristics of which can be completely different depending on the application and
environmental conditions. The main cause of lubricant film rupture is cavitation, which is
defined as a disruption of a continuous liquid phase [8]. In general, a distinction is made
between three different main categories of cavitation:

e Vapour cavitation: pressure drops below the vapour pressure of the liquid, causing
vapour bubbles to form and collapse under high energy.

*  Gaseous cavitation: pressure drops cause dissolved gases to come out of solution,
forming gas bubbles that interfere with lubrication but collapse with low energy.

*  Pseudo cavitation: external gases entering the system cause bubbles to form, disrupting
lubrication without a pressure-induced phase change.

Regardless of the type of cavitation, as soon as cavitation increases, the result is
an increase of the air content, which is usually described by the term void fraction. The
current understanding of cavitation was founded by Swift [9] and Stieber [10] with the
Swift-Stieber boundary condition in the early 1930s. Jacobson and Floberg [11] are the
first to fully describe film rupture and reformation. This theory was later expanded by
Olsson [12] to become the JFO theory, which is still used today and has been validated
multiple times in experiments. Compared with the Reynolds equation, the JFO theory
also fulfils the conservation of mass in the cavitation region. Elrod [13] provided the
first numerical implementation of JFO theory. He divided the lubrication gap into a full
film zone, where Reynolds equation is valid, and a cavitation zone that is described by a
transport equation with pure Couette flow. In the 1950s, ref. [14,15] were among the first to
experimentally visualise cavitation between a rotating shaft against a transparent plexiglass
bearing shell using a special submerged apparatus. Air bubbles in fingerlike shape were
reported. With a similar experimental setup, Smith [16] made one of the first representative
experimental recordings of film rupture and film reformation through a plexiglass pane in
the 1970s. The references [17-19] summarise the experimental and theoretical knowledge
gained on cavitation in journal bearings up to this time. Swales [18] differentiates the nature
of cavitation into four different types:

e Travelling cavitation.
e Fixed cavitation.

e  Vortex cavitation.

»  Vibratory cavitation.

Here, travelling, fixed, and vibratory cavitation are unstable. The authors show that
when cavitation occurs stably, it is usually gaseous cavitation. In 1982, Jacobson, B.O., and
Hamrock, B. J., showed gaseous cavitation in their publication [20]. They used a journal
bearing with a diameter of 90 mm and a high-speed motion picture camera to capture the
cavitation. Later, in 1983, they additionally observed vapour cavitation for the first time [21].
In 1986 [22], Hopf et al. published the first full-scale, high-resolution experimental results of
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a 500 mm lemon bore turbine bearing. The capacitively measured lubricant film thickness
curves from the shaft indicated film rupture areas at the pad leading and trailing edges. Sun
and Brewe [23] carry out experiments on cavitation identification using a camera system on
radial journal bearings with diameters of 85 mm and rotational speeds of 1000 min~!. They
identify vapour cavitation due to different measured whirling orbits and frequency spectra.
In 2010, Braun and Hannon [6] provided a comprehensive overview of the experimental
and simulative status of experimental and analytical research on cavitation in journal
bearings up to this time. Their analysis revealed significant inconsistencies in the experi-
mental findings, particularly with regard to the bearing areas in which cavitation occurs
and the nature of cavitation itself. Shen et al. [24] conducted experiments with a textured
axial plain bearing in 2013. They find that gaseous cavitation can occur at pressures of
up to 0.3 bar. Many authors also refer to bubbling oil, which, unlike cavitation, where air
cavities are formed due to a drop in fluid pressure below the saturation vapour pressure,
already contains bubbling air when it is injected. Bubbly oil and pseudo cavitation are
closely related. In 2014, Yang et al. [25] experimentally investigated “bubbly”, respectively
oil, at different shear rates and temperatures using a special test rig. The results of their
investigations show that the effective viscosity decreases at high shear rates and increases
at lower shear rates. Poddar and Tandon [26] built an experimental setup to detect vapour
cavitation in a small journal bearing with an acoustic emission sensor. They also use a
transparent bearing and a camera to optically detect vapour cavitation. Ochiai et al. [27]
investigate the void fraction in a small hydrodynamic journal bearing with low circumfer-
ential speed and load. They optically detect areas of gaseous cavitation in the divergent
areas of the loaded pad and at the axial edges of the upper, unloaded pad, particularly
under starved lubrication. In 2022, Hagemann et al. [28] investigated the Offset Halves
Bearing also used in this publication with regard to the effects of the power loss-reducing
design on operational safety and power loss. Cavitation areas are revealed in the rapidly
diverging gap areas, which up to this point could only be recorded qualitatively. With
the same setup, ref. [29] capacitively detected partial fillings can be seen on the unloaded
pads of a non-flooded large radial tilting pad bearing. In a later comparison with the same
bearing as a flooded version, first published in [30], Stottrop et al. [31] also show large,
partially filled areas on the unloaded pads as well as at the leading and trailing edges
of the loaded pads. Comparable results also can be seen when the same bearing with
polymer coating is examined [32]. Reinke et al. used a special test rig to investigate various
cavitation phenomena [33]. The apparatus simulates a hydrodynamic journal bearing with
a diameter of 150 mm and a width of 111 mm, which lies on the end face. Circumferential
speeds of about 3.4 m/s and a minimum lubricant film thickness of 173 pm are reached. In
[34], bubble generation and transportation were initially investigated. Later investigations
used high-speed cameras to optically demonstrate both gaseous cavitation [35] and vapour
cavitation [36].

