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Abstract: Even though the list of references associated with this review is rather extensive, in
no way does it exhaust the vast literature dedicated to the study of cavitation. The intent was
to summarize (i) advances in analytical and numerical modelling, (ii) draw attention to the
thermodynamic aspects of cavitation, and (iii) do so while reflecting on physical or experimental

observations.
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1 INTRODUCTION

The three recognized forms of liquid cavitation are
reviewed in this article as follows.

1. ‘Gaseous cavitation’ generally contains one or mul-
tiple species of gases dissolved in the fluid and
occurs as the pressure falls below the saturation
pressure of the particular gas component.

2. ‘Pseudo-cavitation’ is a form of gaseous cavitation
during which the gas bubble expands on account of
depressurization without further gas mass diffusion
from the liquid to the gas phase.

3. ‘Vaporous cavitation’ is the result of a thermody-
namic non-equilibrium event when the pressure
falls below the vapour pressure of the liquid at the
prevalent temperature.

Osborne Reynolds [1] in his landmark paper of
1886 investigated the case of two cylindrical bearing
surfaces operating eccentrically with respect to each
other. His analysis was limited to lower eccentrici-
ties, (¢ < 0.5), since he realized that it was doubtful
that physically the fluid-film would sustain pressures
below the atmospheric level. Due to the mathemat-
ical and computational complexities involved, the
possibility of a film rupture and its implications to the

*Corresponding author: Department of Mechanical Engineering,
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overall static and dynamic behaviour of the bearing
were not contemplated, nor could have been con-
sidered at that time. The result was the now famous
Reynolds equation which is used to simulate an
uninterrupted film around the bearing (Fig. 1(a)). In
1904, Sommerfeld [2] implemented a trigonometric
substitution, henceforward known as the Sommer-
feld transformation, which allows solutions of the
Reynolds equation for all eccentricities and yields the
now equally famous full Sommerfeld curve (Fig. 1(b)).
The most notable feature of this curve is its nega-
tive anti-symmetric pressure in the divergent region of
the bearing. Nominally, according to the Sommerfeld
model, the minimum negative pressure is equal to the
maximum positive one. For this model to be correct,
the working fluid is assumed to be able to sustain high
tensile stresses. It has been known for quite some time
[3, 4] that a fluid under certain conditions can sus-
tain elevated levels of tensile stresses. This, however, is
not such a realistic expectation in a tribological envi-
ronment where fluid flow conditions exhibit extreme
tangential shear, high rates of heat dissipation, and
possibly strongly forming sub-atmospheric pressures.
These conditions result in a film rupture wherein the
resulting cavity, filled by either gas, vapour or a mixture
thereof, has to be factored into the ensuing model.

2 LITERATURE REVIEW

There is a wealth of literature on cavitation, whether
it is gaseous or vaporous, whether representative of

JET772

Proc. IMechE Vol. 224 Part J: J. Engineering Tribology

Downloaded from pij.sagepub.com at Sistema Integrado de Bibliotecas-EESC on May 17, 2011


http://pij.sagepub.com/

840

M J Braun and WM Hannon

f Full Sommerfeld Curve

0,27

Pressure [Pa]

100

12
%,
)
2
Y

2 0
circumferential direction [m]

(@)

Shaft downward
motion

w u=Rw
x
T 2r
pgas == 1A I e e A

Saturation

pressure of the

gas in liquid

Liquid theoretically in
Peat tension N2 Vapor Pressure . . _.___. ALl Shaft upward
S SR T e S R R S e A Ll v _._._._._._._._._._._._._._._._._K /_ motion

Ptensile‘cr

(b)

(c)

Fig.1 Typical pressure distribution in a journal bearing with an eccentric shaft: (a) typical
two-dimensional axial-circumferential pressure map distribution in a journal bearing;
(b) 2D full Sommerfeld curve circumferential cross-section through the symmetry line of
(a); and (c) typical circumferential pressure distribution in a convergent—divergent clearance
with a normal velocity £V to the main flow direction

sliding and/or rolling contacts or a fluid-film bearing
subjected to dynamic loading (Figs 1(b) and (c)). In
directing the interested reader to the richest literature
wells regarding this subject, one has to acknowledge
historically, across time, three symposia. The earliest
modern era effort at gathering information about cav-
itation in one place is represented by a symposium
organized by General Motors Research Labs in 1962
[5] and edited by Davies. Many of the participants in
this symposium are today considered as forefathers in
developing knowledge about bubble dynamics [6, 7],
surface tension [8, 9] and thin film rupture [10-12].
The 1974, 1st Leeds-Lyon Symposium, edited by Dow-
son et al. [13], was the first to focus singly on the
topic of cavitation phenomena as it relates to lubri-
cation technology. This volume contains information
regarding the fundamentals of vaporous and gaseous

cavitation, classical theories addressing film rupture
conditions in static and dynamically loaded bearings,
and research relating to cavitation damage.

The 1988 NASA Lewis Research Center (Cleveland,
Ohio, USA) symposium regarding cavitating films,
Brewe et al. [14] contained the most recent advances
(at that time) regarding the fundamental concepts of
cavitation as well as follow-up improved versions of
models presented in 1974 in Lyon [13]. In particular,
the 1988 symposium offered novel theoretical algo-
rithms for a more realistic simulation and numerical
implementation of cavitation.

2.1 Types of cavitation

Swales [15] identified four general types of cavita-
tion that are mostly vaporous in nature. He noted
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that these types of cavitation are generally short-lived
transient phenomena where the cavitating bubble
grows and collapses as a function of both its pres-
sure environment and capability of the fluid to resist
tensile stresses. The four types of cavitation noted by
Swales are the following:

(a) travelling;
(b) fixed;
(c) vortex;
(d) vibratory.

With the exception of the vortex cavitation where
vortices have a relatively long residence time, the
remaining types of cavitation, especially the vibratory
type, are transitory in nature with rather short time
constants. As Swales [15] and Dowson and Taylor [16]
remark, the (a), (b), and (d) types of cavities are rather
unstable, short-lived, and mostly contain vapour. The
authors further note that cavitation is usually stable
when the cavity’s contents are gaseous as opposed to
vaporous.

The travelling cavity is a most interesting phe-
nomenon as the cavity forms, grows, and then closes
as observed by an Eulerian viewer on the ground.
Xing [17] in 2009, experimentally presented a classical
case of such travelling cavity for a two-phase squeeze
film damper. Sun and Brewe [18] have experimen-
tally studied static and dynamically loaded bearings.
They reached the conclusion that two different formu-
lae are necessary to characterize the time constants
associated with the following:

(a) vapour flashing and filling a void;
(b) gas diffusing out of the oil.

They proposed a formula [19] for calculating the
time constant for vaporous cavitation and found it to
be of the order of 167 x 1075 s. They also calculated the
time constant necessary for filling a void with diffused
gases and determined it to be of the order of 0.32 x
10%%s. These findings in effect support the contention
of Swales [15] and Dowson and Taylor [16] that gaseous
cavitation is a much more stable phenomenon. By
comparing these time constants with the operational
characteristics of a dynamically loaded bearing, they
concluded that vaporous cavitation occurs predom-
inantly during dynamic situations. Even though the
time constant for gas diffusion is much larger than that
of a transitory (flash) depressurization process, other-
wise predominant occurrence of gaseous cavitation is
mitigated by the presence of gas nuclei in the oil film,
or in the roughness of the crevices of the solid bound-
aries. In this environment of high film shear and tensile
stresses, the nuclei act as gaseous ‘cavitation promot-
ers’. Itis well known that for most common gases found
in the atmosphere the gas saturation pressure in a liq-
uid is far above that of its vapour pressure, even though
both are subatmospheric. So the question poses itself

as to what is the type of the cavity content: gaseous
or vaporous? The answer certainly depends upon a
multitude of factors that act conjointly: whether the
fluid under consideration is pure or a mixture, whether
the process is steady-state and diffusion-dominated,
or highly transitory and characterized by sudden
strong depressurization. Thus, the cavitation content,
depending on the process, can either be gaseous,
vaporous, or a combination thereof. As noted by both
Swales [15] and Dowson and Taylor [16, 20], when
large amounts of gas (air) are dissolved in the lubricat-
ing oil there is a wealth of cavitation-starting nuclei.
Under hydrodynamic conditions where the pressures
fall below the gas saturation pressure, the gas diffuses
out of the oil creating a stable cavity. Sun and Brewe
[18,19], Sunetal. [21],Jacobson and Hamrock [22, 23],
Jacobson [24], and Wilson [25] have all addressed the
circumstances of the vaporous cavitation, based on
visual observation of a highly transitory regime and/or
typical pitting cavitation damage.

2.2 On tensile stress of liquids

In 1974, Temperley [26] reviewed the available experi-
mental data and state-of-the-art theory regarding the
tensile strength of liquids. He determined experimen-
tally that three different situations of ‘fluid-in-tension’
could be identified as the following:

(a) static application of tension;
(b) ‘once-only’ pulse tension test;
(c) oscillating tension through acoustic means.

