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I. INTRODUCTION

Squeeze~fi1lm dampers are used in the construction of modern aircraft turbo-
engines to allow its rotor to pass through one or more critical speeds to
reach its operating condition [1]. Typically, the damper is formed by an

0il film which separates the outer race of a roller element bearing from the

bearing housing. Due to space limitation, the axial length of the squeeze-
film is in the order of the width of the bearing and is effectively quite short
in comparison with its diameter. Usually, the damper is centered by a spring
structure which represents a parallel connection between the bearing outer-
race and the housing. The lubricating oil is typically fed to either or both
ends of the squeeze-film through a circumferential distribution manifold.

Effective use of the damper for vibration control requires proper sizing cf

the damper to fit the flexibility characteristics of the rotor [2]. Obvicusly,

a minimal damping capacity is needed 1if the kinetic energy of the flexible
rotor as excited by a mass imbalance may be absorbed to avoid a cumulatively
increasing amplitude of vibration as the critical speed 1s approached. At

the same time, if the damping capacity is excessive, for a flexible rotor,

the support bearing in effect becomes rigidly attached to the frame. The
critical condition would be shifted to a higher speed. The inherent damping
capicity is inoperative because of lack of motion of the support point. The
vibrational response to rotor imbalance would increase unchecked as the higher
critical speed is approached. Thus, use of damp-mounting to control imbalance
response of a flexible rotor through critical speeds requires an optimum
damping capacity. If the rotor i3 required to pass through several critical
speeds, the optimum damping caéacity is a compromise among all the modes cf
interest., To design such a damper system properly, it is necessary to carry

out a thorough rotor dynamic analysis [3].

Due to inherent symmetry, the response of a centered damper to rotor imbalance
is 2 circular orbit. According to the lubrication theory, there is a kine-
matic equivalance between a statically loaded journal bearing and a damper

in circular orbit. Accordingly, the theory of plain journal bearings can

be applied to dampers provided the following rules are observed:
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o The static eccentricity of the journal bearing is equivalent

to the orbit amplitude of the damper.

e The journal rotational speed w of the journal bearing is to be
replaced by twice the vibrational rate 2v, Since the vibration-
al rate is also the rotational speed of the shaft for imbalance
response, one in effect doubles the rotational speed when

journal bearing data is used to obtain damper characteristics.

e The tangential force per unit static eccentricity of the
journal bearing, upon rescaled for twice the rotational speed,
is equivalent to the damping force per unit orbit amplitude
of the damper.

e The radial force per unit eccentricity of the journal bearing,
again upon rescaled for twice the rotational speed, is equiv-
alent to the stiffness force per unit orbit amplitude of the
damper, which is additive to the stiffness of the centering

spring.

While the above-stated scaling law between a journal bearing and a squeeze-
film damper is basically sound, it is ironical that commonly accepted journal
bearing data and analysis are not suitable for use to describe damper charac-
teristics. The commonly used Ocvirk-Giimbel analysis for short journal bearings
[4,5] 1s not a suitable model for the squeeze-film damper. This is because

a4 journal bearing usually receives its make-up lubricant supply through a
feed-hole, which is within the bearing surface; whereas the lubricant flow

in a damper must come in from either end. In order to remedy the situation,
Shaker Research Corporation proposed to undertake a study to advance the
technology of squeeze-film dampers by establishing the appropriate analysis
for its characteristics in a manner consistent with the typical configurations
and lubricant supply method. The work was sponsored by U.S. Army Research
Office under Contract Number DAAG29-78-C-0027 for the period from July 15,
1978 to July 15, 1981, and was performed under the guidance of the Technical

Representative, Dr., Edward A. Saibel of the Engineering Sciences Division,
U.S. Army Research Office.




IT1. SUMMARY OF MAJOR FINDINGS

The theoretical study of a squeeze-film damper undergoing a circular orbitel
motion was performed in a manner which is also applicable to a statically
loaded journal bearing, so long as the lubricant supply is fed through either
end. It was established that the film rupture process must satisfy.the flow
continuity condition throughout the ''cavitation domain". The Swift-Stieber
condition [6,7] would govern the breakup boundary, whereas the fill-back
boundary is established according to the flow balance between surface trans-
port (through the cavitated domain) and the re-established film. It was
further concluded that the short-bearing approximation originally advanced
by Ocvirk and Dubois [4] can be adapted to satisfy the above-stated con-
ditions around the film rupture boundary. Closed form solutions were found,
from which a full set of numerical results was compiled and presented in

the dimensionless form. The following general conclusions can be surmised.

e The state of a ruptured film is defined by three parameters;
namely, the pressure in the ruptured domain (or the largest
orbit size without rupture), the operating orbit size, and

the axial location of the rupture axis.

e The pressure in the ruptured domain is an unknown parameter
of the system. It can be fixed at the ambient level only if

a "drain away condition" is maintained at the discharge side.

e If lubricant is allowed to drain away at both ends of the
damper, the lubricant depletion process occurs with the evo-

lution of a succession of '"necking down' patterns.

o If the damper is driven into an orbit of an ever increasing
orbit amplitude after film rupture has commenced, the overall
extent of rupture would increase accordingly and can reach into
the convergent portion of the gap. As a consequence of the

enlarged rupture domain, the damper would be more "spring-like".

e With a free draining discharge at one end, an appropriate
supply pressure fed to the other end would effectively fix

the operating characteristics of the damper.
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Experimental observations were made by direct viewing of the rupture pattern
through a transparent damper bushing. 1t was found that minor details in
the outboard flow passageways can prevent free draining of lubricant dis-
charge. When this happens, the rupture process appeared to be associated #_
with local nucleation sites and developed slowly with the aggregation of

void pockets which fluctuate as the dynamic load passes by.

The unsteady motion of a rupture boundary was also treated theoretically.
This was done in a manner consistent with the lubrication theory. Flow in
the ruptured domain was modeled as an adhered film. Inertia and body forces
were neglected as well as meniscus surface tension and interfacial phase
transfer, A constant "cavity pressure" was assumed but was allowed to be
either higher or lower than the film pressure bordering the rupture boundary.
A "law of independent action" was proposed so that the thickness of the
adhered film and the sweeping rate of the rupture boundary may be separate
interfacial parameters. The commonly used Swift-Stieber condition was

shown to be a special case of the "law of independent" action for the qui-

2scent time-independent state. Computation of the adhered film field in

the ruptured domain would have to proceed simultaneously with the computation
of the film pressure. The former was governed by a real characteristic in
the world diagram of the sliding motion and would have to be reconciled in
the determination of the sweeping rate of the rupture boundary. The new
theory can be used conjunctively with any ccombination of the surface slidirg
velocities and with the presence of the squeeze-film action. It can be used
1s the basis for the numerical simulation of large amplitude, motion of a

ruptured film, with or without sliding, including the non-circular orbit of

the squeeze film,
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An Improved Short Bearing Analysis
for the Submerged Operation of
Plain Journal Bearings and
Squeeze-Film Dampers!