Most of the sources listed investigate vapour, fewer gaseous cavitation in hydrody-
namic journal bearings. In these studies, the most common method is optical detection by
using cameras. As early as 1953, Rosenberg [37] realised that in various experiments in
which cavitation was detected optically in this way, the types of cavitation were mistakenly
confused. Recent studies analyse vapour cavitation with acoustic emission sensors. The
bearing diameter and the circumferential speeds are, in comparison to large-scale journal
bearings for primary energy supply, low in each of the analysed publications. Moreover, the
specific bearing load applied is rarely documented. None of the sources analyse the void
fraction or cavitation and its influence on general operating behaviour quantitatively. In
addition, there is no source that investigates cavitation in hydrodynamic journal bearings
with high circumferential speeds and high specific loads experimentally. Most setups
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also deliberately provoke cavitation but do not represent a realistic environment of the
journal bearing so that it can be analysed in an application-oriented scenario. Thus, there
are no known methods to quantitatively determine the void fraction in a realistic and
representative experimental setting.

In this context, the following research questions arise regarding the void fraction and
the connected phenomenon of cavitation in large hydrodynamic journal bearings:

e What are the differences between the lubrication gap and the deep groove areas, and
how do these regions interact with each other?

¢ In which bearing regions is lubricant present, and where is it absent?

*  What is the composition of the lubricant in these regions, or more specifically, what is
the oil and air ratio?

*  How does the distribution and composition of the lubricant affect the overall operating
behaviour?

The aim of this paper is to answer the previously posed research questions by iden-
tifying and analysing the void fraction in a large hydrodynamic journal bearing. For this
purpose, an understanding of the lubricant distribution and composition for subsequent
optimisation needs to be gained. Therefore, void fraction generated by varying oil supply
and operating conditions is experimentally analysed. Moreover, its impact on operational
safety, defined by minimum lubricant film thickness fmin, maximum lubricant film temper-
ature Tnax, and maximum lubricant film pressure pmax, as well as the power loss converted
by the energy dissipated in the lubricant film Py, is identified.

2. Materials and Methods
2.1. Power Reduced Offset Halves Bearing

In contrast to bearings of smaller sizes, in large hydrodynamic radial journal bearings,
high circumferential speeds, power losses, and thermomechanical deformations can occur.

Some effects of smaller-sized bearings can therefore not be scaled to large bearings, which
is why an Offset Halves Bearing (OHB), shown in Figure 1, is analysed in its original size.

Ring channels ~ Unloaded pad Babbitt running layer

R

p “
Pockets by
Loaded pad Thermocouples

Figure 1. Test bearing design of OHB; (a): OHB in isometric view; (b): OHB in axial section from
drive direction at by, = 97.5 mm; (c): OHB in radial section.

A special feature is the improved efficiency design, which includes reduced pad
size and two deep grooves between the pads. Detailed information can be found in [28].
The large dimensions and the special design of the bearing allow for the installation of
additional measurement technology that would be almost impossible to implement in
smaller bearings. An isometric view in Figure 1a shows most of the features described
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below. View Figure 1b shows the bearing in axial section from the direction of the drive,
i.e., in the direction of w, at by, = 97.5 mm. In Figure 1c, a radial section shows the wide
lube oil pocket of the loaded pad in plan view as well as the unloaded, shortened pad. The
detailed geometric parameters are listed in Table 1.

Table 1. OHB parameters.

Parameter Symbol Value Unit
Relative Bearing Clearance ¥; 1.201009 1073
Profiling Yy 175500 1

Inner bearing radius R 250.23510:022 mm
Radius of the pad Rg 250.46010022 mm
Outer bearing radius Ra 400 mm
Width of the loaded pad by 350 mm
Width of the unloaded pad by, 210 mm

When installed, the bearing is rotated under ¢;nst = —35° and positioned axially in

the centre of the octagon frame, shown in Figure 2. The ring channels shown in Figure 1
are distributed around the bearing circumference in a total of five rows arranged across the
bearing width. The oil passes through the ring channels and via the oil supply bores into
the pockets of the bearing. Depending on the interconnection of the ring channels, the pads
can be fed separately if required. The feeding pockets are placed directly at the pad leading
edges to additionally reduce the friction power. The material parameters of the bearing
are listed in Table 2. For emergency running properties, the bearing made of C15 has a
6 mm thick babbitt layer made of SnSb8Cu4. While the coating is applied to both pads, it is
missing in the deep groove areas.