For all three categories, it has been proven that
the fluid can sustain significant levels of tension. The
tensile strength values obtained from the type (1)
experiments are significantly higher than type (2); both
type (1) and (2) give yet higher tensile values than
type (3) experiments. For further reading, Temperley
refers to two of his earlier papers [27, 28] where he
reviewed work and studied the behaviour of water
subjected to ‘tension’. He mentions that considerable
differences (as much as 50 times) were observed in
the values of critical tension when different methods
like those of Bertholet [3] and Reynolds [4] were used.
Temperley reported that if tension is applied statically,
ordinary tap water containing small amounts of dis-
solved air can withstand tensions as high as 4.06 MPa
(40 atm) while under conditions of near saturation
with air, water was found to withstand tensions of only
0.61 MPa (6 atm). Fisher [29] affirms that aliquid under
‘negative pressure’ (tension) is in a metastable state
where vapour bubbles appear spontaneously and con-
tinue growing until the system’s pressure reaches the
equilibrium vapour pressure. He proposes a theory,
and develops formulae for the rate of bubble forma-
tion using the classical nucleation theory of Frenkel
[30] and Volmer [31]. The fluid ‘fracture pressure’ is
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the negative pressure pyg.; at which the fluid ‘fractures’
and causes the appearance of the first gas bubble(s)

_ [16m o’ .
Piace = =1 737 \ kTIn(NKTtTh) — Af,

where k is the Boltzman constant, N is the number of
molecules, t is the time for the first bubble apparition,
o is the interfacial surface tension, and Af is the free
energy of activation. Fisher also tabulates (Table 1,
[29]) the values of the waiting time ¢ to the appari-
tion of the first bubble for different free energy of
activation for water. He also tabulates, for the same
temperature (T = 300°K), the ‘fracture pressure’ for
different liquids when Afy = 0 (Table 2, [29]). The cal-
culated ‘fracture pressure’ for water is 132 MPa. This is
approximately one order of magnitude higher than the
maximum experimental value obtained for pure water
on a regular surface, and two orders of magnitude
higher for gassed water on irregular surfaces [27, 28].
Hendricks et al. [32] present an analogy between cav-
itation and fracture mechanics, asserting that the role
impurities play in the formation and propagation of
a crack in solids parallels the role played by the first
bubble of the fractured fluid [29] in the growth of the
cavitation zone. Further, they analyse the similarities
between the Griffith [33] and Fisher-Frenkel [29, 30]
crack models for solids and liquids, respectively. It is
concluded that both models predict fracture-starting
stresses that are significantly higher (10 orders of
magnitude) than the ones yielded by experiments. As
a result, a ‘rule-of-thumb’ is proposed, whereby all
the theoretically obtained values are scaled (Pface/ 10%)
in order to be brought in line with the experiments.
The authors [32], further remark that photographs of
crack propagation in solids and cavitation in bear-
ings possess common features in that the main line
crack and the attached secondary cracks have simi-
lar physical and propagation characteristics. Hoffman
and Myers [34] also looked at cavitation, but in the
context of the splitting of thin coating fluid films. Their
intended application pertains to the roll application of
these films. The authors use a heuristic approach by
combining high-speed film analysis of the roll coating
and film splitting with a partly theoretical approach.
In the end, they present an equation that calcu-
lates the ‘fracture pressure’ at which the thin rolling
film cavitates, (AP = [2(c +2uV)/R] + 1.5pV?). The
equation relates the pressure differential (AP) across
the cavity to its growth velocity V by taking into con-
sideration the interface (radius R), the inertial term
(pV?), the surface tension term (o), and the viscous
term (uV).

The differentiating factor between a fluid and a
solid state resides with the respective molecular cohe-
sion forces which are dependent on the average
intermolecular distances; these forces vary inversely
proportional with the square of the aforementioned

distance. When compared to those in the solid, the
forces in the fluid are much smaller, and hence nor-
mal (tensile) stresses cannot be readily sustained. That
is not to say that a liquid cannot sustain any tensile
stresses [3, 4]. Floberg [35] starting from a fixed mass
gas bubble in an equilibrium-state condition in a fluid
(R*p = R} po), determined that for adiabatic conditions
the fluid pressure p is related to the bubble starting
equilibrium pressure ¢, and surface tension T by

TR, % 2T g q
=q=|—=| —-—, here — = —
p qo i R | R W /O(I)C Ok
while for isothermal conditions
R,1® 2T g q
= = _— - —, h _— = =
p=qo 7| R where o

where k is the adiabatic coefficient, R, is the starting
bubble radius, and p is the density of the gas. The
above equations reveal that as the fluid pressure, p,
decreases, the bubble radius R, grows simply by pure
expansion. This process, termed pseudo-cavitation,
occurs with no additional gas diffusing into the bubble
(R3po = R%p). One could liken the pseudo-cavitation
process to a balloon of fixed internal mass that starts
expanding as the environmental pressure decreases.
However, as the fluid pressure falls below the dissolved
gas saturation pressure, the bubble increases in size
due to additional mass input. This is a desorption pro-
cess, a phenomenon during which non-condensable
gases diffuse from the liquid phase into the existing
gaseous bubble nucleus. As such, the bubble serves
as a nucleus for fluid rupture with the ensuing ‘crack’
fueling the cavitation growth. Forahomogeneous mix-
ture of non-condensable gases, therelation p < pg, (T)
has to be replaced by p < pgas sari(T) (Fig. 1(b)). Due to
diffusion, indicative of a lower tensile liquid strength,
the bubble starts growing rapidly and exhibits rarely
an unstable behaviour. This phenomenon is known
as gaseous cavitation. The concepts presented above
for pseudo- and gaseous cavitation address the issue
of a gas bubble growth. More generally, this growth
can occur due to either the lowering of pressure in
the fluid without additional gas diffusion, or when the
fluid pressure has crossed the threshold of the gas sat-
uration pressure. The latter situation is characterized
by a very rapid bubble growth.

For applications to bearings, the absorption and
desorption of a non-reacting, non-condensable gas
mixture has to be considered. The mixture total pres-
sure can be determined by Dalton’s law of additive
pressures

n
Pmix = Z pgas sat,i(Tmix; Vmix)

i=1

where pgassar,i i the partial pressure of a component
in the mixture that represents the individual gas (i)
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Table 1 Pressures and temperatures for the release of gas and vapour for an ‘example oil’

Nitrogen gas dissolved in oil

Example oil mixture components

Nitrogen Volume
saturation Mole fraction Vapour
pressure, fraction, Vgas! Viotal Hydrocarbon pressure,

Temperature Pgassat,i(T) Viliqside (%) component Pvap

(1) 2) (3) 4) (5) (6)

150°C 344.8 kPa 0.00641 0 CioHz2 (n-decane) 52.4 kPa
101.37(1 atm) 0.001 88 0.37 0 CooHy42 (n-icosane) 0.14 kPa
68.96 0.00128 0.53 0.12 0 CogHsg(octa-cosane) 1.59 Pa
34.48 0.000 64 0.82 0.50 0.34

100°C 344.8 kPa 0.005 58 0 CioHa22 9.5kPa
101.37 0.001 64 0.27 0 CooHy2 5.1Pa
68.96 0.00112 0.38 0.058 0 CogHsg 0.015Pa
34.48 0.000 56 0.62 0.263 0.155

65°C 344.8 kPa 0.00512 0 CioH22 1.9kPa
101.37 0.00151 0.24 0 CooHa2 0.21 Pa
68.96 0.001 02 0.35 0.055 0 CogHsg 2.1E-4 Pa
34.48 0.00051 0.54 0.203 0.116

saturation pressures in the liquid. The corresponding
law of volumes is given by Amagat’s law

n
Vmix - Z Vgas sat,i(Tmix» Pmix)

i=1

Defining the mole fraction of the ith component
as Vi gasside = Ni/ Ninix = Pgassat,i/ Pmix, the individual gas
saturation pressures can be written in terms of the total
mixture pressure, Ppix, as

Pgassat,i = Vi,gas siderix

Most gases are weakly soluble in liquids. It has
been found that for such situations the relationship
between the mole fraction of the ith species in the gas
mixture and in the liquid, at their interface, is gov-
erned by ¥igasside X Viliq.side- Then, based on Dalton’s
law and the mole fraction definition one can write
Pgassat,i X Vilig.sidePmix. This is known as Henry’s law
where the proportional sign can be eliminated if one
introduces Henry’s constant H(= Py, *prop.const.).
Then

y pgassat,i
ilig. side =
d H

The concentration of an ith species dissolved in the
liquid is proportional to the partial pressure of the
gas, and is inversely proportional to Henry’s constant.
It has been noted that H increases with increasing
temperature. The above observation, in combination
with the bearing’s divergent zone heat dissipation and
decreasing pressure, is responsible for the significant
decrease in y;jiq. side- This lower y;jiq.side is indicative of
the gas being released from the oil and migrating into
the existing bubble, thus exacerbating its accelerated
and extensive growth. For the case when the gas is

strongly soluble in the fluid, Henry’s law gives way to
Raoult law

y:',gas sidePgas, total
pgas sat,i(T)

yi,liq. side =—

where, by Dalton law

n
Pgas,total = Z pgassat,i(T)

i=1

The above equations, taken in conjunction with
Floberg’s adiabatic or isothermal bubble’s pressure
equations may be used to explain the non-
condensable gas mixture bubble formation and
growth in a bearing environment. Normally, mineral
oils contain some amounts of dissolved gas at
pressures near the atmospheric pressure. As the pres-
sure in the bearing falls below the pgssai Of the
individual ith gas component, the latter is released
from the oil and diffuses into the gaseous bubble. For
this purpose, let the ‘example oil’ presented in Table 1
be examined. The oil is a mixture of hydrocarbon frac-
tions of n-decane, n-icosane, and octa-cosane. The
table gives the following:

(a) the vapour pressures, pv.p(T), for each respective
component;

(b) an estimate of the nitrogen gas saturation pres-
sures, Pgassat,i(T);

(c) the mole and volume fractions of nitrogen dis-
solved in this oil.

Column (4) shows the volume fraction of nitrogen
dissolved in this hydrocarbon mixture at the given
temperatures and the nitrogen saturation pressures
shown in column (2). For example, consider a nitro-
gen mole fraction (column (3)) of ;iqsice = 0.006 41
at 150°C and 344.8 kPa. If the pressure drops isother-
mally to 101.37 kPa (atmospheric), the mole fraction
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on the liquid side becomes y;jiqsice = 0.001 88. This
means that 0.004 53 of the dissolved gas has diffused
into the gas side bubble. In terms of volume fraction
(column (4)), the volume the gas now occupies rep-
resents 37 per cent of the total volume. If pressure
is dropped further to 34.48 kPa the volume fraction
of gas grows to 82 per cent, even though the mole
fraction on the liquid side has decreased only by a
AYijigside = 0.001 24. This means that 82 per cent of
the total volume is now occupied by the nitrogen.
From columns (5) and (6), respectively, it can be seen
that only when the pressure is dropped to 52.4 kPa, at
150°C, does n-decane come out of the oil in the form of
vapour. Assuming the process is isothermal, it means
that until pressure reaches the threshold of 52.4 kPa,
only gaseous cavitation takes place. At 52.4kPa the
first vapour traces of n-decane appear, and beyond
this pressure threshold there will be a combination of
gaseous and vaporous content in the bubble. As oper-
ating temperatures are decreased to 100°C and then
65 °C the threshold at which the first n-decane vapour
is generated is lowered dramatically to 9.5 and 1.5 kPa,
respectively. For the other components of this oil the
vapour pressure is even lower, precluding any genera-
tion of n-icosane or octa-cosane vapour. All the while,
the volume fraction of nitrogen grows considerably to
maxima of 62 per cent and 54 per cent as Pgassat,i (1)
decreases.