By allowing the film pressure to assume some subambient value and by allow . ng nutural
boundaries of the film to form in the unlvaded region, the short-bearing thoors of Octcork
and Dubas ts extended to include a detatlod deseription of the cacitation zone Troo aiter-
native cavitation configurations are shoun to be possible, rendering different cecentru
(orbut ~ize), a’titude angle (phasel, for the same load and minimum film pressure. e
first confivuration features an enclosed cacity maintained at o subambicnt 1evel cnd is
called "0 cacttation which 1s crudely emulated by the concentional “half-flm™ apor xi-
mation. The second configuration features ambient lecel side cacitios, the boandaries of
which are drann inside the bearing ends by a sub-cavits fulm pressure, and 1 called 1
cavitation. The "1 cavitation, which is imtiate d by the aggregation of entrarned b bl ios
in the ambient flind, can present itself in the farm of multiple striations causing substan-

tial loss of load capacity

I Introduction

The short beasing approximation is a powerful analvtical device
for the estitnation of journal bearing forces. Recent interest in the use
of squeeze-filin damper for vibration control has drawn considerable
attention to its use. The geometrical constraint of a small (L/D ) ratio
turns out to be commanly quite acceptable. The conventional shert -
hearing formulae for the hearing forces, however, are also based on
an additional heunstic hypotliesis that the subambient portion of the
film pressure weruld not he realized. Under the disguise of this “rea-
sonable” mocel concerning film pressure, a gross inconsistency con-
cerning the lubricant cirenlation pattern is often overlooked. By ne-
glecting the sithambient [ilm pressure, axial flow at the bearing ends
can only be or:tward. In actua! practice, the flow leakages through the
hearing endds are usually mad= up by the supply of lubricant through
a teed hole in the unloaded partion of the bearing gap. However, the
journal bearing may also be used in a submerged arrangement. The
squeeze film damper often operates in this manner. In a submerged
arrangement. lubricant end leakage from the loaded portion of the
hearing film must be made up by the re-entry of the lubricant into the
hearing gap «n the unlnaded side. Thus. the presence of some su-
hambient pressure in the bearing film cannat he avaoided.

V Supported w the U S, Armv Research Office under Contract Number
DAAG29.7R.C-0027, Project Number P.15657-F.

ontributed hy the Lubrication Division of THE AMERICAN SOCIETY OF
MECHANICAL ENGINEERN and presented at the ASME-ASLE Lubaication
Conference, Davion, Ohic. Octoler 16 18, 1979 Manuscript received by the
Lubrication Division, July 10, 1979, Paper No. 79-Lub.33.
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Fver since the formulation of the lubrication theorv by Oshorne
Revnolds (1), the guestion of subambient film pressure has been a
matter of much controversy. Gumbel {2] pioncered the popular rotion
that an adequate approximation is attained by discarding that portion
of the full solution of the film pressure, which is subambient. Alter
the short bearing approximation was introduced |3). it became im-
mediately linked to Gumbel's idea. the short hearing filsa is usually
taken to be the convergent portion only. Meanwhile, more previse
treatment of the film cavitation process, which is presumabls the
mechanism for preventing the film pressure to fall much below the
ambient level, had heen attempted in various ways. Swift [4) and
Stieber [5] independently revived Reynaolds’ idea that at a film rupture
houndary, the gradient of the film pressure must vanish. Jako wson
and Flaberg [6] demonstrated the procedure to treat the rupture
boundary in a two dimensional field. Etsion and Pinkas {7} gave
computed results including a detailed ac~ount for the feeding slot or
hale. Wakurai et al. |8} considered a journal bearing with a circum-
ferential feeding slot; they introduced the idea that a short bearing
tvpe analysis can be combined with the treatment of the film rupture
condition of Swift and Stieber. While Jakobsson and Floberg brought
out the significance of a subambient condition through an assumed
vapor pressure, the recent efforta |7, 8] still dealt with situations where
the film pressure could not be subambient. ‘T'he cavitation bouadary
conditions were also re-examined with respect to local flow tields,
including the roles of the separation streamline |9) and the sueface
tension in the meniscus [10]. Floberg returned to the quest:on of
minimum film pressure, this time via the concept of liquid tensile
mrength [11], he sought to determine the pattern of stration

Transactions of the ASME
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streamers, wh ch have been seen from photographs of the cavitation
domain. In ¢ontrast to the rupture condition, Floberg's striation
streamer anal'sis depends on the assumption of zero net flow across
the boundary. Nau examined ~xperimental evidence of cavitation on
face seals [12] He concluded that there is a distinction between the
“separation ¢ vitation” which is associated with a direct communi-
cation between the cavitation domain and the ambient, and the
“ligament cavitation™ which features an enclosed cavitation domain.
Interest in vibration control by means of squeeze-film dampers led
to experiment il information pertaining to the submerged operation
of short squee:e journal bearings {13, 14]. Both White and Tonnesen
found abrupt hanges in the bearing characteristics. Marsh |15]. re-
ferring to White's data, sugge<ted that subdivision of the fluid tilm
can take place to cause reduction of the dynamic load capacity of the
damper.

It is clear that Gumbel's simple model is not alwavs adequate to
cope with cavitation phenomena in industrial machine elements. It
also became evid-nt that one niay not be able to describe all cavitation
phenomena in Nluid films with 4 single model such as the Swift-Sticher
tor Reynolds) boundary condition, even if one is willing to remain
ignorant about processes which pertain to local flow fields. At the «ume
time, althougt tne short bearing formulae as derived with Gumbel's
hypothesis are not suitable for a submerged journal bearing. there is
no fundamental reason to preclude the use of the short bearing ap-
proximation viith a more appropriate treatment of the cavitation
process. The viork of Wakurai, et al already demonstrated the fea-
sibility of treatin ; an ambicnt cavitation with the Reynold's condition.
‘The present work represents another step in this direction.

I1 Review of Background
Conventior.al Short Bearing Analysis. With the approximation
of a constant viscasity, the laminar, incompressible lubrication theory

applicable to i thin fluid rilm 1n a cylindrical annular gap i~ repre
sented by

1 o  op 0 [wRh h* dp) oh

—— =A== =]+ — =0 (D
12u )z d:] Rob\ 2 12uR of ot

For two circu.nstances, (a) the static displacement of a rotating

journal. und (5 the steady circular orbit motion of a squeeze -film
damper, Equation (1) can be reduced to a single dimeusionless

‘T'he respective description of the film thickness is, for the s ati
displacement of a rotating journal

h=(0=ecost [RAY]
and for the circular orbit motion of a squeeze-film damper

h=0=v¢costfh—et) [N
Definitions of the dimensionless variables for the two circnmstances
are indicated below:

Static Journal Circular Orbit of Damp -r

A L/D LD

H hC =1 =¢ceosy hi€C=1—-cusn
P pCH R pC /2R

n 0 =t = )

[y 22/ RAYI A

The film pressure is measured ahove the ambient reference In the
case of the damper in a circular orbit, the equivalent sliding vector
is in the oppusite direction with the amplitude 20K, thus resulting ¢
the corresponding detinitions of P’ and 1.