Table 2. Material parameters of the bearing materials.

Parameter Symbol Material A Material B Unit

Ci15 SnSb8Cu4

Steel Babbitt
Density 0 7870 7400 kg -m™3
Modulus of elasticity E 205 x10°  56.5x10° N-m™2
Transverse contraction number v 0.28 0.33 1
Heat capacity Cp 440 230 J-(kg-K)~!
Thermal conductivity A 51.9 35 W-(m-K)!
Coefficient of thermal expansion & 11x107%  234x107% 1

2.2. Test Rig for Large Hydrodynamic Journal Bearings

For the experimental investigation of the OHB test bearing, described in the previous
Section 2.1, the large journal bearing test rig shown in Figure 2 is used. The test rig enables
the experimental investigation of large journal bearings for turbine applications in original
sizes [22]. The basic principle of the large journal bearing test rig is based on the so-called
floating bearing concept in which the test bearing and shaft are displaced radially in relation
to each other [38]. A summary of the most important test rig parameters is given in Table 3.

For measuring the maximum lubricant temperature Trax a total of 123 thermocouples
is used, which are placed in the test bearing itself right under the running surface in the
tangential and axial directions, as illustrated in Figure 2. Each of the total of 5 axial rows is
78 mm apart. The outermost rows start 20 mm from the bearing edge. Tangentially, there
are 8 degrees between every two thermocouples, whereby the outer two rows only cover
the lower pad. Unlike the temperature, the maximum lubricant film pressure pmax and the
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minimum lubricant film thickness /i, are measured from the rotating and axially moving
test shaft against the running surface of the test bearing. A total of four sensors is installed
in the axial centre plane of the test shaft as seen in Figure 3.

Traverse

Load bellow
Upper part
Tie rod

Test bearing

Thermocouples

Capacitive :§j§\\§\\§§
sensor | //////A W//
t y
Test shaft —
Eddy current _| \\\\\\§\\\\\\ \\\\

sensor

2

k\
o
NN

Support bearing
Octagon frame

Lower part

SSAN (b)

Figure 2. Test rig for large hydrodynamic journal bearings (side view); (a): test rig in radial half
section; (b): enlarged view of the test bearing with measurement technology (radial section in the
measuring plane of the distance sensors).

Table 3. Main parameters of the large journal bearing test rig.

Parameter Sym. Value Unit
Test rig
Shaft diameter d 499.87 mm
Maximum test bearing width bmax 500 mm
Stationary bearing load R 0to 1000 kN
Direct current motor
Electrical power Ppe 0to 1200 kW
Speed range Ting 0t04000 min}
Minimum speed for hydrodynamic operation Mmin 200 min~?
Axial shaft displacement Azym  0to 550 mm
Oil supply system
Tank volume Vr 20,000 1
Low pressure volume (LP) flow rate VND 0 to 60 1-s71
Volume flow high pressure (HP) supply test bearing ~ Vapp,  0t02 1.s71

Two nominally redundant sensors are arranged 180° to each other. The measuring
plane of the pressure sensors is offset from the measuring plane of the distance sensors by
90°. Both the redundant distance and pressure sensors record 240 measuring points per
shaft revolution, triggered by an incremental encoder attached to the slip ring assembly.
During the measurement, the shaft is axially moved through the bearing at a sufficiently
slow speed rate so that the recorded measurement data can be viewed approximately as
individual axial measurement planes from the actual spiral-shaped recording. A detailed
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description of the test rig and a large part of the measurement technology installed to date
can be found in [39].

Piezoelectric pressure sensor 2 |

Bearing

Shaft

Eddy current

. Capacitive
distance sensor

distance sensor

Piezoelectric pressure sensor 1 |

Figure 3. Schematic view: radial section of the shaft in the sensor plane.

2.3. Lubricant

The mineral oil Esso Teresso 32 is used as lube oil for the tests in this investigation.
Table 4 includes the most important thermohydrophysical parameters for various tempera-
tures. The individual parameters were determined experimentally by the manufacturer.

Table 4. Material parameters Esso Teresso 32.

Symbol Value Unit

T 20 40 60 80 100 120 140 °C

0 856.1 8435 830.8 8180 8051 7921 kg-m~3

n 89.14 3515 1752 1019  6.62 4.65 mPa-s

€ 213 210 209 1

c 2032.7 2247.7 23193 2391.0 24627 J-(kg-K)7!
A 0.134 0.134 0134 0134 0134 0134 0134 W-(m-K)7!

Esso Teresso 32 has less than 5 vol.—% additives, which are mixed with the base
mineral oil. Due to the low proportion of additives, the proportion of dissolved air Vg in
the liquid phase of the lubricant V] can be calculated via the Bunsen coefficient ag using the
Henry—Dalton law [40]:

Ve = Vil M
a

The proportion of air already dissolved in the lubricant is therefore approximately 8%
to 10%.