The section above describes the formation and
growth of ‘gaseous cavitation’, while Table 1 exempli-
fies indeed the very low pressure conditions necessary
to release hydrocarbon vapour.

Cavitation can ‘fracture’ the fluid through a phase
change. This phenomenon is known as ‘vaporous cav-
itation’. ‘Gaseous cavitation’ forms and grows as the
pressure in the liquid falls below the saturation pres-
SUre, Pgassar,i (Fig. 1(b)). ‘Vaporous cavitation’ occurs
when the pressure in the fluid falls below the vapour
pressure of the liquid, pvsp = psac (Fig. 1(b)). “‘Vaporous
cavitation’ is very different from the ‘gaseous’ one,
both through the composition of the gases that fill
the cavity and the thermodynamic environment that
causes its occurrence. To explain this form of cavita-
tion, one has to start from the kinetic theory of liquids.
In his now famous treatise on kinetic theory of liquids,
Frenkel [30] states:

The fact that the liquids can withstand or exert a neg-
ative pressure is implied by the van der Waals theory
which is based on the assumption of a close similarity
between the liquid and the gaseous state...according
to this theory both states represent two extreme forms
of a single amorphous state, one of which can be
obtained from the other by isothermal compression or
expansion...

This change in pressure is continuous and leads
to a transitory state which is metastable in nature.
The pressure volume (PV) diagram of Fig. 2 presents

Critical Point

(Cumpreissed)

| )

pVap 3 ,‘
APy o A;teﬂsﬂs/'\z e
P %2
\,

tensile.cr T

Fig.2 The PV diagram for a hypothetical lubricating
fluid

just such a situation. Again, according to Frenkel, the
transition from the liquid state to vapour...

‘...takes place not along the theoretical isotherm (full
line), but along of a horizontal isotherm corresponding
to the splitting of the original homogeneous substance
into two different coexisting phases...’

Of course, these two coexisting phases are the liquid
and its respective vapour phase. If state (1) is identi-
fied as a pure liquid compressed along the isotherm
T, and then the fluid is depressurized along the same
isotherm to the point of the saturated vapour pres-
sure represented by state (2(L)), two coexisting phases
appear. These two phases are the saturated liquid and
vapour (L + V). These are components of the sin-
gle amorphous state’mentioned by Frenkel. According
to him, the state of this mixture moves horizontally,
under constant pressure, along the real isotherm, to
state (3(V)). At this juncture, the fluid becomes all
vapour, and if the pressure were to fall further, the
fluid may find an equilibrium state as indicated by
the superheated vapour state (4). This path is followed
if during the depressurization sequence there were
‘enough’ pre-existing nucleation sites. They may be
provided by the gas trapped in the crevices at the
solid/fluid interface, or outright in the bulk mass of
the liquid. They serve the same role in the crack-
ing/splitting of the fluid as the impurities would play
in the crack propagation in a solid, Hendricks et al.
[32]. According to Brennen [36], if nucleation sites are
not present, whether due to degassing, or the smooth-
ness of the mating surfaces, the state reached at point
(2, (L)) continues along the theoretical isotherm to
(21, rather than moving horizontally along the real
isotherm towards (3,(V)). Note that on the actual
isotherm py ) = pvap = p3(v). The pressure at point 2’ is
lower than at (2(L)), and the liquid is said to be in ten-
sion, at a value of Apiensic = P — Pvap < 0. The liquid
is said to be now in a metastable state, a state of insta-
bility which may cause an abrupt transition from (2')
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Cavitation formation and modelling for fluid film bearings 845

to (4). This abruptness may create an instantaneous
cavitation zone, vaporous in nature. For a pure sub-
stance, the vapour cavity contains the same species
as the liquid zone. In the case of homogeneous mix-
tures, as many of the mineral oils are, each of the
fractional components of the oil has its own ‘vapour
pressure, and starts to evaporate as its particular pyap
isreached. For further insights into the tensile strength
of fluids and nucleation theory the reader is referred
again to Frenkel [30] and Brennen [36]. It is to be
noted that cavitation and boiling manifest in same
way, their end-effect being the generation of vaporous
zones. However, the thermodynamic drivers that lead
to the vaporous state are different. Vaporous cavita-
tion occurs when the build-up of tensile stresses in
the form of (p» — pvap) reaches or exceeds the critical
value, Apiensite,er = (P2 — Pyvap) K 0.Invaporous cavita-
tion, the vapour pressure is determined by following a
constant isotherm. Boiling, however, occurs when the
rising fluid temperature reaches or exceeds the critical
saturation temperature, Ty,. In boiling, the saturation
temperature is determined by following a constant
isobar. If the amount of superheat responsible for boil-
ingis measured, the Clausius—Clapeyton equation can
be used to write a relationship correlating the critical
tensile pressure and critical temperature as

higpv
Aptensile,cr ~ ATcrgT (fOI' oL > pv)

Even though the above equation is valid only for
small amounts of excess superheat, it establishes
a valuable connection between Apiensiie,r and ATy,.
Vaporous cavitation may thus appear either due to the

following:

(a) excess tensile stresses beyond the critical point;

(b) increases in temperatures beyond the critical
amount of superheat, or more generally;

(c) be a combination of these two.

The ‘cavitation number’ below correlates the above
concepts and is used as an indicator for the prediction
of vaporous cavitation

_ Poo = Pyap(T)
 05p.U2

In this equation, p,, and T, represent the bulk fluid
pressure at the corresponding temperature. For a bear-
ing, U, is the rotor surface velocity, and py,, is the
vapour pressure at the corresponding temperature 7.
Parametrically, the cavitation number can be used
to study and classify the inception of cavitation in
flows where either p,, is decreased to values equal
or smaller than pv,,(T), or the free stream velocity
U, is increased causing a significant decrease in o.
As o decreases it approached the threshold point o,
which defines the incipient formation of vaporous cav-
itation. Thus, predictions of cavitation incipience and

subsistence can be drawn from calculations, measure-
ments, and observations of o.; in conjunction with the
Clausius—Clapeyron relationship and data relating to
the theoretical isotherms.

3 FILM RUPTURE THEORETICAL MODELLING

3.1 The Gumbel and Swift-Stieber Models

Cavitation bubbles whether gaseous or vaporous may
come from within the lubricating film, or be fed by
the environment. Regardless, they represent a rupture
in the continuity of the liquid film. This discontinu-
ity at the bubble interface presents a challenge in the
context of the solution to the Reynolds equation. The
solution offered by Sommerfeld [2], did not take into
account film rupture and solved for a full film around
the circumference (Figs 1(a) and (b)). This approach
allowed subatmospheric and even negative pressures,
no matter how low they were [16]. Gumbel [37] in 1914
was the first to account for the film ‘rupture’. According
to his theory, for a steadily loaded bearing operating at
constant angular velocity, the rupture originates in the
immediate vicinity of the film’s minimum clearance, at
apredetermined pressure p.,y and remains constant at
that value for the entire divergent region (Fig. 3(a)).
He did not account for film reformation, nor did
his approach respect mass continuity. Because the
circumferential pressure distribution allows only the
positive pressure region, the Gumbel condition is also
known as the ‘half-Sommerfeld’ condition (Fig. 3(a)).
It represents an early simplistic approach that recog-
nizes the observed physical reality of the film rupture
and embodies it into an analytical and numerical sim-
ulation. A better alternative to the ‘half-Sommerfeld’
condition was offered by Swift [38] and Stieber [39],
which worked independently of each other (Fig. 3(b)).
Swift [38] in 1932 stated that a zero derivative of the
pressure is an appropriate condition for marking the
inception of cavitation and considered it to be a ‘sta-
bility condition’. Stieber [39] in 1933 published a full
solution for a 360 deg journal bearing considering
cavitation for a zero tensile strength lubricant (Floberg
later offered different approaches for the zero and
non-zero tensile stress in lubricant’s cavitation [40]).
Stieber, like Swift, assumed a zero-pressure gradient
at the start of the cavitation zone, but considered it
to be a continuity condition. These two forefathers
of cavitation modelling, while approaching it from
different angles, came to the same conclusion regard-
ing its inception and development. The cavitation
zone formation conditions known as the Swift-Stieber

conditions (Fig. 3(b)) are

op _ ap
. T L= 0: = Pcav
ax oy pP=p

Note that these conditions consider the entire
cavitation zone at p = p.,y and do not make allowance
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Fig.3 Circumferential pressure development based
on film rupture theories: (a) Gumbel [37];
(b) Swift-Stieber [38, 39]; (c) JFO and Floberg;
and (d) Elrod [53], and Vijayaraghavan and Keith
[54, 55]

for the existence of subcavitational pressures nor for
variations in the pressure inside the cavitation zone.
After film rupture the Poiseuille (pressure driven)
component of the circumferential and axial velocities
becomes zero, and only the Couette (shaft rotation, or
axial oscillation) component is still operational, carry-
ing lubricant in between the gas cavities (Fig. 4(a)).
A constant cavity pressure imposes a zero-pressure
gradient within the cavity. The pressure gradient cal-
culated in the fluid has to interface with the cavity
pressure gradient along the boundary, where at cer-
tain locations there can be a relatively steep slope (e.g.
the point of cavity inception). According to Floberg
[40], these boundary conditions work well at mod-
erate loads. According to Brewe et al. [14], while the
Swift-Stieber conditions work reasonably well for the
establishment of the film rupture, they do not pre-
dict the reformation of the film satisfactorily; nor do

they seem to give satisfactory results in the case of
dynamically loaded bearings [14, 41].

3.2 Flow separation boundary conditions

Floberg [40, 42, 43] experimentally showed that sub-
cavity (subambient) pressures do occur in bearings.
Their existence led to the belief that flow separa-
tion takes place and contributes to the film rupture.
In 1968, Mori et al. [44] offered a set of condi-
tions predicting film rupture and cavitation inception.
They considered that when separation takes place, it
starts at the stationary surface of the bearing when
du/dyly—o =0 and p = p.v (Fig. 4(b)). These condi-
tions are present at the free surface between the liquid
and the cavitation bubble. This approach to cavitation
modelling has given acceptable results, but only for
a limited number of cases [40]. Based on the exper-
imental observation of subcavity pressures Hopkins
[45] in 1957, and then Birkhoff and Hays [46] in 1963
also pointed to flow separation as a possible reason for
film rupture. They applied their analysis to a full fluid
film, and employed the same boundary conditions (as
in [44]) at the stationary surface (v = du/dy|,—o = 0)
(Fig. 4(b)). Then, using the Navier-Stokes equations
(NSE), where the advective terms are neglected, and
solving with the above boundary conditions for the
u-velocity, one obtains

1ap, , 2
=——W—-h U
“ 2,u,8x(y )+

From this expression, considering that at the point
of cavity inception (y = 0) the velocity is zero (u(y =
0) = 0), the resultant pressure-gradient condition can
be written as

op _2uU
R h?