T'he short hearing approximation presumes 0/0C(H 0/ 001 and
o/on (H* 01’/dn) to be of a similar magnitude so that in the himit A+
0. equation (2} is reduced to

° 2:(":‘6_“ _ﬂ,‘,; 1= \2p o
o

o on
For the axially uniform film, 0#/0¢ = W, equation 1) has th.- « .
lution

=1+l + S Qip .
2

where

H ¢ sin g .
Q=i ' — = ———— i
dn (1 =¢cos )t
(I, 11}) are invariant with respect to ¢ and are determined from
suitable boundary conditions. The most commonly  accepted
boundary conditions are associated with the imposition of the am vient
pressure of the ends: i.e.

hiv=¢ =0

form:
» so that
[ ] O ] )
~:—(H"—P)+—(H“—'-H)=0 (B =0 Hom-2 )
zot afl  on on ’ 2
Nomenclature
A, = constant of integration in the neckdown @, = fractional Couette transport across  Subscripts for g

region for 1" cavitation

(" = radial clearance

D = diametes of journal

¢ = gccentric-ty of Journal

F = function of gy given by equation (27)

Fg, Fr = dim nsiomless radial and tangential
force comp n ents, equation (47)

1 = dimensionless lubricant film thickness
or bearing tap, h/C

h = lubricant tilm thickness or hearing gap

1. = hearing s xial length*

P = dimendionless film pressure; p(*%/
(6uwR?) for static wurnal bearing, p('¥/
(12uvR?) for squeeze-film damper

p = film prexsure above umbient

1oan
H* dn
R = journsl 1adius, 1)/2

Q

t = time
2 = axial cov 'd nate

Journal of Lubrication Technology

neck-down boundary

¢ = operating eccentricity ratio, ¢/C

¢, = eccentrioity ratio for cavitation inci-
pience

¢ = dimensionless axial coordinate, 2:/1

$o = dimensionless axial distance from film
center to cavitation boundarey

n = generalized circumferential coordinate

# = circumferential angular coordinate

\ = slenderness parameter, L./1)

u = viscosity coefficient of fluid

» = frequency of oscillation of damper

Il = short bearing dimensionless pressure,
PayLy?

I 11 = integration constants in generalized
short bearin, solution

I1¢- = value of 11 in cavity

e = lower bound of 11 for Nuid film

x = Sommerfeld angle,

eV w

¢ = widest point of "0 cavitation

b = break-up boundary in “0” cavitation

bt = break-up initiation in "0 cavitation

o0 = cavitation incipience point

[ = fill-back boundary in 07 cav:tation

N = minimum pressuare point in 7 cevita
tion

n = neck-down boundary in /™ cavitation

n = neck-down initiation in /™ cavitation

u = wadening boundary in " cavilation

Subscripts for Hand @

Ha. Qn
ete. = Hingy), Qina) ete.

Subscripts for Fx and Fr

FF = full film
']) = cavitation domain
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and thus, the so-called “short bearing solution” is given by

1 )
== =89 8

This equation shows that the lubricant film pressure would be su-
bambient in the interval 0 < n < x. Since the latter condition is gen-
erally believi:d 1o be unlikely in an industrial environment, the “short
bearing solution” is often accompanied by the “hal{-film approxi-
mation” by :etting

Hn<y<a) =0 9)
The “half fi.m approximation™ remaves the perfect antisvmmetry

with respect to n of 11, Accordingly, the global characteristics of the
lubricant as defined hy

Fr = J::d( J:' 13 cos ndn

.l x
rr=—J_ld(i il sin ndn

are drastically altered. In the case of the “half-film approximation,”
the above integrals are calculated only in the interval —x < 5 < 0. The
integrated results are well known:

10a)

o

I'r Fr
i €
Full Fil 0 — m——— (n
" X (1 - 2
4 & b ¢

Half Film S
Y TR

Rationale for the Half Film Approximation. Fixation of the tilm
inlet at § = --x and the exit at n = 0 is a fair approximation for most
industrial situztions. The ex:t location is justified on the assumption
that the lub-icant film cannot sustain any significant subambient
condition, With the lubricant feedhole placed in the unloaded portion
of the bearin z gap. the inlet film would be formed not taa far from the
maximum g: p. While it is realized that the inlet location would vary
somewhat depe nding un the specific feeding arrangement. the overall
film force does not depend «n the precise inlet location.

Sum of end leakages and the exit flow are made up by the flow
through th. inlet film. Any excess in the flow supply through the
feedhole wonld be discharged to the ambient in the unloaded gap.
Thus the tot.al flow through the feedhole ultimately reaches the am-
bient in the form of axial flow at the bearing ends.

Peculiarity of the Submerged Bearing. In a submerged bearing,
because there is no separate feedhole, the net flow through the bearing
ends has to L e zero. The end flow in the loaded region is necessarily
outward, which must be balanced by inward end flow in the unlvaded
region. The § recise flow balance of flow determines the extent of the
load carrying ‘ilm. Some degree of subambient condition is un-
avoidable. The desired operating characteristics of a submerged
bearing may very well require the lubricant film to develop a signiti-
cant subambient level. Regardless of the magnitude of the subambient
condition, the structure of the fluid film on the unloaded side will have
a strong influence on the overall film force, If some form of cavilation
should develcp. the fluid tilm in the unloaded gap should be narrower
than the hearing width. Thus one should expect the short bearing
approximation to be at least equally applicable in the unloaded gap
as in the loaced gap. .

111 A New Model of Cavitation for a Submerged

The conce » ual discrepancies in the conventional short hearing
solution (“half-ilm approximation™) can be overcome by the following

1. The lubricant film can sustain some subambient and even
tensile condition but i« bounded by a lower limit

102 Ui Tin <0 (1)

2. The film pressure in the cavitation region is governed by the

Naw<He<0 R}

Implied along with the second condition, inertia and capillary of-
fects would be neglected. The general short bearing solution, ne
glecting misalignment, as given hy equation (5), will bse retained

One must also give some attention to the conditions at the -avita-
tion boundary. The commaonly accepted Revnolds' condition for the
lubricant to enter the cavitation boundary is (grad 11 = 0at 11 = 11,1
While no explicit description regarding the flow field inside the cav-
itation region is associated with the Revnolds® condition. it is usuatly
presumed that the velocity profile is a straight line in approaching
the boundary, but, upon crossing over, lubricant is transported
through the cavitation region in a thin laver which adheres to the
moving surface. Since pressure geadient is negligible within the cav-
itation region, the lubricant cannot be redistributed in the direction
transverse to the surface motion. To satisfy continuity, the film
thickness at the re-establishment boundary (relative to that at the
break-up boundary) must be consistent with the pressure gradient
which would require a concavity in the velocity profile. This de-
seription is illustrated in Fig. 1.

Strictly speaking. according to such reasoning, the cavitated domain
is not capable to transfer shear stress from one surface to the other,
However, it is_ a common practice to invoke an alternate model. in
which fluid transport through the cavitated region is contained in a
multitude*of striation streamers. Thus the cavitation boundary ac-
tually is pot smooth, but displays a fluctuating pattern corresponding
to the spacing of the striation streamers. The fluid contained in the
striation streamers develops little pressure gradient, but contnibutes
to a transter of shear between the bearing surfaces. Figure 2 shows an
illustration of cavitation streamers.