2.4. Deep Groove Void Fraction Variation and Identification
2.4.1. Deep Groove Void Fraction Variation

The variation of the deep groove void fraction is achieved by the design of a radially
displaceable deep groove element that varies the groove depth as shown in Figure 4c.
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Figure 4a shows the original design of the Offset Halves Bearing, described in
Section 2.1. First, the deep groove is extended by the value Aw so that its total depth
with the later inserted deep groove element corresponds to the initial depth, which can be
seen in Figure 4b. Figure 4c the installed deep groove element is illustrated. Both guide
rods with linear ball bearings are hollow and can be fed from the annular channel with the
volume flow Vp independently of the volume flow V;.. The adjustment mechanism will not
be discussed further at this point. Therefore, the void fraction in the deep groove can either
be varied by its depth hp or the additional supply flow rate Vp.

Deep groove element Orifice

VL%X
. N

Figure 4. Radially adjustable deep groove elements, which can be fed with lubricant; (a): initial
design; (b): recessed deep groove; (c): recessed deep groove with deep groove element.

The deep groove element, which can be adjusted by hp during operation, can be
moved radially in the range

hp € 10,45] ,mm )

where the deep groove element at ip = 0 is flush with the pad radius Rg of the upstream
pad. The volume flow Vp can be varied in the range of

Vp€10,5] ,L-s7? 3)

Alow void fraction can be achieved by reducing hp and increasing Vp, as this decreases
the area between the deep groove elements and the shaft and floods it at the same time. To
increase the void fraction, the opposite applies.

2.4.2. Deep Groove Void Fraction Identification

The camera system Arducam 16 MP IMX519 Synchronised Quad-Camera Kit, exemplarily
shown in Figure 5 for the lower deep groove and the ring groove of the upper pad, is used
to qualitatively identify the void fraction of the areas outside the lubrication gap.

A total of 8 cameras with 16 megapixels each and manually adjustable focus are used
and operated with 2 Raspberry Pi 4B. While the radial filming cameras are placed in the
deep groove elements behind plexiglass and move with the radial adjustment of hp, the
cameras for the ring groove remain fixed in place.

2.5. Lubrication Gap Void Fraction Variation and Identification
2.5.1. Lubrication Gap Void Fraction Variation

The variation of the lubrication gap void fraction is achieved by varying the amount
of oil at the leading edges of the pads. Figures 1 and 4 show an example of how V/ is fed to
the pad via a wide pocket at the pad’s leading edges.
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Axial cameras (ring groove) Radial cameras (lower pocket)

Axial cameras (pockets)

Figure 5. Camera system for identifying the lower deep groove and ring groove void fraction; 1,4:
radial cameras in deep groove element; 2,3: axial cameras for the ring groove void fraction.

2.5.2. Lubrication Gap Void Fraction Identification

In comparison to the qualitative recording of the deep groove void fraction the gap
void fraction is determined quantitatively. The mathematical model presented here is based
on the idea of a two-phase material between the two plates of an ideal plate capacitor. In
reality, this model assumption corresponds to the area between the capacitive distance
sensor and the bearing shell. Assuming that only oil with the relative permittivity £; and air
with the relative permittivity €5 can be present in the lubrication gap, various assumptions
can be made regarding the distribution and characteristics of the air content in the oil.
Figure 6 shows the three discussed approaches to determine the fractional film content via
the effective relative permittivity £ in this investigation:

e  Parallel distribution of oil and air:
Opa = E—-1)(e—1)7" )
e  Serial distribution of oil and air:

Osa = (€ —g)(e1 — £g) " (5)

e  Disperse distribution of oil and air according to Bruggeman [41]:

Oaapm =1 — ((—e1+8)(e1+28) 1) - ((eg —€) (eg +28) ' — (a1 =€) (e +280) ") ! (6)

Since partially filled or empty bearing areas are usually associated with the phe-
nomenon of cavitation, a largely dispersed distribution of air in the oil is assumed. Accord-
ing to Figure 6, the effective medium approach according to Bruggeman represents a good
balance between the parallel circuit approach and the series circuit approach.

To determine the void fraction 044pp, it is necessary to know the partial dielectric-
ities ¢ and ¢4 as well as the effective relative permittivity € composed of the liquid and
gaseous phases. For this purpose, two redundant distance sensors with different measuring
principles, which can be seen in Figure 7, are used.
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€ € el
0.8} l g\ parallel circuit
|
0.6 -
W W
[
wie Bruggeman
04+
0.2+ |
€l
series circuit
0 L L L . | Eq
0 0.2 0.4 0.6 0.8 1
) |

Figure 6. Comparison of the models for determining the void fraction.

Eddy current distance sensor: Capacitive distance sensor:
h((PI B) ueddy 1T UCap Al & 6
q S q q 1
Air e O e @

Bearing

T,pe

Figure 7. Comparison and dependencies of the distance sensors.