With the cavitation pressure set at p = pcy, and
velocity and pressure gradients for film rupture condi-
tions known, one can start calculating the approximate
position of the cavitation region.

Under this scenario, the majority of the lubri-
cant will be carried either under or above the cav-
itated region (Fig. 4(b)), and not in-between the
gas fingers as implied by the Swift-Stieber condi-
tion (Fig. 4(a)). Coyne and Elrod [47] introduced
the effects of geometry, surface tension, and iner-
tia in modelling the phenomenon of planar film
rupture (no side leakage) (Fig. 4(c)). They pro-
posed a modified form of the pressure gradient
when compared to the one put forward by Birkhoff
and Hays [46] and Hopkins [45]. By preserving
mass continuity at the gas/liquid interface they
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Fig.4 Film rupture boundary conditions types: (a) striated gas and liquid fingers (Swift Stieber,
JFO); (b) Hopkins and Birkhoff [11, 46] separation boundary conditions (full fluid film); and
(c) Coyne and Elrod [47, 48] boundary conditions (gas—fluid interface)

obtained

hoo Cc Ry
7 = a <1+?COS(0>

The angle ¢ represents the stationary surface wet-
ting angle and is ¢ < n/2. The terms c/h,, and Ry/c
are both functions of a surface-tension parameter
N = .Y@uU/T) and are calculated in reference [47]. In
addition to the pressure gradient boundary condition,
Coyne and Elrod [48] introduced a pressure boundary

condition of the form

—Lia
p=q TAP

where T is the surface tension at the gas liquid/gas
interface, and R, is the radius of curvature of the bub-
ble (Fig. 4(c)). The film pressure near the stationary
surface boundary is —T/R,, while Ap represents a
transition pressure correction that is small in com-
parison to the surface-tension term when N is small.
These two boundary conditions lead to the determina-

tion of the liquid/gas interface position and the local
accompanying pressure.
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3.3 The mass conservation model

The more elusive problem in dealing with film rup-
ture has been respecting mass continuity within the
confines of the Reynolds equation. Gumbel’s condi-
tion [37] did not respect the continuity of mass; it
just accounted for the fact that when and where the
film ruptured pressures became subambient (nega-
tive) and consequently automatically set to pcay. The
more advanced Swift-Stieber model [38, 39] accounts
for the entire mass of liquid transported in-between
(Fig. 4(a)) the gas fingers (cavities), but does not take
into account the fingers’ number, size, and volume.
This approach sets the pressure gradients to zero, and
as the pressure increases in the convergent region
allows the film reformation process to take place.
Unlike Swift-Stieber, the separation models of Coyne
and Elrod [47, 48], Mori et al. [44], Hopkins [45], and
Birkhoff and Hays [46] provide for the fluid trans-
port above and beneath the bubble. All these models
use continuity of mass to define the cavity inter-
face. However, notwithstanding their success, none
of them were able to handle well the situation of a
moving liquid/gas boundary where mass was con-
served both in the cavitated region as well as on the
boundary. Floberg [40], Jakobson and Floberg [49],
Olsson [50], and Floberg [51] again assumed, similarly
to Swift and Stieber, a striated flow (Fig. 4(a)), where
the liquid was transported in-between gas fingers that
extended fully across the clearance between the sta-
tionary and the moving surfaces. These contributions,
made by the respective authors independent of each
other, are referred to as the Jakobson, Floberg and
Olsson (JFO) cavitation theory [14, 52]. Conserving
mass across the entire bearing based on the Reynolds
equation model has proven seminal to the most recent
advances in the numerical implementation of cavita-
tion. Floberg [40, 51] differentiated his analysis for two
cases of liquid lubricant tensile strength.

3.3.1 The case of liquid with zero tensile strength

Generally, oils have low tensile strength which may
decrease even more if large amounts of gas are dis-
solved in the oil. Film rupture occurs when the
respective gas saturation pressure is reached; the lat-
ter becomes the bearing cavitation pressure and this
pressure remains constant throughout the cavitated
(striated) zone. The gas and oil coexist in an alternate
pattern of oil regions and gas fingers; as a result, only
a Couette-type flow is active in transporting the liquid
in-between the gas fingers. Figure 5 presents the influx
and efflux of mass across the bubble control surface.
This surface defines the gas striation control volume.

In this two-dimensional space the continuity equa-
tions at the upstream (1) and downstream (2) locations
of the boundary can be written as

mydz — m, ;dx = me,dz, wherei=1,2

Neglecting the inertia terms, and considering con-
stant properties the simplified form of the NSE yield
expressions for velocities # and w in the x- and z-
directions, respectively. Upon the integration of these
velocities across the fluid film between the moving and
stationary members one obtains the following flows

i, = Y (8_’7)
1

2 12p \ox
m /9
mzl - L _p
12, \ 3z /,
L _ Ul
cav — 2

Introduction of the above mass flowrate expressions
into the continuity equation on the bubble boundary
at location (1) results in the following condition

_ ki (op +hf ap dx _0
12u\dx), 12u\dz/),\dz/),

Since no tensile stresses (negative pressures) are
permitted in the film, to satisfy the bubble bound-
ary continuity equation it is necessary that ap/dx|; =
dp/dz|; = 0. These now become the boundary con-
ditions for the inception of the cavitation bubble.
Additionally, one has to specify the cavitation pressure
Peav Which remains constant throughout the cavita-
tion region. Following the same procedure for control
volume (2) (Fig. 5(a)), one can write

o= Uz 1L (29)
2

2 121 \ox
. m /9
Mgz = 2 _p
120\ 3z /),
i Uh,
cav — 2

Further, applying the continuity equation for con-
trol volume (2) one obtains a mass conservation
condition for the bubble downstream reformation
boundary

n (op B (op dx Uh, Unh
12 <8x>2 T o (8z>2 (dz>2 T T
Solving the Reynolds equation in conjunction with
the above-mentioned boundary conditions for film
rupture and reformation ones obtains a set of pres-
sure contour profiles like the one shown in Fig. 6 (see
also reference [40]).
The positive pressure contours are in the region of
the applied load while the theoretical cavitation zone
is marked by the subcavity pressure contour lines.

3.3.2 The case of liquid with finite tensile strength

Based on experimental results, Floberg further postu-
lated [40, 51] that when the fluid can sustain a certain
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(a) Geometry of the oil cavity used in the JFO type theory. Typical cavitation bubbles for a

zero tensile strength liquid with mass continuity control volumes at the upstream inception
(1) and downstream reformation (2) and (b) Geometry is for one repetitive cell for a liquid
with finite tensile strength for a finite (or infinite numbers of such cells) with the width of

thecell W =L/n

Sub-cavity pressure contour lines
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Pressure contour lines in a journal bearing using
the JFO theory for a liquid with zero tensile
strength; one gas bubble, one oil streamer occu-
pying the width of the bearing
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>
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Fig.7 Pressure profiles in a journal bearing using the
JFO theory for a liquid with tensile strength, as a
function of the number 7 of oil streamers

tensile strength, a finite number of liquid streams
will form and flow in-between the gas cavities, with
negligible quantities of oil entering or exiting the gas
streamers (1., = 0, Fig. 5(b)). The cavitation pressure
is no longer the lowest pressure in the bearing, since
the dissolved gas saturation pressure is different from,
and in most cases higher than the tensile stress that
the fluid is subject to in the divergent zone (Fig. 3(c)).
While the gas saturation pressure remains constant,
the drop in pressure (‘negative pressure’) is a strong
function of the journal rotation.

In an infinitely long bearing, a repetitive number of
‘oil stream/gas fingers’ cells form covering the entire
axial bearing width. This makes it sufficient to calcu-
late just one characteristic cell. Then, one can identify
a characteristic width per oil stream (W = L/n), where
the number of oil streams, n, is related to the ten-
sile strength of the fluid [40]. Thus, the parameter n
becomes part of the analysis, which can now be con-
fined to a single cell of width W. Using the geometry
presented in Fig. 5(b), and noting that in this case
My = 0, for the single cell, one can perform the same
type of analysis as for a zero tensile strength lubricant.
Then, the continuity equation for the control volumes
(i =1,2) (Fig. 5(b)) becomes

mx,,’dz — mz,idx =0

The upstream boundary condition becomes

() 2 () (&)
12u\dx), 12u\dz/),\dz/, 2
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while the downstream (or reformation) one becomes

n (op n (op dx Uh,
121 (8x)2+ 121 <az>2<dz>2_ 2

Floberg solved the Reynolds equation in conjunc-
tion with the above boundary conditions for the film
rupture and reformation. A typical qualitative result
depicting the formation of the cavitation region is
shown in Fig. 7 (see also reference [51]). Note that the
associated subcavitation pressure contours are a func-
tion of the n number of streamers. For the interested
reader, Floberg [51] presents a detailed dimensionless
model implementing cavitation for the infinitely long
bearing. The parametric study discusses the quan-
titative pressure contours for one oil stream/cavity
at different values of the parameter n (Fig. 6 of ref-
erence [40] and Figs 8 to 11 of reference [51]). For
finite width bearings, the solution is more intricate
[49] because each ‘oil stream/gas finger’ cell has to
be evaluated separately and the numbers of cells
formed has to be simultaneously calculated. The solu-
tion strictly satisfies flow continuity in all bearing
regions. The authors apply it to bearings without oil
grooves, and account fully for the vaporous/gaseous
cavitated regions. They emphasize that the choice of
‘arbitrary’ rupture and reformation boundaries of the
cavitated region yields only approximate pressure dis-
tributions, load-carrying capacities, and power losses.
The method was also applied to optimize a bearing
operating under cavitated conditions by calculating a
minimal power loss for a given load, angular veloc-
ity, and permissible minimum film thickness. The
experimental work presented in the same study [49],
successfully validated the cavitation model.