One may further indulge in the dichotomous description of the fluid
structure (in the event of cavitation) in the global scale. In the case
of a submerged plain journal under load, the condition of equation
113) can be satisfied in two distinet configurations. The central region
may break up and give way to an isobaric region at 1l = ., <O
The central cavitation region. however, is separated from the ambient
ends by “side bands,” through which transverse pressure drop from
the ambient continually feeds the lubricant with make-up flow Such
a configuration for cavitation will be referred to as the 0™ pettern.
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Fig. 3 Fiim cavitaion of 1he “0" configuration

One may retain the “dichotomy ™ of the flow structure at the micro-
scale. That is. Reynolds’ condition for film break up can be imposed
where applicable, while the streamer concept can be retained to render
a conservative estimate for the friction torque. Alternately, side
boundaries of the inlvaded portion of the fluid film may recede from
the bearing ends. Presumably gaseous constituents will fill up the 1wo
side regions between the bearing ends and the necked down film. "T'he
pressure in the necked down region will be subambient, but the degree
of necking down ensures the condition 1, < 11 < 1l = 0. The larter
form of cavitatin will be designated “{.” The lower bound value of
pressure may require the film to be subdivided into a multiple /™
pettern consisting of more than one film strip. For the present pur-
puse, symmetry about the mid-plane prevails in either case, theretore
it is sufficient to limit our attention to one half the axial extent, i.e.
0 € { € i. In the case of a multiple “/™ pattern, { = 0 would be the
centerline of each (ilm strip. Figs 3 and 4 show the film patterns of the
two configurations; the respective analyses for the two cavitations will
be dealt with separately in subsequent sections.

IV Analyses of the “0” Cavitation Configuration

Cavitation can commence at the midplane when the lubricant tilm
enters into the diverygent gap s that the midplane pressure reaches
the condition

!llrro..s"-())-—%ﬂ-lh-<n (14

where, n,, locates the initiation of the “break-up™ houndary, and

Qn = Qlnn)
. sin Ny,
(1 = econ gy, )?

Clearly, given 11+, this condition can exist only if ¢ exceeds a Jower
hound, which can he called the cavitation incipience eccentricity ratio
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{for the "0 pattern). ¢ i11-). When ¢, is being exceeded. cavitation
begins as a sput which centers around the location of the minimum
pressure of the full film solution. The location of the spot from wh-ch
cavitation grows can be called the cavitation incipience center, «,,.
which is the root of the stationary point of Il in the divergen: port on
of the full film solution. (¢, n,,) as functions of [1¢- are given by

€ siny,, Vo
- = et =-INT 4 24— D)

21 ~ ¢, cos p)? ¢ ¢ €08 M 4' !

They are shown as graphs in Fig. 5.

Suppose that ¢ > ¢, for a given [, the film break-up location ny,
can be solved from equation (141, then, for ns > nw. the treak-up
boundary uins) is Lo be found. The short bearing solution, Fquation

(5) is applicable for {, € { € 1. The boundary conditions are
Higor =N Hi =0 (6

n» is the circumferential coordinate of the break-up boundary.
Furthermore, Reyvnolds® cavitation condition requires

(oll "
—] =0 [Rir2)
OC ]
Therefore

= “"—_ "( +-(l-('Hsu ("Q Qs

- \u
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and
S
wEl -\ — NET
‘ vV
Q. is Q)
Making use 1 equatic. i,
. Qn
h=l=-Y — (2n
, v (78

The stationues condition of ¢, turns out to coincide with the oca
tion of the minimum pressare f the full tibm solution, e
! —

T RN I R H w2
no bocates the videst point of the 0™ cavity or the narrowest point of
the “wmde ban:. " which terminates the “break up”™ boandary. ren
deemng

@
QI )

Qo Quiny. Representatine okt tions of the break -up region of the 0™
cavitation are - hown in Fig 6

For n > . he “side band’ widens and equation (17) no lenger
apphies Instead. the sum f the transverse pressure flow and the
transport thron gh the 07 cavity should become the required tull him
flow, which, in the ca. - of the short bearing theory, 1s simpls the
Couette flom . s llusteated in Fig. 7, the necessary condition i

" U= ecosm)! (0"
L AL A b
ufql [- Ty Y

The circumierential coordinate is designated ny to indicate the
“fill-back” process. Together with the pressure houndary conditions,
equation {16}, the short bearir g theory now redtices to

[y}

I

- [
LN TR T T

d
¢ {((‘Us Ne = e ) —— + sin n.i =&
dny

==Ml ~econp)' 20

which describe . the geometry « f the “fill-back" boundary. The upper
limit of ny is re whed when § reduces to zero ag.un.

Equation (211 » an ordinar differential equation and can be .0
tegrated for n; > 9y trom the initial condition

solnr = mo) = ($odmar 125)

which is given by equation (22). n, is a function of {,, according to
equation (20), theretore, the ditferential equation is nonlinear, and

MoRimum gop

o, "Qt 009 0028 Gep o) Bresd-\p

oo} _=._¢' L._/AZ m-mnu:;q
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° [ 2 ] .o
weth Fraction, (g

Fig. 6 Greak-up boundary of the 0" cavitation cenfiguration
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its rigorods solution can only be obtained numerncally. However, as
shownan Fig 6, tor most part of $o < (). 6 deviates very Ltle
from ga, Therefore, one would expect that linearization of equation
1240, obtained by replacing s with a suitable constant g, car be
quite satisfactorn A reasonable chowce for this constant is given by

1 o'men
e
i mae S0

which defines the correct total “Couette transport ™ across the enture
breakun boundary . The I errized problem has a closed form sotu
tion

.. (M.~ H,. ,
A= = =1 = (Sl

Con P F 1)

H - H.
2H
- ————[Fig) = Fo] 27}
\H—Hp...)l LA ol
where
. NI [
Figy = (I 0:‘:-)n, —Iic(l + 'c"xlll n
A .
—e sy~ —ctan
P AT '

Fo=Foy, =)
' Ho= 1= coomni My, =1 = cconm,,

The above relations for the il back™ domain holds for 1y,
Gang ) > 0 The Litter condition is reached at n, = n,, where a full 1ilm
across the entire beanng widths re-established. g, is solved numer
wally I'rom equation (27) by setting ¢, = 0,

This approximate solution can be called the “mean transport ap
proximation.” The full cavitation pattern calculated according to thi-
approximation is shown for various combinations of te,, ¢ in Fige. &,

V  Analysis of the “I"” Cavitation Configuration

The new model for cavitation proposed in Section 11l admits a
second cavitation configuration. Suppose the fluid film remains intaet
at the midplane while the film pressure is maintained above the lower
bound U m,, by drawing in liquid-gas interfacial meniscuses from the
ends. Such a ph, ' condition is quite reasonable if gascous sub-

RE-ESTABLISHED
FiLm

o
] ‘—""(.‘ )‘.