In the example shown, both sensors measure the distance at the same time and at the
same circumferential and axial position in the lubrication gap. The medium between the
sensor surface and the bearing surface is a mixture of the lubricant described in Section 2.3
with dispersed air inclusions. While the eddy current sensor measures the distance as a
function of the temperature but independently of the relative permittivity, the capacitive
sensor signal is affected by the change in dispersed air. First, the capacitive distance sensor
is calibrated in air so that a relationship is established between the distance and the voltage.
During operation, the capacitive distance sensor then measures the distance as a function
of the oil-air mixture, which changes the output voltage value but not the approximate
linear behavior. From these considerations, a model for determining the overall relative
permittivity can be established:

For the capacitive distance measurement in air and in the mixture of oil and air, the
charge remains the same:

Cg-Ug=C-U. @)

The relationship between capacitance and the relative permittivity is given by
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A
=¢€y € —. 8
C=¢-¢ A (8)
Substituting Equation (7) into Equation (8) leads to the expression
B sgug
£ = === 9
7 )
If the assumption is made that eg # f(T, fgipole) it can be assumed that ¢ - g =1
so that
Ug
i (10)

The capacitive distance sensor, which was previously calibrated in air, has the charac-
teristic curve shown in Figure 8. If the sensor calibrated in air measures the distance in the
oil-air mixture, the voltage U is output, which no longer describes the true distance due to
the change in relative permittivity. Using the relationship described in Equation (10), the
eddy current sensor, which describes the distance independently of the relative permittivity,
can be used to determine the voltage U, that the capacitive distance sensor would display
at the same distance in air.

1200 |- | = calibFkt. capS.
— calibFkt. eddyS. := fedqdycalib
1000 |- - calibFkt. eddyS. tempDrift o

800

600

hin pm

400

200

UinV

Figure 8. Calibration functions of the capacitive distance sensor and the eddy current distance sensor.

The temperature drift of the eddy current sensor corresponds to a shift of the y-
axis section in the negative ordinate direction of the calibration function, so it can be
assumed that

ueddy (h) = feddyCalib + ( ucap (hmin ) - ueddy (hmin ) ) : (11)

Finally, the last missing variable to derive f34gy from the experimental data is the
dielectric constant of oil eygap as a function of temperature. For this purpose, the measured
temperature-dependent dielectricities of two VG32 lubricants from different manufacturers
are compared in Figure 9. Despite the small number of measuring points of Esso Teresso
32 in Figure 9b, the linear character of the relative permittivity can be determined when
comparing it with the similar Shell Turbo GT 32 lubricant in Figure 9a.
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(a) Relative permittivity as a function of the tem- (b) Relative permittivity constant as a function of
perature of Shell Turbo GT 32 the temperature of Esso Teresso 32

Figure 9. Relative permittivity as a function of temperature of different VG 32 lubricants.

3. Results

The stationary tests are carried out at various operating points, which are summarised
in Table 5. The selected rotational speeds and specific bearing loads represent typical
operating points for large hydrodynamic journal bearings used in steam and gas turbines
in terms of line frequency and rotor weight.

Table 5. Experimental plan with operating points.

nin min~1 p in MPa ViinL-s™! VpinL-s™1 Tsup in °C hp in mm
1500 05,1.0.40 75 0.0,0.5...2.5 50 45,10,8,6...0
3000 1.0,1.5.5.0 7.5 0.0,05...4 50 45,10,8,6...0
3600 1.0,15.45 75 0.0 50 45

hp = 45 mm =: Deep grooves are fully opened
hp = 0 mm =: Deep grooves are fully closed
Vi =7.5L-s~! =: Nominal oil volume flow rate

3.1. Deep Groove Void Fraction

Initially, the deep groove elements are moved radially towards the shaft during the
tests to investigate the influence of the deep groove void fraction on operational safety
and power loss. In addition, an attempt is made to flood the deep grooves with lubricant.
Images of the lower groove camera system are shown as an example in Figure 10. The
numbers in the headings of the subfigures correspond to the denomination for the location
of each camera in Figure 5. Cameras (1) and (4) film directly onto the rotating shaft through
the plexiglass screen of the deep groove element. Despite the lighting, only different shades
of yellow of the oil are visible. The same applies to camera (2), which films axially into the
ring groove. The images from camera (3) are the only representative images. On the one
hand, the lubricant adhering to the shaft can be seen, which is transported in strands from
the lower to the upper pad. An oil plateau in the bottom right-hand edge of the deep groove
can be identified. In principle, it can be observed that the deep grooves are not filled under
any conditions, regardless of speed, load, and amount of lubricant supplied to the leading
edges of the pads. Even moving the deep groove elements right to the edge of the adjoining
pad does not lead to a reduction in operational reliability, shown in Figures 11a and 12a,b,
or an increase in power loss, which is shown in Figure 11b. Fluctuations are within the
range of measurement accuracy. With regard to operational safety, a slight decrease of the
maximum temperature is the only recognisable trend. Given the comparably low impact of
the deep groove depth on steady-state operational reliability and power loss, the lubrication
gap void fraction is the sole parameter subjected to further analysis in Section 3.2. However,
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the impact of the void fraction in the deep groove on dynamic operating conditions might
be different and needs to be investigated separately.