3.3.3 Other Reynolds equation-based cavitation
computation models

The concept introduced by the JFO theory has been
widely accepted and adopted. Additionally, various
numerical algorithms have been proposed for its
implementation. In 1974, Elrod and Adams [52]
obtained a generalized form of the Reynolds equation
and solved it numerically making use of the JFO
concept. They offered a substantially simpler way of
accounting for mass conservation within the cavitated
and non-cavitated regions. The authors introduced a
new dimensionless density variable 6 = p/p., where
the density p. corresponded to the cavitation pres-
sure p,y. Introducing the notion of a bulk modulus
(or the compressibility factor, 8 = pdp/dp) and inte-
grating it for a constant 8 they obtained an expression
that related the pressure p, to the cavity pressure (pcay)
and its dimensionless density 6, as p = pcay + 810 6.
Introducing the expressions for g and 6 and a new
switch function g = g(0) into the standard Reynolds
equation, they obtained a 6-modified form that was

solved for 0

3
12%!” +6UV(©Bh) =V - h—ﬂg(e)ve
w

This equation was solved numerically, by means
of a finite-difference method, using mass conserving
boundary conditions consistent with the JFO theory.
This algorithm respects strictly mass continuity in all
regions of the bearing, and most importantly uses one
single equation for both the full film and the cavi-
tated regions. This latter feature was achieved by the
introduction of the switch function g, which func-
tions as a ‘cavitation index’ in combination with the
dimensionless density 6. By setting g(¢) =1 when
(P 2 Ppeav and p > p) and g©) =0 when (p < peay
and p < p.), the 6-modified Reynolds equation can
be solved seamlessly for both the cavitated and non-
cavitated regions. In the cavitated zone, the mass
content of liquid is governed by p..,0, and h (as
peav® ), where R is the eccentric clearance height. This
means that 0, besides being a dimensionless den-
sity, also assumes the role of the fraction of liquid
content in the cavity, with (1 —0) representing the
cavity void fraction. After the 6 solution is obtained,
the pressure map can be reconstructed using p =
Peav + B1n6.1In 1981, Elrod further refined the method-
ology proposed in 1974 by presenting a computa-
tional algorithm [53], meant to be more user-friendly,
even though the physics of the new model were the
same as the ones presented earlier. The new version
simplified the programming and made the complex
task of cavitation modelling easier to handle. The
results of the efforts undertaken by Elrod and Adams
[52] and Elrod [53] produced an algorithm that is
now universally accepted as ‘the Elrod’s cavitation
algorithm’. Vijayaraghavan and Keith [54, 55] used the
JFO concept and modified the Elrod algorithm [53]
to further refine the computational efficiency. They
coupled directly the bulk modulus with the switch
function and 6 to obtain g8 = 8(dp/36). Upon inte-
gration of this equation one obtains an expression for
pressure as

p= pcav"‘glglne

Then, by introducing the definition of 6 and g into
the standard Reynolds equation of the form

8ph+ o (phU ph®dp N 9 ph® dp _0
ot ax \ 2 121 dx ax \ 12pdz/)

they obtained a Reynolds modified 6 equation that can
be solved for the entire bearing circumference

3
dpchf N 0 <pchU9_pch gﬂ@)

ot Tox \ 2 120 ox
d pch’gp 80\
ax 120 ax)
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Fig.8 Circumferential pressure profiles using the JFO concept through an improved algorithm
Vijayaraghavan [55]: (a) high gas saturation pressure and (b) low gas saturation pressure

(a)

divergent zone

(b)

Blow-up of the fern-leaf type
formation at the inlet of the

Coalesced bubble region ,
potentially containing
vapor as well

Discrete gas bubbles contained inside
the cavitation zone. Note the
decrease in shape and increase in
number with velocity (from b) to c))

Fig.9 Shape of the cavitation region in a two-phase damper at different speeds: (a) 700 r/min,
incipient gaseous cavitated region with the fern-leaf formation clearly visible (see blow-up
detail; (b) 1500 r/min, gaseous cavitated region showing the separated component bubbles;
and (c) 3000 r/min, many of the gas bubbles coalesce in a larger formation

Then noting that in the cavitation zone, based
on the assumption that the liquid is transported
only through Couette effects (Swift-Stieber-Jakobson—
Floberg-Olson assumption), and that p = p.y, the
equation above simplifies to

(#10) o
2

Figures 8(a) and 8(b) present examples of typ-
ical circumferential pressure profiles obtained by
Vijayaraghavan and Keith [55]. In these figures, the

docht | 0

ar | ax

constant cavity pressure is evident and the extent of
the cavitation is clearly delineated. In Fig. 8(a), it can be
seen that the cavitation pressure is just slightly below
the atmospheric pressure, and the results are similar
to those obtained by implementing the Swift-Stieber
conditions.

In Fig. 8(b), the non-dimensional cavitation gauge
pressure is much lower indicating a low gas satu-
ration pressure P = (p/uw)/(c/R)?> = —1. The results
presented in Fig. 8 show very good agreement with
those obtained by Elrod [53] and are also confirmed by
the experimental results of Jakobson and Floberg [49].
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Fig.10 Gaseous cavitation in a hydrodynamic submerged journal bearing (a)-(d) cavitation and
reformation of the film at 2000 and 6000 r/min, respectively (e)—(g) fern-leaf patterns at
the start of a cavitation process in the submerged journal bearing
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Fig.11 Experimental pressure maps corresponding to the cavitation zones visualized in Figs 10(a)
and (d), respectively
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Vijayaraghavan and Keith further developed and
tested their modified algorithm [55] on orthogonal and
non-orthogonal grid arrays [56] as they were applied to
finite grooved and misaligned grooved bearings [57].

Brewe [41] noted that while the present day bear-
ings’ high speed and loads combined with complex
loading cycles may cause cavitation-induced erosion-
like damage as described by Wilson [25], dynamic
loading can also cause self-excited instabilities lead-
ing to whirling or whipping motion of the shaft
centre. This, in turn may create conditions for the
development of vaporous cavitation. Brewe used a
finite-volume discretization technique to implement
the mass conserving Elrod algorithm [53] for vaporous
cavitation. The solution used the alternating direction
implicit (ADI) method to implement a time march-
ing technique; its results compared well with those of
Jakobson and Floberg for stationary (gaseous) cavita-
tion [49] and reasonably well with those of Jacobson
and Hamrock for non-stationary cavitation bubble
life [22, 23]. Woods and Brewe [58] applied the Elrod
algorithm to a theoretical model where vapour cavi-
tation resulted from a dynamic loading situation. The
approach accounted for a moving cavitation bound-
ary and ensured the conservation of mass along that
boundary, as well as within the cavitated region. The
numerical solution used a multigrid iterative tech-
nique that yielded good results for both the cavitated
and uncavitated regions, while offering significant sav-
ings in CPU time when compared to single-grid Gauss—
Seidel and direct ADI solutions. Brewe and Jacobson
[59] also studied numerically the effect of vapour cav-
itation on vibration amplitude in journal bearings. It
is now largely believed that vapour cavitation occur-
ring predominantly in a dynamically loaded bearing
is due to the rapid changes in the bearing clearance
where the fluid, due to its own inertia, cannot follow
the high-frequency motion of the journal, thus caus-
ing an instantaneous discontinuity at the solid/fluid
interface. This rapid separation causes the local pres-
sure to decrease brusquely and massively, exceeding
theyield tensile strength of the fluid and thus inducing
flash evaporation. The authors implemented bound-
ary conditions consistent with Elrod’s algorithm and
performed numerical simulations for eccentricities of
¢ € (0.1-0.4) and 0.4-0.9, respectively. For the first
set of instantaneously changing low eccentricities, no
vaporous cavitation was obtained. For the second set
of instantaneous eccentricities vaporous cavitation
occurred 76 per cent of the time. Their numeri-
cal results were summarized in computational-based
animations which allowed a visual study of the for-
mation and collapse of the vapour bubble. It is
apparent that by 1995 the mass-conserving JFO con-
cept and its numerical embodiment into the Elrod
algorithm [53, 60] has been adopted as the state-
of-the-art for cavitation simulation in hydrodynamic
bearings.

In their study of starvation and cavitation in finite-
grooved journal bearings, Vincent et al. [61] made use
of both the Elrod algorithm and the improvements
offered by Vijayaraghavan and Keith [54, 55]. The ‘uni-
versal’ governing Reynolds equation they proposed,
accounts for mass conservation in the cavitation
region while including journal rotation and journal
centre motion effects. Thus, both static and dynamic
cases can be analysed. The finite-difference scheme
proposed employs central differencing in the full film
area (elliptic nature of the partial differential equation)
and upwind in the cavitation region, due to the hyper-
bolic nature of the differential equation in that region.
The numerical solution uses the Gauss-Seidel elim-
ination scheme and, for the dynamic loading case,
Booker’s mobility method [62, 63]. The authors note
in their conclusions that while the Elrod algorithm
successfully implements the rupture and reformation
boundary conditions for the static case, the mobility
method has to be added in the case of dynamic load-
ing where the area occupied by the cavitation zone is
not fixed as it changes position from time step to time
step.

Paranjpe and Han [64] used the mass-conserving
Elrod cavitation algorithm [53] in the context of a tran-
sient thermohydrodynamic analysis of a dynamically
loaded journal bearing (engine crankshaft bearings).
The finite-volume-based discretization model fully
couples the three-dimensional energy equation with
the Reynolds equation in its Elrod-modified format.
The authors noted that in the dynamic loaded con-
ditions the film thickness as well as the shape and
location of the cavitation zone change with time,
requiring film grid regeneration at every time step.
Ausas et al. [65] also implemented a mass conserv-
ing cavitation algorithm based on the Elrod model.
This algorithm was first applied to a vertically oscillat-
ing plate, with a prescribed time-dependent change in
clearance, and then extended to a dynamically loaded
bearing where the film thickness and cavitation loca-
tion were not a priori known. Their contribution is
most notable, due to its discretization and the con-
verging method which uses the Newmark scheme, as
well as the fact that the code is available as an open
source.