!
te
#1LL- BACK
I cavirareo M,  sounDary
oOMAIN
|

Fig. 7 Continuily acrose a fill-beack boundary in a 9" cavitation configurs-
tion
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stance is al'owed to cumulate near the edges of the bearing film. The
corresponcing short bearing solution (neglecting surface tension)
i8

-1
Il = ry ($0* = §)Qn 128)

applicable in a yet unspecified range 0 < n < x. {4(n,) is the location
of the men scus houndary, and Q, = Q(n,), 1, being the circumfer-
ential coor i \ate of the necking-down boundary. 1t is important to
recognize th.t

— 9

o {Q (29)
varies line:rly with the distance from the midplane and assumes its
largest amplitude at the meniscus boundary for any value of 5,,. This
edge film pressure gradient is responsible for feeding the “necked-
down™ filn: vhich centers at the midplane. A crucial question to be
settled at thi: point is the degree-of-fluid transport in the side voids
once the “recking-down” process has started. This issue does not exist
with the “0” configuration hecause the Reynolds’ cavitation condition
was impuose d ~o that 811/0¢ vanishes at the break-up boundary. Since
axial fluid ransport in the side voids cannot be sustained. the overall
circumferential fluid transport, including both that through the
“necked-d wn” film and that through the side voids, must be in-
variant onee the necking-cown process starts. At a differential scale
the flow be lance condition acroes the necking-down boundury is de-
picted in F ¢ 9. Accordingly, the axial coordinate of the necking-down
houndary must <atisfy

all d{y
Y bisd T oo
H, (0( © (1 u,.)H,.d""

an tepresents “fractional Couette transport” at the necking-down
boundary. Since the side voids represent the interruption of ambient
feeding of the subambien’ fitm, they would be dried up. Therefore
the correc' value i~ «, = 0. Aécordingly, the continuity condition
across the necking-down houndary is

, joll d
a5 = - H, S
" (t)" o dn,

Making use of Fsjuation (29) and recalling the definition of (. one
obtains the differential equation for n,,:

(30)
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configuration

d dH
,.—&4»_\‘0 2 =0 o
dn, dna
Its solution is
H, {olnn) = const. = A, 30

Substituting into equation (28) and setting ¢ = 0, the center-lin.
pressure becomes

1 dH,
= =—=-A2 5
Hi¢=0,n, 3 An an /H,. RN

‘The right-hand side has a minimal condition given by
delcos?ay + €cospy = 52 = 0 (RI]]

where v designates the location of the minimum film pressure
Solving for € cos py, one finds

€cos ny -gl\ T+ 802 -1 REY
One can then calculate, writing Q@ for Q(ny)
T = 0 ny) = ~ L (Rl )y i
One may observe that )

v <nas Qs <@ AT

Consequently, incipience of necking-down depends on

or
X

which is essentially the same as the incipience of breaking-up in the
“0" cavitation process. An important characteristic of the * /™ cavi
tation is that the extent of necking-down is finite, as soon as the
condition for its initiation is satisfied. In contrast, upon incipence
of “0" cavitation, the extent of cavitation grows gradually be zinning
with an infiniteximal amount. The neck-down initiation pint g,
* coincides with ,, for « = ¢.. The corresponding venterline pres<ure
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i the lower boun d value, A e exeeeds ¢, p,, moves toward the num
mum gap while 11e corresponding centerline presaure stavs at 1,
until g, reachs ~ gy 7,0 = ga s determned by the condition

esin

Q q“’n’-__

=21t Ly
(1 = ¢con

with turther in ‘tease of ¢, n,, falls below )y while the mimimum film
pressure stavs o1 0y, so that

Canyl o= \/ - _,ll,.. ? (R
(PN
Together wi h equation €32 L one can caleulate
Y ) Gl (tb) (R
H.,

Since H, ca ot be sinaller than the minimum gap iy = 00 = ]
- ¢, it follows that

Hx
i) < (I-—l) ) o
-t

I the right -1 and wide of equaition (41) is larger than unity, Then the
veck-down initiation point g, > 0 ¢an be tound as

N 2= vV [1 = Ha Coma))/ed 42

for the solution «f a simple ! configuratien. §f the right -hand side
of equation 1411 should be less then unity, then the maximam widih
of the film
G, =y = atotny) .
1~

v only a fraction of the bearin: length. The spare length would vhen
be occupied v one or more acditional film strapts) as illustrated
Fig. 4.

The neckiny-cdown pracess termmates at the maximal condition
of H.., which cocurs at g, = x vielding

. , Hy
Al S Laix) = (]—h) olny) thh

Widening of the tilm then commences. Because the side-voids are
dry, a relation s: nilar to equation (32) holds, i.e.

H., o) = const. = A, 4

n, is the circu nterential coordinate of the widening bound.ary and
II,, = Hin, . lis clear, 10 maintain continuity, {n, = 1) = Gy,

=x)and H, 0, =) = [,(), = x), one must require A, = A,, Be
cause

H, = H,2x = n, (46)

the geometrey of Gin,, }is an esact mirror image of $utn, 1 abowt the
line of centers. The domain of the widening processisr s n, < ’n -
Py

An essential distinetive teat ire which is common to all simple ind
multiple “J™* coafizurations s the precise symmetry of the film
boundaries tandd antisymmetry of the pressure field) with respect to
the line of cer.to ra. ‘This is however in part due to the omission ot
curvature in th e circamderentiad velocity profile by the short bearing
theory.

V1 Film Force Canleulation

The film force can be calculated in teems of its radial and tangential
components relitive to the liae of centers In accordance with the
common geome rical convention, they can he expressed nondi
mensionally a+

AWe, W)

el
=2 J" {com v, — sin nidn J;' 1d¢ [El

WFr Fr)
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Both from the standpout of computational convenience and 1 o
the standpomt of physical interpretations, ditterent procedures tor
the computation of Ll foree components ane desised.

“0" Configuration. For the "0 configuration. it is usel sl to cuh
divide the film fofce companents into those i the “full-film™ don e
covered by 1, < n <, and those in the cavitated domain cove =ec by
e =0 S+ 2m Thus

EroEpy= by Fpyy v F Foy, i~
Ciosed form expressions are found for
Frder

ACOs R, = cos Qeileos .+ con g, = 26 cos ga, cos 7, "
= ™ LSRN

R = ccos g L = Ceon

| Fri,.-y

ST » )
———— = [\ ) - .-'Nm'.!\,,, —sm',’\.l‘ SN

1+
: tan 9)
] 2

In the cavitated domain, one ay use - = | as the referonee
pressure. From equation t18)

tt

where,

v =2tn

*]

J Al = 1oy
.t

= j Al = Henid

l‘ n' 1 nt
LR l“‘ *___\ ({ o

6

For the break -up region. equation (19 applies, theretore
- l
’ L= ead ¢ == - (1= Sl toe ga, < e 5 00 (O
o 4

In the fill-back region. Cutn ) is given by equation (271, Thus,
tFr. Fyhen
= 2 {isin 7, = in Qp,), Leos 0, — cos ga )1

Al pom
- 1 = CaMeos nga, — sin ppddna
3 ™
AT “ —— |.l
—ll.-J [u—;ou——j‘Li
n b (178

X {cos gy, —sin g ddy, 5

which can be readily computed by numerical quadrature with the aid
of equations (19) and (27).

“I" Configuration. Consider, first, the simple /™" configuration.
For the “full-lilm" domain, —n,, € 1 €,,. Equations (49 and 5
apply. upon replacing (na, 7.0 by (n,,. = n, b respectively. Thy s

Fphpp =0
P . 1
tFppr = _'{1(| — e (\,., - ;hin 2xm Db

where,

For the necked-down region, n,, € n, € x, from equation (23),

.l i LT
J di = f d¢
0 (A}

= - ‘—Qn (X

RBecause of the antisymmetrical character of the film pressute, 1t
ix hot necessary to treat the widening region, x € ., € 22 - n,,,, «oj1-
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.
arately. Mal ir ¢ use of equation (40)
Frdepn =0
. 4 * Sin® 9,
= - Ny 1 NN Oin -8
tFede RllHA.SoUI\DI J:" H.e dn, L6)

A closed form intepral can be written for

sin? p
e 4N

HE
=l —43)’9-[1(1 -+ 3('-')\ —lsin‘.’\ -3—‘fsill4\
2 4 4 RN
+ ¢ (l + %') sin'y — ‘-_;'.sin"\] (h7)
where,

NEX
x = 2tan~ |\ — lan'—')
1= 2

If a multig:le

I configuration prevails, 9, = 0. Then

* sin? 4+ 3h)n ")
—_ L T — o
R T (
The corre: ponding film furce components are
I"" = {)
al - o' + 3
ELL L AL )

B =22

The summation covers all film strips for the multiple /" pat-
tern.