Axial camera of the ring groove (2) ‘Radi

Axial camera of the wef deep groove (3) Radial camera of the lower deep groove (1

Figure 10. Deep groove void fraction @ n = 1500 min’l,ﬁ = 1.00 MPa, hp = 45mm, V;, =75L-s~ 1.
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(a) Minimum lubricant film thickness as a
function of deep groove depth

(b) Frictional power loss as a function of deep
groove depth

Figure 11. Deep groove depth influence on hpyi, and Py at different operating points.

3.2. Lubrication Gap Void Fraction

The results of the quantitative measurement of the void fraction at two extreme
operating points are presented in Figure 13. They show the distribution of oil and air at low
rotational speed and load in Figure 13a and high rotational speed and load in Figure 13a.
The two cases differ by an approximate fully filled lubrication gap in (a) and a very high
air content in (b). In the following, the abbreviation Igvf is used for “lubrication gap void
fraction” and Igpd for “lubrication gap pressure distribution”. The area cut out in the centre
is the hydrostatic lifting pocket, which is described in more detail below. As can be seen

from the colour scale in the figures on the right, the lubrication gap fractional film content is
defined by

6 < [0,1], (12)
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Thus, the void fraction is defined by
(1 - 9) € [0, 1]/ (13)

where 6 = 0 is a complete absence of oil and § = 1 is a complete absence of gas or vapour.

120 - 1100—e—e—e—6—o
—0—&—e-6—9
1007 100 -
5 gol|"©@n=1500min"",F=100MPa | , go|/=©=@n=1500min"', 5 =1.00 MPa
< ~6-@n=3000min"!, p=3.00MPa | -6~ @n =3000 min~!, 7 = 3.00 MPa
— 60 = 80"
s g
g
£ 40 =~ 70¢espeamc—o—o o
COeDOSHe—0—© © il
20 - 60 I
10 -
0 \ \ \ \ 50 \ \ \ \
0 5 10 15 20 0 5 10 15 20
hp in mm hp in mm
(a) Maximum lubricant film pressure as a (b) Maximum lubricant film temperature as a
function of deep groove depth function of deep groove depth
Figure 12. Deep groove depth influence on operational safety and power loss at different operating
points.
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(a) Igvf @ n = 1500 min~!, 7 = 0.50 MPa (b) 1gvf @ n = 3600 min~!, 7 = 4.50 MPa

Figure 13. Lubrication gap void fraction at low rotational speed and load (a) and high rotational
speed and load (b) under standard oil supply and fully opened deep grooves.

The direction of rotation is in the positive ¢-direction. In the centre, from ¢ = 104° to
¢ = 231°, the lower loaded pad can be seen, which has been slightly shortened tangentially
because the distance sensor signals at the leading and trailing edge of the pad exceed the
maximum measuring range. This principle encompasses the upper, unloaded pad, which
is shown as a section from ¢ = 284° to ¢ = 52°. The deep groove areas in the spaces
between the pads and the hydrostatic lift pocket in the middle of the loaded pad are cut out
as well because of their depth. It is noticeable that the void fraction is growing significantly
with increasing speed and load. In particular, the air fraction rises at the leading and
trailing edges of the loaded pad and at the leading edge of the unloaded pad. In both pads,
particularly at the beginning of the pad, there are high air entrainment areas at the axial
edges, which decrease towards the trailing edge. Whereas in Figure 13a almost the entire
running surface of both pads is completely filled with oil, the area without air content in
Figure 13b is limited to a range of ¢ = 160° to 220°. This area is located directly behind the
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location of the minimum lubricant film thickness, in the area of the maximum lubricating
film pressure.

A comparison of the void fraction distribution depicted in Figure 14a with the lubricant
pressure distribution illustrated in Figure 14b reveals that there is also a void fraction of
6 > 0 in regions exhibiting pressures that are significantly above atmospheric pressure. The
area enclosed by the dashed line represents the region of absolute void filling of 6 = 1. It is
notable that there are areas surrounding this region with pressures exceeding 10 bar, where
the fractional film content of 6 is observed to be between 80% and 90%.

9 p in bar
10

(a) lgvf @ n = 3600 min~!, 7 = 3.50 MPa (b) Igpd @ n = 3600 min~!, 7 = 3.50 MPa

Figure 14. Lubrication gap pressure distribution (a) and void fraction (b) under standard oil supply
and fully opened deep grooves.