In 1988, Booker [66] reviewed a series of mathemati-
cal models for cavitation implemented through finite-
element (FE) algorithms. Although these models have
been used extensively, they were not ‘flow-preserving,
especially in the context of dynamic simulation con-
ditions [67]. This lack of mass conservation has been
acknowledged as a ‘flaw’, but was widely practiced
because its impact on film thickness and pressure cal-
culations has been found to be minor. Paranjpe and
Goenka [68] found, however, that this mass conser-
vation violation may have significant effects on both
lubricant flow and power dissipation calculations.
Kumar and Booker [67] proposed a mass-conserving
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algorithm for the transient development of cavitation
under dynamic conditions based on a FE algorithm
developed earlier by Booker and Huebner [69] in
1972. This cavitation model presents the FE solu-
tion as opposed to its finite-difference (or finite vol-
ume) counterpart obtained by Elrod and Adams [52],
Elrod [53], Brewe [41], and Vijayaraghavan and Keith
(54, 55]. Unlike the Elrod-based algorithms, the Kumar
and Booker model assumes the liquid to be incom-
pressible; the cavitated region is treated as compress-
ible, but with the bulk modulus g = 0. The authors
[67, 70] introduce also the notion of a ‘biphase)
characterized by the following density and viscosity
relationships

and 0 < p < g, where P

0<p<pig o pp
iq iq

Under this concept, the filmis considered ‘complete’
when p = piq and p > peay. If the pressure-density
conditions are at (p = pev but p < pig), the film
is considered ‘incomplete’ and containing voids
(cavitated structure). The ‘complete’ film structure
is further divided into two types of sub-regions:
‘complete-black’ (o = piiq, (9p/9t) = 0) and ‘complete-
white’ regions(p = piq, (3p/3f) < 0). Based on the
physical observations of the authors, the latter region
while still ‘complete’, is on the verge of cavitating, in
effect representing a buffer region that precedes the
‘incomplete’ film. The Reynolds transient equation

3

V. (ﬂv;o) = V. (phU) +
121

9
at(ph)

is discretized by means of the Galerkin weighted resid-
uals method into its FE formulation. The velocity U;,
and clearance h; are defined, while the density p;, vis-
cosity u;, and pressure p; are solved for at each nodal
point i. The cavitation algorithm is capable of yielding
solutions for both:

(a) specified surface motion;
(b) specified external force type problems.

The authors [67, 70], demonstrated that the mass-
conserving formulation simulated well a wide variety
of dynamic problems [71], and can be readily extended
to include axial misalignment and elastic deforma-
tion. Kumar and Booker [71] further validated their
algorithm by comparing its results for a steady-state,
non-rotating loaded journal bearing with the quasi-
static and dynamic experimental results of Lundholm
[72]. The cavitation extent and shape calculated by
the authors (Fig. 3, [71]) compared well with the ones
presented by Lundholm. The same algorithm [71]
was applied to the dynamic simulation of a periodic
‘squeeze-driven’ flow, for a non-rotating journal bear-
ing carrying a non-rotating sinusoidal load and its
results were compared with the experimental results
of Phelan [73, 74] . The authors present instantaneous

pressure and density distributions for an unwrapped
bearing during time sequences when a load reversal
takes place. Even though the comparison is not per-
fectly coincident, it demonstrates that the proposed
model is capable of simulating the dominant physi-
cal trends. Kumar and Booker have also extended the
cavitation FE model to include the energy conserva-
tion equation [75, 76]. While recognizing that the heat
conduction across the film is important, they chose
to neglect the heat transfer to the journal and sleeve.
Thus, when integrated across the film of height &, with
adiabatic boundary conditions, the model becomes
two-dimensional and dominated by advective terms
(the velocity vector is &t = ui + wk, and ® represents
the heat dissipation in the film)

d(pcTh)
ar

V - (iipcTh) + dh

Liquid viscosity is assumed to vary with temperature
(/o = exp(T,/T)), and density variation is treated
consistent with the assumptions used by the same
authors in references [67] and [70]. Even though this
approach is partially flawed since the journal and
sleeve represent important ‘sinks’ for the friction-
ally generated heat in the film, the resulting model
represents a ‘bounding upper limit, for the resulting
temperatures. The FE formulation uses the Galerkin
method and the overall temperature solution is treated
as a time-dependent initial value problem. The results
offered by the proposed model are then validated with
measured success by comparison with experimen-
tal results of Tonnesen and Hansen [77], Lund and
Tonnesen [78] and Ferron et al. [79].

Boedo and Booker [80] applied the mass-conserving
FE cavitation algorithm developed by Kumar and
Booker [67] to a problem characterizing the behaviour
of the lubricant film as it was ‘negatively’ squeezed
between parallel, smooth, and rigid surface plates. In
this study, they experimented with the determined
suitable mesh geometries, allowing both satisfaction
of the JFO boundary conditions and the mixed den-
sity histories of the spatial and temporal pressure. The
methodology identified the full film and cavitation
regions as they changed function of the plate position
and its velocity. Boedo et al. [81] continued the work
of Kumar and Booker [67] by extending their model
for smooth surface bearings to incorporate (besides
cavitation with mass conservation) bearing material
deformation, while allowing fluid density to vary. This
elastohydrodynamic (EHD) model provides for the
coupling of the FE algorithm with elastic mode shapes
where the physical displacements are replaced by
generalized modal displacements. The displacements
yield a set of transformation relationships accounting
for both the elastic displacements and the rigid body
motion. This method is then applied to an un-grooved
big-end connecting rod bearing. The combination
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of the bearing elasticity and mass-conserving cavi-
tation models yielded, over the entire engine cycle,
thinner films and higher pressures when compared
to a quasi-static model. The choice of mode shapes
affected both pressure extrema and the transient per-
formance of the film thickness. Boedo and Booker
[82] further extended the model presented in ref-
erence [81] by accounting for structural inertia and
surface roughness effects. The geometry involved the
tandem of a restrained elastic sleeve and a free rigid
journal, with surfaces presenting isotropic roughness
with a stochastic distribution [83]. The authors mod-
ified the Reynolds equation used earlier by Kumar
and Booker [67] to include flow and roughness factors
which depended on the Gaussian roughness distribu-
tion [83]. In concluding remarks, Boedo and Booker
[82] reported that when surface roughness and body
forces (inertia) are considered, the FE solution of the
modified Reynolds equation does well at simulating
the following:

(a) bearing elastic deformation;
(b) pressure and oil flows using a linear combination
of only a few modes (modes m = 7).

Cavitation is accounted for with full mass conserva-
tion. While the inertia effects are found to be impor-
tant, the surface roughness effects seem to be confined
to a minor role even when a partial lubrication regime
is considered. In ayet further development, Boedo and
Booker [84] extended their mass-conserving, mode-
based EHD FE model [82] to a geometry where both
the journal (hollow) and the bearing are capable of
deforming elastically.

The result trends presented in reference [82] were
also confirmed by Bonneau et al. [85] whose EHD
analysis of a bearing used a mass conserving cavi-
tation model in combination with structural inertia
effects. They [85] performed a FE-based EHD analy-
sis for a dynamically loaded automotive connecting
rod bearing; the mass-conserving cavitation model
was coupled with structural inertia effects. The cav-
itation zone(s) occurring inside the film are defined
by an explicitly stated film rupture and reformation
formulation on whose boundaries p = dp/dx = 0. As
this is a dynamically loaded situation, the extent and
location of the cavitation zone varies with time. They
treated cavitation as a complementary problem using
the Murty [86] algorithm, and combined it with flow
conservation boundary conditions for both the rup-
ture and the reformation zones. Just like Boedo and
Booker, they [85] concluded that the inertia and elas-
ticity effects are important and, when coupled with
the mass-conserving cavitation algorithm, the inte-
grated code enables an optimization process for both
the lubricated contact geometry and the location of
the supply grooves.

3.4 NSE-based algorithms

All the above discussed methods use the Reynolds
equation in conjunction with physical film rup-
ture boundary conditions. However, the fundamental
Reynolds equation neglects the inertial terms and
the three-dimensional aspects of both the fluid film
and the cavity. The computer age has brought about
an enormous increase in computational power, and
NSE solutions are now a reality. However, the numer-
ical implementation of cavitation algorithms in this
environment have also encounterd some significant
difficulties. Thus, the large changes in densities, such
as those occurring in both the transition to, and
within the cavitation zone introduce some numer-
ical handling difficulties (the ratios of pmax/pmin for
boiling/condensing flows are of an order of magni-
tude of O(10%), while for cavitating flows they are of
0(10*).While in vaporous cavitation a thermodynamic
model for vapor generation is arguably available, in the
case of gaseous cavitation, where the phenomenon
is one of gas diffusion out of the liquid, a model for
continuous changing of the gas fraction has not yet
been offered. Instead, a fixed gas mass fraction is
prescribed, and then allowed to allocate around the
bearing based on the pressure distribution. The three
dimensionality of the film introduces potential serious
memory and algorithm stability problems due to the
‘skewness’ of the film volume cell, where the thick-
ness of the film is smaller by orders of magnitude
(107%) than the other two dimensions. Last but cer-
tainly not least, the already enumerated difficulties are
compounded by consideration of inertia introduced
non-linearities, and coupling with thermal algorithms
and appropriate equations of state. All these make the
implementation of a cavitation algorithm a challeng-
ing proposition. However, there are numerical NSE
solvers able to simulate both the gaseous and vaporous
cavitation, as well as a mixture thereof, and define
the location and extent of the cavity. The model pre-
sented herein authored by the ESI Group [87] uses the
standard NSE and incorporates variable density capa-
bilities up to ratios of pmax/ omin = 5 x 10%. It also uses
a multitude of standard turbulence models, among
which there are K—¢ and K—w. The three-dimensional
NSE and continuity equations, respectively, are of the
general form

4

al& + (u ])'% j

9 -
&(Puj) + V- (pu;V) =
9 -
5(,0)+V~(,0V) =0

where §; is the source term; when turbulence is con-
sidered, S; incorporates the Reynolds stresses as well.
Since the density indicates the state of the cavity con-
tent (i.e. vaporous or gaseous), an additional transport
equation is needed. This equation is coupled to and
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solved simultaneously with the NSE and is written in
terms of a new transport variable, the vapour mass
fraction, f

op

—— 4+ V.- (uV R.— R
3)Cj+ (u f)+ e c

0 >
a(pf)JrV-(pr):

The terms R. and R, represent the evaporation and
condensation rates, respectively.