VII Results

The incip ence of cavitation is governed by the lowest pressire
which can be ~ustaived by the lubricant fitm. # i convenaent to
translate this threshold condition into the cavitation incipience ec-
centricity, ¢, a~given in Fig. 5.

When the operating eccentricity exceeds the incipience condition,
¢ > ¢,, the (ilin on the unlvaded side can break up to form a cav itation
pattern of th 0¥ contiguration. The essential geometrical parameters
of this pattein are the locations of the breakup and re-establishment
points and the width traction of the cavitation domain. They are
functions of ¢ > ¢,) a~ shown in Fig. 10. The break-up point is always
located in the Jlivergent part of the hearing gap. As € > ¢, increases,
the break-u» point accordingly shifts toward the minimum gap;
meanwhile, 17 re est.iblishn.ent point extends into the large gap area
and the widih of the cuvitation domain assumes a larger Urnction of
the bearing | 'nith. The re-establishment point ultimately would pass
the maximuin zap and would be located in the convergent part of the
bearing gap. 1'he “far extending cavitation condition.” with the film
re-establishe d in the convergent gap, can occur even at a very imodest
operating eccentricity if ¢, is small. for instance, at (¢ = 0.1, ¢, =
0.065),

The axial wossure profile. for the 07 cavitation confignraton can
be classified into three main groups as llostrated in Figurd 11 Inthe
full film regi m, g, € 122 gp,, the familiar symmetrical parabohe pro
files apply. The center-line pressure is above ambient in the con-
verging film and is negative in the divergent film. In the break-up
region, ns, € 1 € . the parabolic profile is split by the cavitation
domain, and it has a zero slope at the break-up boundary according
to the Reynd Lils” boundary condition In the fill-back region while the
ends of the prossire profile ave fixed respectively ot the cav 1y and
ambient pre sures, it~ shape may be concave or conves depending on
whether it is k.cated i the divergent or in the convergent portion of
the bearing ::n0. In fact, for the combination of a large ¢ and 1 small
¢, it is possiole for the pressure to be above ambient so that the lilm
may be losirg Nuid 1 both the cavity and the ambiem.

The over:ll film forees tor the “0° cavitation configurat:on are
shown grapt ivally in Figs. 1 2and 13, o Fig. 12, the tangential foree
for various values of ¢, are plotted against ¢ tgether with the “com.
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plete Hilm™ and the “habt il ™ results for comparison. Forafle © -
the “complete film™ curve is approached as cavitation is either shoth
suppres~ed of i of an insignificant extent. On the other hand. tor
muoderate values of ¢, if ¢, is less than 0.05, the tangential force an hwe
significantly smaller than the value based on the “half tiliy™ ap
proximation. Thus. depending on the value of the minimun t Im
pressure, which is associated with the vabue of' ¢, accordiyg o “yoree
K. the “half film" tangential furce may be inerror by a factor ot twa
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either way. Ln Fig. 13, the radial force is compared with the “daf s %
result. Aga n. for ¢ < ¢, the rudial force along with the offu ;- 2 £
cavitation hecomes negligible. For very small values of ;. 1« (..
force can b lurger than the “half film™ result. In short 3.+ ¢
solution may be deficient either by overlooking the ¢z a -« -
pience threshold or by disregarding the “far extendin: 4 v
condition.”

The /" -avitation process may take place inste «* w5 sbe o7 at-
tern, with the film boundaries receding from the be. rng endsiocrm
a necked-d »wn centra’ Jlm. Depending on the magnitude ot the op-
erating ecce ntricity « relative to that for cavitation incipierice, 1 variety
of film patterns may develi-p. These possibilities are dez o+ hed below.
As ¢ first exceeds ¢, film neck-down commences at 1, = »,, according
to equation t15) where the center-line pressure is lowest. The fitm
continues 1¢ neck down as the gap increases with the film width
varying imersely ax the g p. The neck of the filim is located at the
maximum :ap, bevond which the film width increases. The film ge-
ometry is sy mmetrical about the line of centers while the Hilm pressure
is antisymiaetrical, consequently the film force is purely tangential.
Because su 'h a necking-do #n process causes an abrupt chanie in the
film pattern as ¢ exceeds ¢, the film force accordingly docreases
abruptly. As « becomes lar zer, n,, . moves toward the minimum gap,
carrying w th it the minimum center-line pressure which s at the
lower houn | value As n,,, passes below ny, which is given by equation
(:315), with further increase «f ¢, the minimum center-line pressure istill
maintainec at the lower bound value) stays at na: the center-line
pressure at n,, is higher.

Ultimatc v the neck-down initiation point would reach the mini-
mum gap. 1 'u-ther increase of « requires the appearance of a narrower
secondary <t1ip which con'acts the main film strip at the minimum
gap. Minimum pressure p nnts are fixed at gy in hoth strips. The
minimum pressure in the main film strip stays at the lower hound
value while 11at in the sec indary strip is higher. With increasing e,
the widths of the main and secondary strips respectively decre ses
and increa: e« until they become equal. A still larger ¢ would then re-
quire anothe r secondary strip to appear, starting a new cvele. While
the film pattern takes on such variations as illustrated in Fig. 4. the
axial pressure profiles remain as simple parabolas with the only
stipulation that the minimum pressure remains no less than the lower
bound value. The film toree, which is purely tangential for the entire
family of the "I” patterns, i+ shown in Fig. 14. For ¢ < ¢,, the | ihricant
fitm is complete, the corresponding film force is shown as ¢ dashed
line. As ¢ reaches ¢, the film force abruptly drope to correxpond to the
abrupt change of the film pattern, the neck-down region new spans
N € 0 € 21 =y, Further increase of ¢ curiously is accompanicd by
a reductior of the film force. This trend continues through the dou-
hle-atriation condition. When the double-striation pattern approaches
the condition of strips of cqual width, the film force actunlly rises
somewhat ‘vith « but turns downward again after the third strip has
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heen formed. Again it resumes the upward trend when all three stnip-
apptoach an equal width, then down-turn again with the formation
of the fourth striation strip. This process continues indefinite'y w il
¢ increases toward unity. The numeral at the right margin desigi:te .
the number of steiation strips in the film pattern. One may observe:
that for a given ¢, the film force is alway« smaller than tha a1 th

cavitation initiation condition (¢ = ¢,) in the case of the “/™ contigu

raton. For the 0" configuration, in conteast, the film forces alwayv .
increase with ¢ despite the growth of the cavitation domain a~ shown
in Figs. 12 and 13,

VIIl  Discussions
The present work extended the applicability of the short searing
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approximation to teeat cavitat.on domains. lrrespective of the short
bearing approx timation. howes er, important questions are raised re
garding the exi: tence of subambient film pressure and the appropriate
chaice of cavitation boundary conditions.