Figure 15 shows the impact of increasing load on the fractional film content at a rotor
speed of 3000 min~!. From (a) to (b) the proportion of air increases, and the highest air
content shifts from the leading to the trailing edge of the loaded pad. The upper, unloaded
pad is even less filled with oil at high loads. According to Figure 15b, an overall larger area
of the loaded pad is filled with pure oil, while at the trailing edge of the pad a high void
fraction is present. In Figure 16 an increase of the void fraction is observable, due to an
increase in rotational speed at a constant load of 7 = 1.00 MPa. While the lubrication gaps
of both pads are almost completely filled with oil at n = 1000 min~!, the void fraction is
high at n = 3600 min L. In contrast to the load increase from Figure 15, this clearly shows
that the void fraction increases particularly at the beginning of the loaded pad and at the
end of the unloaded pad. Around two-thirds of the loaded pad, behind the partially filled
area at the leading edge, are completely filled with oil.

0 0
1 1
300
E 200
= 0.5 0.5
f 100
0 0 0
© S PSP F P
@in® @in®
(a) Igvf @ n = 3000 min~!,7 = 1.00 MPa (b) 1gvf @ n = 3000 min~!, 7 = 4.50 MPa

Figure 15. Lubrication gap void fraction @ n = 3000 min—!, p = 1.00...4.50 MPa with standard oil
supply and fully opened deep grooves.
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(a) Igvf @ n = 1000 min~!, 7 = 1.00 MPa
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(b) 1gvf @ n = 3600 min~!, 7 = 1.00 MPa
Figure 16. Lubrication gap void fraction @ n = 1000..3600 min~!, 7 = 1.00 MPa with standard oil
supply at maximum deep groove depth.

Figure 17 depicts the influence of additional lubrication by means of the oil supply
through the deep groove element in the space between the pads region. In Figure 17a the
operating point can be seen with fresh oil flow rate increased by 2.0 L-s ™' to VL =9.5L-s 1.
The gap, which is approximately fully filled at ;. = 7.5 L -s~!, does not have a visibly
reduced void fraction. In (b), the deep groove feed rate of Vp = 3.0 L s~ ! is used in addition
to V.. The already filled gap also shows no noticeable change in the void fraction.

0 0
1 1
300 300
g 200 é 200
c 05 ¢ 0.5
R 100 = 100
0 0 0 0
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>IN P AR oV o
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(a) lgvf @ n = 1500 min~!, 7 = 1.00 MPa,
Vi =95L-s"L,Vp=00L-s!

@in®

(b) Igvf @ n = 1500 min !, p = 1.00 MPa,
VL =95L-5s71,Vp=30L 5!

Figure 17. Lubrication gap void fraction @ n = 1500 min~!, = 1.00 MPa with varying Vp.

For the operating points shown in Figure 18, a similar procedure was followed as
previously in Figure 17. Here, the standard oil flow rate of Vi, = 7.5 L. - s ! at the pockets
of the pads leading edges and the oil flow rate of the deep grooves were increased from
Vp = 0.0 L-s~!in Figure 18a to Vp = 5.0 L-s~! in (b). A slight reduction in the void
fraction can be seen, both in the loaded and in the unloaded pad. Figures 19 and 20 include
characteristic parameters for the operational reliability and power loss as a function of the
oil supply volume flow rate of the pockets. While no noticeable influence of Vp can be
recognised with n = 1500 min~! and P = 1.00 MPa, at n = 3000 min~! and P = 2.00 MPa,
there is a trend towards an increase in power loss with a simultaneous slight reduction in
maximum temperature as the oil flow rate increases.
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(a) Igvf @ n = 3000 min~!,7 = 1.00 MPa,
W=75L-5s1,Vp=00L-s"1

0
1
300
é 200
c 0.5
= 100
0 0

NN SANEN
B ORI PR o0
@in”®

(b) 1gvf @ n = 3000 min~—!, 7 = 2.00 MPa,
Vi, =75L-s 1, Vp=50L-s1

Figure 18. Lubrication gap void fraction @ n = 3000 min~!, p = 2.0 MPa with varying Vp.
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Figure 19. Deep groove volume flow influence on hipyi, and P at different operating points.
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Figure 20. Deep groove flow rate influence on maximum film pressure and temperature at different

operating points.

4. Conclusions

This paper presents a novel approach to identify the void fraction in a hydrodynamic
journal bearing. The investigations can be divided into two parts:
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*  Qualitative identification of the void fraction in the deep grooves via a camera system.
*  Quantitative identification of the void fraction in the lubrication gap via a novel
approach based on a combination of eddy-current and capacitive sensors.

The void fraction in the deep grooves, which can be adjusted in depth by a specially
designed mechanism, demonstrates that there is no impact on the overall operational
behaviour, irrespective of the depth set. This is due to the fact that a near-total transfer of oil
from the trailing edge of the preceding pad to the trailing edge of the subsequent pad occurs,
resulting in the deep grooves being almost entirely unfilled at any given operating point.
Consequently, no pressure build-up occurs between the shaft and the deep grooves, and
thus no shear stress is generated. Furthermore, the measured operational safety indicates
no notable alterations. Additional flooding of the deep grooves will only add lubricant to
the subsequent lubrication gap unless it is already completely filled. It can therefore be
concluded that the deep groove areas have no significant impact on the static operating
behaviour of the bearing.