3.4.1 Vaporous cavitation

For the case when evaporation occurs due to the pres-
sure falling below the vapour pressure, the R, and R
terms become active and take the form of

Vc 2 sat — )
R. = Ce—hpmv,/—(pt—p(l -
o 3 o

V. 2 —
Rc _ Cc _ ch o1Pv. | = (psat P)
o 3 ol

(f)

These terms have been derived based on Rayleigh—
Plesset ([36], chapter 2) equation. This equation
accounts for the dynamic expansion or contrac-
tion/collapse of a bubble in an infinite liquid field.
C. and C. represent phase-rate coefficients, o is the
surface tension, and V;, represents a characteristic
velocity which in laminar flow cases is set to 1, and
in turbulent ones takes the value of the local turbu-
lence intensity. The mixture density is related to the
vapour mass fraction by the p — f relationship

1_r, 1-f

Y Pv L1

where the subscripts ‘v’ and ‘I’ stand for ‘vapour’ and
‘liquid’. Since p and f are implicitly contained in terms
of the ‘f’-transport equation, an iterative computa-
tional method combining the NSE with ‘f’-transport
and p — f equations has to be used.

3.4.2 Gaseous cavitation

As already discussed, this type of cavitation occurs
when non-condensable gases exist in the liquid and
when the gas bubble expands or contracts as a func-
tion of the environmental pressure. In this case, R,
and R, are set to R, = R. = 0. The non-condensable
gas mass fraction f is prescribed at the beginning of
the calculations and remains constant throughout the
calculation (pseudo-cavitation). What changes is the
circumferential distribution of the gas mass fraction,
f, as itis governed by the three-dimensional pressure
distribution. To account for this type of cavitation the
same ‘f’-transport equation is used, but the expression
for the mixture density, p, is different

Lk 1-hk

P Pv Pg L1

In this case, f; = 0 and the density of the gas p; is
calculated from an equation of state, most often the
ideal gas law

wmolpsat gas,i

Pe= " RT

where wy,, is the molecular weight of the gas and
Psatgas,i 18 the saturation pressure of the gas in the lig-
uid. Note that while the above equation allows the
calculation of the mixture density for the simultaneous
occurrence of both vaporous and gaseous cavitation;
the amount of non-condensable gases remains fixed
throughout the calculations.

4 EXPERIMENTAL EVIDENCE

There is a rather extensive body of literature deal-
ing with the experimental visualization of cavitation
and associated pressures. For a more complete his-
torical perspective, the reader is referred again to
Dowson et al. [13] and Brewe et al. [14], which rep-
resent seminal collections of symposia papers dealing
with the topic during the 1970s and 1980s. Experimen-
tal evidence shows that both gaseous and vaporous
cavitation may occur in bearings, separately, or in
conjunction with each other. Cavitation may develop
under steady or dynamic loading, and its character-
istics and basic phenomenological aspects have been
studied for many decades. The onset criteria, the cav-
itation bubble content, its general physical behaviour
[15], and effect on the bearing dynamics are still of
major interest.

As discussed earlier [19], the theoretically calculated
time constant of vaporous cavitation has proven to be
much shorter than that of the gaseous one. As a result,
the argument is often made that the process of cavita-
tion is mostly vaporous in nature, since gas diffusion
takes a longer time to occur. Work done by Jacobson
and Hamrock, published in 1983 [22, 23], concen-
trated on the visualization of flow between a rotating
journal and a stationary transparent cylindrical sleeve.
The journal could be shifted away from the sleeve, thus
being able to rotate about the journal-sleeve axis in
a ‘centred’, or ‘non-centred’ whirl (static or dynamic
eccentricity, respectively). This motion was obtained
by using a shaft that could rotate around its own cen-
tre and be supported by a ball bearing that could
vibrate in circular motion around the static centre.
The authors used high-speed photography to record
and confirm the appearance, development, and dis-
appearance of the cavitation bubble. They concluded
that under dynamic loading not only did gaseous cav-
itation ensue but also ‘previously unsuspected vapour
cavitation’ was also present. It was found that gaseous
cavitation increased with time, but after ‘many hun-
dreds of pressure cycles’, the cavitation bubble volume
became constant. By contrast, the vapour cavitation
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bubbles were observed to ‘collapse at pressures lower
than the atmospheric pressure’. In support of their
hypothesis [19], where different time constants are
associated with vaporous and gaseous cavitation,
Sun and Brewe [18, 21] present experimental results
regarding the development of vaporous cavitation for
a dynamically loaded journal bearing. Their work,
in fact, continued the earlier work of Jacobson and
Hamrock [22, 23]. Suspecting that the material of the
transparent sleeve used in references [22] and [23]
was compliant and deformed elastically with pressure,
Sun and Brewe replaced it with a quartz sleeve that
could perform a whirling motion. They used the same
photographic set-up as in references [22] and [23],
with camera speeds of 2000 fps and shutter speeds
as small as 2 x 10~*s. It was found that the cavita-
tion pattern was dependent on bearing clearance and
eccentricity, as well as whether the whirl was ‘cen-
tred’ or ‘non-centred’. During the ‘centred’ whirl, the
lubricant cavitated locally with the bubble revolving
in synchronization with the whirling sleeve. During
the ‘non-centred’ whirl, the cavitation bubble formed
‘amidst the fluid film', grew to a peak size, then shrank
and collapsed. The authors state that it was not pos-
sible to visually determine whether the content of the
bubble was vapour, gas, or a mixture thereof.

It is well known that vaporous cavitation is associ-
ated with the damage that implosion or collapse of the
cavitation bubble leaves behind it. This type of damage
is not unlike the damage witnessed on ships’ pro-
pellers caused by the cavitation formed in the blade’s
wake. According to Wilson [25], damage caused by the
collapse of the bubble exposes a rough material tex-
ture, but if microscopic particles are trapped in the
damage ‘crevices’ they can further erode these sur-
faces giving them a polished appearance. Relatively
high local temperatures and pressures associated with
the bubble collapse may cause chemical reactions
between the bearing surface and the lubricant, ini-
tiating subsequent corrosion. These reactions may
accentuate the damage caused initially by the collaps-
ing bubble. Wilson further noted that the cavitation
damage occurs primarily in the unloaded areas of the
bearing and may be caused either by the following:

(a) flow of fluid under special conditions or;
(b) externally imposed fluctuating loads.

With regard to (a), Campbell [88] notes that cavita-
tion damage may occur due to four different causes:
suction, discharge, sudden pressure fluctuations, and
impact. According to Blok [89], the internal heating
due to intense viscous shearing in full EHD films may
cause thermal instabilities that are also responsible for
the initiation of cavitation. Its subsequent violent col-
lapse may be the cause of the ‘scuffing’ of the rubbing
surfaces. This type of cavitation is, according to Blok, of
a‘novel, thermally explosive kind’ that is characterized

by film implosion. Blok offers further a mathematical
model supporting his theory.

Other experimental work demonstrating, under
steady-state conditions, the stability of the cavitation
zone (see references [15] and [16]) and lack of pitting
damage supports the notion that cavitation, when it
occurs in bearings, is mostly gaseous: the gas satura-
tion pressure in the oil is always reached long before
the vapour pressure (see Fig. 1, and Table 1), while pre-
existing dissolved gas micro-bubbles serve as initial
cavitation promoters. In a 1979 review paper, Dow-
son and Taylor [20] presented extensive experimental
proof of gaseous cavitation with visual evidence of gas
bubbles and their formation in the divergent region of
alubricant film. In this context, they also discussed the
propriety of rupture and reformation boundary con-
ditions and cited pertinent work done by Makenham
[90] who visualized the formation of gas fingers in the
thick film region of a reversed stepped parallel-surface
slider bearing. Makenham also reported that the num-
ber of gas fingers increased with the sliding speed until
they coalesced into a single, all encompassing bub-
ble. A similar phenomenon where individual bubbles
grow and coalesce as speed increases has been doc-
umented by Xing [17] in a cylindrical geometry of a
two-phase squeeze film damper (Fig. 9). In this figure,
the motion is from bottom-to-top and both the film
rupture and its reformation are clearly evident. The
three sequences (a, b, c) represent time snapshots of
the cavity development at 700, 1500, and 3000 r/min,
respectively.

The fluid used in the experiment which generated
Fig. 9 has a dynamic viscosity of 20cP. In Fig. 9(a), at
the lower speed of 700r/min, the fluid has already
ruptured and fern leaf structures representing the
incipience of the cavitation zone are clearly visible at
the beginning of the divergent zone. Finger and fluid
rupturing (or cracking) structures are also present in
the divergent region with the reformation boundary
distinctly visible. In Figs 9(b) and 9(c) one can see
the shape and structure of the cavitation zone as the
velocity is increased to 1500 and 3000 r/min, respec-
tively. In Fig. 9(b), discrete small gas bubble formations
are sharply defined together with the boundary of the
cavity and its reformation tip. In Fig. 9(c), as the shaft
speed was increased to 3000 r/min, the bubbles have
multiplied significantly, while decreasing in size and
starting to coalesce towards the cavitation boundary
reformation tip. Based on the visual appearance of
the tip region, one can surmise the existence of some
vapour mixed with gas as well.

Figure 10 presents experimental results for the
development of the gaseous cavitation region in a
submerged journal bearing in steady-state operation
(see also reference [91]). Figures 10(a) and (b) present
the downstream cavitation region at two different
angles around the circumference, for a fixed veloc-
ity of 2000 r/min. The contour of the cavity and its
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reformation region are well defined, while some gas
bubble shedding occurs at the reformation tip. The
cavitation zone is relatively small with a reduced size
tip area by comparison to the ones shown in Figs 10(c)
and (d), where the journal rotates at 6000 r/min. In the
latter case, the cavitation zone has increased consider-
ably both axially and circumferentially, its reformation
tip has extended and is located further downstream
in the divergent zone. For the same submerged bear-
ing Figs 10(e) to (g) present the incipient cavitation
formation evident during start-up when shear com-
bined with subatmospheric pressures, cause the initial
film rupture. These fern-leaf formations are identi-
cal in structure to those observed in Fig 9(a), for the
case of the two-phase squeeze film damper. Figure 11
is related to the experimental findings of Fig. 10 and
presents the reconstruction of the pressure maps for
the cavitation zones shown by Figs 10(a) to (d), respec-
tively. The experimental pressures were collected by
means of a specially designed pressure sensor, located
in the mobile transparent external sleeve that could
travel both axially and circumferentially relative to the
position of the cavitation zone. The three-dimensional
results p = p(x,y) display the extent of the zone for
both the 2000 and 6000 r/min cases. A study of the
associated contour maps reveals that the pressure
magnitudes in the cavitation region are moderately
subatmospheric giving credence to the hypothesis
supported by the data presented by Table 1 (i.e.
vaporous cavitation appears only at extremely low
subatmospheric pressures).