Allowance o1 a subambient pressure is essential in the analvsis of
submerged journal beanng in order that the overall continuity of lu
hricant flow cin he satisfied. Jakobsson and Floberg had correctly
stated the case [¢] and presented results which are equivalent to the
“0" cavitation problen. Flohorg further recognized that the tlow
structure in the cavitation domain is not smooth, but comprises of a
number of stri:dion streamers; he associated the number of ~trition
streamers witl the tensile strength of the lubricant J11]. Flobery,
however, restricied the latier point of view to a scale which is much
smaller than t} ¢ werall cavitation domain. Nau distinguished sepa
ration cavitation from ligament cavitation [12], which roughly cor
respond to the ~/ " and 0" cavitation configurations treated in the
present work. The present point of view may be regarded as a con
sulidation of th >~ ideas. The possibility of a subambient pressure and
the proper cho ce of cavitation boundary conditions cannot he sepa
rated. The total picture consists of the collection of the following
points:

1. The cavitation boundary can be identified as a breax up
houndary or are establizhment boundary according to its geometnical
relationship with the sliding vector. In crossing a break -up boundary.
the sliding vect i leaves o flaid tilm; while crossing a re-establ:shment
boundary, it enters a fluid filn:.

2. In appreaching o break-up boundary, if the film pressure is
higher than the pressure in the cavitation domain then it must artain
a zero gradien cpon reaching the break-up boundary This corre
sponds to the Switt Sticber or the Revnolds’ condition.

3. If the 1i m pressure is subreavity in the neighborhood o the
break-up bourdary, a nonzer: pressure gradient must exist at the
boundary such that there is no net flow across it. Anexception to this
rule is when the Lireak-up boun dary has become parallel 1o the shiding
vector and is turning into i re establishment boundary.

4. Fluid transport across the cavitation domain follows the stiding
vector and must be conserved hetween the break-up and the re es-
tablishment pe ints. H the break -up boundary borders on a subcavitsy
film, then the cavitation domain must be a dry void and the re e
tablishment bour dary must be followed by a film pressure rise; again.
there can be no ret thw acros. such a re-establishment boundary.

Note that the above conditions concern only thin film parame
ters.

Inaccuracies associated witl, the use of the short bearing approxi
mation are present in the internal field and along the cavitation
boundaries. The field innccuracy is associnted with the omission of
the circumferential Porseutlle component of the film tlow relative to
the Couette comnonent. lts magnitude can readily be estimated by
computing and comparin there components from the solution of the
film pressure. In erms of tlow rate, the field inaccuracy is ofl./ 1| bhut
in terms of filn: pressure. 0L/, The field inaccuracy also af ects
the break-up houndary of 0" cavitation directly in that there is a
residual circun:fe rential pressure gradient, which amounts to ofl./1)
when scaled by e axial pressure gradient. At the re-establishment
boundary, bec wise the circumferential pressure gradient would fa
cilitate filling up the gap. the | oundary would shift more toward the
maximum gap than the short bearing result. From this point of view
one might expect that the deficency of the “half film™ approximation
is probably so nowhat overestimated in the present work. For =/
cavitation, the vircumterentinl pressure gradient would upset the
precise symmetry between the necking-down and the widening
houndaries. The slepe of the necking-down boundary should be re-
duced while tat of the wide ning boundary should be increased
Consequently, the pressure field would not be precisely anti-sym
metrical, so th 1! the filin foree would have a radial component.

A more disconcerting feature of the short bearing approximation
i revealed in the pressure fiel 1 of the film with “0" cavitation. The
situation is clcarly iflustrated in Fig. 11. The subambient pressure
profile change . from the simp.e parabola in the full film to the split
parabola in the hreak up region. ‘T'he split parabolas still have a zero

Journal of _ubrication Technology

slope at the cavitation b, dary, and 1he pressure profile negotiate <
the transition smacthiy. < pon entering the fill back rogon, -
pressure protile attains a finite slope at the boundary, still the change
takes place smaoothly. This happy situation unfortunatels s noa-
sured everywherd. The cavitation boundary keeps the fil prres ure
at the lower bound value. Where the re-establishment boundaries jun
each other at the center line, the tollowing pressure profils resumes
the tull fili character of a parabola with zero slope at the center la
in cuntrast to the finite slope at the neighboring re-establishrient
boundary. The situation is actually a little worse. The conter live
pressure of the re-estublished full film is alway s higher than the lower
bound value: in (act, it can be above ambient if the re-esiablishnient
paint is in the converging portion of the gap. Thus, not onlv smaoath
ness but also continuity of the pressure profite is violated in the oir
cumferential direction at this particular location. Such an anonaaly
is usually associated with the solution of a singular perturbation
analysis [16] which reduces the order of the ditterential field equa' .
when the asvmptotic limit of an infinitesimal numerical parameter
is carried out. The short bearing approximation is an applicatio n ot
the singular poertarbation analvsis. The solution is an asymptatic aliy
valid solution everywhere except on the line of film re-establishn ent
In this case, the deficiency is the jump in the pressure profile. A
“houndary laver.” tvpe correction to the short bearing solution can
be found by the method of matched asymptotic expansion {16]. The
circumferential extent of the “boundary laver™ is OL/D. Withit th-
“houndary laver,” a ditferential equation of the full order applies. I'te
“boundary layer” correction smouthly, albeit, rapidly blends the tw.
pressure profiles found in ~hart bearing approximation on either siae
of the re-establishment pomt. One may note that because the width
of the “boundary laver” i~ UL 1), the deliciency in the tilm torce
found by the short bearing approximation is also limited 1o M. 1)

The two cavitation configurations are both mathematically s alid
solutions tierespective of the short bearing approximation). Expen
ments of White and ‘Fonnesen on squeeze-film dampers {13, 14] wy-
dependently lend some credence to the possihility of two different
maodes of operation. It is therefore useful to query what physaica: ar
cumiercnces may promote the presence of one over the o her? T'h.
clue to the answer is found in the concept of dry voids which clin g te
the sides of the necked-down film(s) in the 1" configurztion. The
possible presence of these voids would be assoctated with the abun-
dance of entrained gas in the ~upply Muid and a stagnant state it the
immediate neighborhood of the bearing ends. The squeeze filin
damper is more likely to operate with the “{™ cavitation configuretion
than the rotating journal because journa: rotation is likelv to cause
enough local circulation to prevent the formation of the voids. In anv
case A high through Now rate without excessive agitation (te avoid gas
entrainment) is probably a feasible approach to forestall the /1~
configuration which would cause a substantial reduction in the film
force,

The natural short bearing cavitation parameter is

Peoun?
wal /DY
T'he scaling parameter (/. /121, however, may not be involved ir the

phyvsical process. Therefore it is useful to examine the results w th 4
fixed value of the “universal cavitation parameter”™

“mm =

PonC?

uwR?
insiead of 1y, One may also take the opportunity to further scru-
tinize the significance of the short bearing approximation by «om
paring the results for “0" cavitation with the results of Jakobsson and
Flobery |6]. The curves in Figs 15 and 16 show such comparisons for
two values of the universal cavitation parameter
3

(&"'ﬁ = (.10, 01
R 10, 0.