The second part of the void fraction investigation concentrates on the lubrication gap,
which dominates the bearing operating behaviour due to the negligible influence of the
deep groove void fraction determined above. The following key points can be made from
the results of the investigations:

e It has been demonstrated that cavitation phenomena can also occur in the lubricating
film at pressures above atmospheric pressure. Furthermore, all stationary tests have
shown that stable cavitation conditions can be achieved, which means that the void
fraction does not change at the respective operating point, even after minutes of
measurements at several thousand revolutions. In addition, no damage to the bearing
could be detected. Thus, the main mechanism, therefore, appears to be gaseous or
pseudo cavitation, although further investigations are required.

*  The void fraction is characterised by different levels of air in the lubrication gap,
originating partly from circumferential and axial air entrainment and partly from air
dissolved in the lubricant.

*  As the specific bearing load increases, the void fraction shifts from the leading edge to
the trailing edge of the pad, particularly at higher speeds, as the distance between the
shaft and bearing decreases and the eccentricity of the shaft increases. This leads to
divergent gap areas at the pad, where the void fraction elevates.

¢  With increasing rotational speed, the void fraction of the loaded pad increases consid-
erably for the same load. This is due, on the one hand, to the greater distance between
the shaft and the pad surface as a result of the decreased eccentricity and, on the other
hand, to the circumferential shaft speed, which favours cavitation.

*  The void fraction is significantly related to the friction power converted in the bearing.
In the case of lubrication gaps that are already fully filled, it can be seen that no more
noticeable shear stress is converted when more oil is added.

Further research is required to gain a deeper understanding of the cavitation phenom-
ena in the lubrication gap. Firstly, the void fraction in different bearing designs should be
investigated in order to compare them with the results of the Offset Halves Bearing study.
In addition, the general influence of the void fraction on operational safety and power loss,
which are particularly relevant to practical operation, was to be investigated. The method
of starved lubrication, which can be applied in this context, leads to high void fractions in
the lubrication gap areas, which significantly reduce power loss. However, the processes
that take place in the lubrication gap under greatly reduced oil volumes have not yet been
visualised or sufficiently understood. Finally, the methods developed in this publication
have only been used to examine journal bearings in a stationary operating state, so the void
fraction should also be investigated under dynamic operating conditions.
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Nomenclature
Symbols

surface area

o coefficient of thermal expansion

ap Bunsen coefficient

by width of the loaded pad

bmax maximum test bearing width

bub width of the unloaded pad

C capacitance of an ideal plate capacitor

Cg capacitance of an ideal plate capacitor in air
G capacitance of an ideal plate capacitor in oil
C capacitance of an ideal plate capacitor in two-phase mixture
Cp specific heat capacity

d shaft diameter

A zym displacement

Aw deep groove depth extension

E Young’s modulus

€ relative permittivity

€g relative permittivity of the gaseous phase

€ relative permittivity of the liquid phase

£ effective relative permittivity

7 dynamic viscosity

F stationary bearing load

feddycalib ~ calibration function of the eddy current distance sensor
h film thickness

Hmin minimum lubricant film thickness

hp deep groove depth

A thermal conductivity

n rotational speed

Nmin minimum speed

Ting speed range

v lateral contraction number (Poisson’s Ratio)
w angular velocity

Ppc electrical power

p pressure

Pabs absolute pressure

Patm atmospheric pressure



Lubricants 2025,13, 7 20 of 22

Pmax maximum lubricant film pressure
P specific bearing load
Y; relative bearing clearance
Y, preload factor
Priic power loss
R, outer bearing radius
R inner bearing radius
Rg pad radius
P density
T temperature
0 fractional film content
0adBM calculated fractional film content for disperse distribution of oil and air (Bruggeman)
04daMG calculated fractional film content for disperse distribution of oil and air (Maxwell-Garnett)
oG fractional film content of the lubrication gap
Opd calculated fractional film content for parallel distribution of oil and air
Osa calculated fractional film content for serial distribution of oil and air
Timax maximum lubricant film temperature
Tsup supply temperature of the lubricant
u voltage of an ideal plate capacitor
Ug voltage of an ideal plate capacitor in air
Ucap voltage of capacitive distance sensor
Ueddy voltage of eddy current distance sensor
U voltage of an ideal plate capacitor in oil
u voltage of an ideal plate capacitor in two-phase mixture
Qinst installation angle
@ circumferential angle
Vg volume fraction of gas phase
Vi volume fraction of liquid phase
L volume flow rate of the leading edges (in total)
VD low pressure volume flow rate
VNDPL volume flow high pressure supply test bearing
Vp volume flow rate of the deep grooves (in total)
Vr tank volume
Abbreviations
OHB Offset Halves Bearing
calibFkt.  calibration function
capS. capacitive distance sensor
eddyS. eddy current distance sensor
tempDrift temperature drift
MP measurement point
linIntp linear interpolation
linExtrp  linear extrapolation
Igvf lubrication gap void fraction
Igpd lubrication gap pressure distribution
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