Etsion and Ludwig [92] visualized the cavitation
zone of a submerged journal bearing operating under
steady-state conditions. The pressure measurements
made by means of a travelling pressure transducer
showed that the lowest found pressures were about
67 kPa (roughly 34 kPa below atmospheric), when the
operating speed was 3000r/min. The authors con-
cluded that since the vapour pressure for the oil was
about 0.1 mmHg (0.013 kPa), the cavity was gaseous
in nature. Their determination was later confirmed
by means of a mass spectrometer, which demon-
strated that the cavity contained no oil vapour. Braun
and Hendricks [91] performed experiments similar to
those of Etsion and Ludwig, and visualized the three
dimensionality of the cavity. The authors [91] used a
modified miniature travelling sensor where the pres-
sure probe was combined with a thermocouple thus
gaining the capability to measure simultaneously the
pressure and temperature at the same location. It was
shown that the pressure is not constant in the cavita-
tion zone (as assumed by most numerical models), as
it varies with the circumferential and axial positions
in the zone and is only moderately subatmospheric.
The associated temperatures were well below the sat-
uration temperatures corresponding to the measured
pressures. Based on flash calculations which deter-
mine the percentage of the gas mixture released from

the oil solution at a given pressure and temperature,
they reached the conclusion that the content of the
cavity was gaseous. In that respect, Braun and Hen-
drick’s findings reinforce those of Etsion and Ludwig
[92] and Dowson and Taylor [16]. Similar to the find-
ings offered in references [16], [91], and [92], Groper
and Etsion [93] also observed non-constant subatmo-
spheric pressures in the cavity zone and investigated
two possible mechanisms as follows.

1. The shear of the cavity gas bubble by the thin lubri-
cant film dragged through the cavitation zone by
the rotating shaft.

2. The mass transfer mechanism which dictates the
rate of diffusion of dissolved gas in and out of the
lubricant.

They found that the cavitation shape was fairly well
predicted by the ‘shear’ mechanism, but the mea-
sured pressures were not consistent with the model
prediction. They concluded that the mass transfer
mechanism effects on the pressure build-up in the
cavitation zone can be completely ignored. In a later
study [94], the same authors determined that the
pressure build-up, particularly towards the end of
the cavitation zone can be fairly well predicted by
including the reverse flow, previously observed in the
experimental works performed by Etsion and Ludwig
[92] and by Heshmat and Pinkus [95].

If falling pressures in the bearing divergent zone
reach below the gas saturation pressures, the vapour
pressure threshold is breached (see Fig. 2) and vapour
is also released into the bubble. At this point, gas and
vapour coexist and only precise knowledge of the state
equation p = f(T) for the component hydrocarbons
will tell what sort of cavitation takes place (cavitation,
vaporous, or mixed). As discussed, it has been pre-
dicted theoretically and proven experimentally that in
the case of dynamically loaded journal bearings, or in
squeeze-film dampers, the transition to the extremely
low vapour pressures (short time constant [19], hap-
pens so rapidly that the fluid, due to its mass inertia,
cannot follow the journal motion.

In the early 1960s, Hays and Feiten [96] performed a
study of a cavity formation and growth when two flat
parallel plates separated by a thin fluid film are pulled
apart from each other. Their experiment is probably
an excellent of in situ example where the fluid in iso-
lation, due to a sudden mechanical perturbation, fails
to follow the moving solid boundary. The authors also
proposed an analytical model for the formation of
the cavity. They noted that while the equations sim-
ulating the process are not difficult to establish, the
actual solution is difficult to obtain, due to the appear-
ance of a moving ‘free boundary’. Thus, the necessity
of ‘well-set’ boundary conditions dominates the con-
ceptual effort of obtaining proper solutions. Hays and
Feiten constructed a device formed of a circular upper
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plate that was optically flat, while its lower counter-
part was made out of polished steel. The experimental
procedure consisted of pulling abruptly and instantly
the optical plate away from the steel one, while a
high-speed camera was recording the rupture of the
liquid film and subsequent formation of the voids. The
resulting photographs, are described as presenting:

...three distinct periods of cavity growth. First there is
a period of nucleation when many small cavities are
seen to form in an apparently random pattern over the
film extent...(followed by) an extremely interesting but
complex growth phenomenon which is characterized
by a fracturing of the advancing cavity front...During

Direction of motion of the
cavity

this growth phase many fern-like structures form and
migrate...The final (third) stage is one of coalescence, a
single cavity being formed which then collapses...

A mathematical model is also offered with the
following observation:

...we are initially faced with the problem of determin-
ing the physical nature of the flows about the cavities....
The second problem which has been discussed by
Birkoff [11] is related to the nature of the liquid-gas
interface, this being a free boundary...

In the 1970s and 1980s, experimental work has been
reproduced by other researchers, under the same or

Fig.12 Travelling cyclic vaporous cavitation. The window of observation is Eulerian in nature:
over one cycle, one can observe the entire cavity from rupture to reformation. The angular
speed is 3500 r/min, and the equivalent rotor diameter is 78.75 mm
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different circumstances (as it will shown below). How-
ever, from the theoretical point of view even though
today there are algorithms that do a fair job at pre-
dicting the film rupture, formation, and reformation,
an ultimate exact model that dynamically accounts for
both gas and vapour nucleation, continuous genera-
tion, and eventual collapse is still missing.

Through Frenkel theory [30], and also as mentioned
by Brennen [36], it was postulated that a dearth of
cavitation promoters in the fluid leads to relatively
strong tensile stresses causing a metastable state, from
where transition may occur spontaneously to vapour
(Fig. 2) (the direct transition from 2’ to 4 is akin to
liquid flashing). In such a case, a vaporous dynamic
cavitation situation ensues before non-condensable
gas may be released from the oil. Wilson [25] and then
Berthe [97] present proof of vaporous cavitation by
showing photographic evidence of damage in journal
bearings, consistent with the type of damage observed
on ship propellers, which undoubtedly is produced by
vaporous cavitation in water.

Figure 12 presents evidence of vaporous cavitation
for a travelling cavitation zone. The sequence of pic-
tures shows the extent of the cavity around the shaft
of a squeeze film damper [17]. The window of obser-
vation is Eulerian in nature, and due to the travelling
characteristic of the cavitation bubble, over one cycle
one can observe the entire cavity from rupture to refor-
mation. The individual frames were ‘time-stopped’
and recorded by means of a high-speed video camera
operating at the rate of 10000 frames/s. Each frame
sequentially presents a position of the cavity zone as
it travelled around the circumference. In Fig. 12(a),
one can view at the top of the image the bottom of
the cavity entering the viewing area. Figures 12(b)
and (c) show the bottom cavitation zone advancing
in the field of view with individual gas bubbles vis-
ible at the bottom of Fig. 12(c). These bubbles are
similar in structure and appearance to those pre-
sented in Figs 9(b) and 9(c). Finally, at the upper
portion of the cavity, with its reformation zone trav-
elling through the viewing window (Figs 12(d) and
(e), one can see the ‘explosive’ and chaotic nature
of its content. In this area, the small individual gas
bubbles have probably coalesced and mixed with
explosive (flash evaporation) release of vapour. The
sudden powerful evaporation process is most prob-
ably responsible for the chaotic aspect of the cavity.
Finally, Figs 12(f) to (h) present the reformation tip of
the cavity as it travels out of the field of view. The vapor
shedding and/or gas bubbles are visible in Figs 12(g)
and (h) and are similar to the shedding observed in
Figs 10(c) and (d) for the submerged journal bearing.
The similarity between the visual aspect of the refor-
mation tips for a submerged bearing and a squeeze
film damper bear testimony to the similar process of
gas and vapour generation as the pressures become
subatmospheric.

5 SUMMARY

Even though the list of references associated with this
review is rather extensive, in no way does it exhaust
the vast literature dedicated to the study of cavitation.
The intent was to summarize the following:

(a) advances in analytical and numerical modelling;

(b) draw attention to the thermodynamic aspects of
cavitation;

(c) do so while reflecting on physical or experimental
observations.

To conclude, the authors would like to note the
following.

1. Liquids can, in general, withstand relatively high
tensile stresses (‘negative pressures’). The limiting
yield stress depends on the level of nucleation sites
(whether these sites are impurities in the mating
solid or the liquid itself), as well as on the dynamics
of a bearing system.

2. Gaseous cavitation is governed by lubricant chem-
istry and by the ensuing trapped gas partial satura-
tion pressures and temperatures. Changes in the
bearing environment, lubricant shear rates, and
heat dissipation, all affect the number and size of
the nuclei that promote cavitation.

3. Vaporous, just like gaseous, cavitation is due to a
fracture of the fluid; however, the former type of
cavitation, unlike the latter, is induced by an abrupt
phase change. This is most likely the result of a ther-
modynamic metastable phenomenon occurring
during transient dynamic events.

4. Experimental evidence draws attention to signif-
icant similarities between classical solid fracture
mechanics and cavitation.

5. As early as 1904 (Sommerfeld) and 1914 (Gumbel),
cavitation has been recognized as an important
‘game changing’ phenomenon in bearing mod-
elling. The challenges in incorporating cavitation
in the thermo-fluid model are rooted in the abil-
ity to respect the conservation of mass throughout
the bearing including at the liquid-cavity interface.
The early cavitation models of Sommerfeld, Gum-
bel, and Swift-Stieber did not rigorously respect
mass continuity. More recent attempts, pioneered
through the JFO model, the Elrod algorithm, Vija-
yaraghavan et al., Booker, Kumar et al., and Boedo
et al. have offered both analytical and numerical
contributions that strictly respected mass conti-
nuity. In the overall context, it was noted that
the earlier (non-mass-conserving) models yielded
good results for pressure and film thickness mea-
surements. As Paranjpe et al. [64] observed, it was
only in the calculation of the thermal performance
and power consumption that mass conserving
versus non-mass-conserving cavitation algorithms
yielded widely different results.
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6. The computer age has removed countless mod-

elling limitations. This has led to more and more
frequent attempts to replace the two-dimensional
Reynolds equation with the fully populated three-
dimensional NSE. A three-dimensional computa-
tional venue permits the quantification of inertial
effects and can model:

(a) gaseous cavitation;
(b) vaporous cavitation;
(c) a mixture thereof.

Modern experimental work has been used to
advance the understanding of the physical charac-
teristics of the cavitation zone and validate both
finite-difference (volume) and FE algorithms.

© Authors 2010
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