Harrs
in terms of the eccentricity locus and the load capacity, res pectively.

As compared to the half-film approximation, present analy~is brinys
out the lack of cavitation at small eccentricities as indicated by the
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tricity locus in 0"

flat portion ol the locus neur the origin. This discrepaney of the half
film approximation is more prevalent for a smali L/D. The results of
Jakobsson and Floberg |6} are in very good agreement with the present
results so i r s the eccentricity locii are concerned. For the smaller
cavitation parameter, although the locii still leave the ongin in the
horizontal direction. they rapidly turn around and fall under the
half-film results. The load capacity curves in Figure 16 reveals the
deficiency ¢ f the hall-film approximation in estimating load capacity
throughout ihe small and ‘noderate values of eceentricity, ¢ < 08,
Present resalis, expressed in tesins of the second power law (with
respect to [/1)). shows that the effect due to the dependence ot ¢ on
L/D) is moderately prominent in the range 0.2 < ¢ < 015 for the *wo
values (L/1) = 0.25,0.5) considered ut the larger cavitation parameter
(—0.10). Tt e results of Jalobsson and Floberg indicate a stronger
effect of L/ At L/ = 1).2], the short bearing approximation is quite
satisfactory. At L/D = 0.5, the short bearing approximation overes
timates the load capacity by 12 percent upto e = 0.5 at ¢ = 0.6 by 26
percent, an § at ¢ = 0.3 by ) percent. At the smaller cavitation pa-
rameter (—('.01), the load capacity is significantly reduced by the " far
extending” cavity.

IX Conclusions

The precert analvsic has shown that the level of subambient
pressure ‘evel. whick can be sustained by the fluid film, is an impor-
tant parameter which controls the operating characteristics of a
submerged ournal bear ng. The commonly used “half filin" solution
turns out to be a ceude appreoximation for the solution with cavitation
in the 07 ¢ miiguratior.

With “0" eavitation, the lower bound of film pressure sets the
pressure level in che cacitated domain md determines the amo it
of fluid feec ing from the anibient to the Nuid film. With alow cavity
pressure (larye ¢, 1, there is 4 copiug amount of feed flow and the futl
film condit:on can be read Iy re-established, keeping the exten' of
cavitation to s small area. W ith the cavity pressure only slightly below
the ambient t~xmatl « 1. a far extending cavitation region would exist,
the full-filn: re--e~tablishment point mav reach deeply into the con-
verging por icn of the bearing gap. In between these extreme cordi-
tions, the “ha'f film™ solution represents a fair approximation.

*1" cavit: 110 causes the minimum pressure to exist at an internal
point of the fLaid film. A requisite condition for the existence of this
cavitation configaration is tae sggregation of gas or vapor-filled veids
in the ambien’ fluid. Th- Mnid film boundaries recede away trom the
bearing end . allowing Jdry voids 1o ocenpy the wide gap portion of the
end regions of the bearing. The void extent may be stretched to the
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full circumference, thus preventing feeding of fluid filim from the
ambient entirely. In addition, the voids mav intersperse narrow il
strips to form a multiple striation pattern. The occurrence ot * I°
cavitation is accompanied by a significant reduction of the fluid tim
force and thus may be regarded as a pathological made of aperaton
With the short bearing approximation. the thuid film toree “or* [7
cavitation is purely tangential.

A generalized cavitation model allows the twao differeat casitation
configurations to exist. The new madel s a consalidat:on o the
houndary condition of Swift-Stieber for film rupture and  hit o
Floberg for striation streamers. Either one of these conditior < i~ al-
lowed to prevail depending on the film pressure level near the
houndary relative to that in the cavitation domain.

Successful use of the short bearing analysis in conjuneien wit!t the
two cwvitation configurations underscores the important pre regrisate
of satistving overall low continuity of the lubricant filn pric & the
determination of the filim pressure field and the associated thuid tim
toece. Imposition of the short bearing approximation is necessanh
accompanied by the presence of abrupt lines in the pressure ticla- ©or
the 07 cavitation pattern since the short bearing analvsis is inh -rently
a singular perturbation technique. The approach presented hery
however, is much more realistic than the conventiona’ “hal i’
short bearing approximation and permits further improvenent by
the technique of matched asymptotic expansions.

Present results for 0™ cavitation agree closely with earlier re<nlts
of Jakohsson and Floberg tor L/D = (.25 in the entire range of oo
centricity. For L/ = 0.0, the agreement ix still within 265 percer ‘or
all e <018
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1. Etsion®

The paper treats an important problem which, as was pointed out
correctly, has been it matter of imuch controversy ever since the for
mulation of the lubrication theory. The subruerged bearing is in many
aspects similar to a tuce seai. Indeed the concept of the “0” cavitation
configuration i: known in tke seal literature since the work by Findlay
|17] in 1968. Findlay usi-d the -ame approach as in the present work
to show a caviti.tion cegion e xtending into the converging film of a face
seal. The rationale behind these analvses is the required net zero end
flow in the case of submerged operation. The “07 cavitation concept
preserves this requirement and maintains Nlow continuity on the
cavitation bou warres as well. 1t results, however, in a pressure dis
continuity across the fluid film at 7 = n,. Another possible solution
which preserve: both the net zero end flow and the pressure continuity
can be obtaine 1 f'rom equatior, (8! by setting 11 = I at { = . This
solution, however, dves not co mply with the flow continuity on the
cavitation bou wdarnes. An inevitable question is which of the ahove
two deficiencic s .3 more severe?

The results presented in Figs. 15 and 16 show good correlation be
tween the 0" cavity concept and the results of Jakobson and Floberg
for a "universal cavitation parsmeter” of —(.10, Unfortunately, these
results are compared with “half film™ solution which is based on a
cavitation paraneter that equals zero. A more realistic comparisen
would require the same value »f the cavitation parameter for all the
solutions compared. If this is done, the solution of the cavitation re
gion based on -«quation 13) becomes

o= [1 4 ZLhme)
\ Q

-1

where

_Pmn(?
6 uwR(L/D)?

Hence, for a cavitation parameter ~0.1 and L/D ratios 0.25 and 0 1
I min becomes ~1.6 and ~0 4, respectively. It is clear that a cavitation
region thus of tained from (11-1) depends on L/D). Therefure. the
eccentricity lou« and load capacity are also L/I) dependent similar
to the results shown in Figs. 15 and 16 {or the “0" cavitation.

Additional Reference

17 Findlay, 1. A, “Cavitation in Mechanical Face Seals,” JOURNAL 0¥
LURRICATION Tk HNOLOGY, Vil 910, No. 2, Apr. (968,

? Department of Mechanical Fngi veering. Technion, | Haifa, Israel.
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N. Tipei®

The author is to be commended for this paper which introduces new
concepts for a better understanding of cavitation phenomena i
bearings. The initial imitations, regarding the short bearmy ap
proximation and the submerged arrangement of the journal bearing.
only partially affect the validity of the analysis which should be ex
tended to other conditions.

The previous work of Geoftrey Taylor, Pearson and Pitts and
Greitler has provided up 1o a certain point, valuable inforiation on
the generation and on the number of streamers in subcavitated re
gions, However, the present analysis viekds specitic and detailed cal
culations, to be applied in lubrication problems.

This discusser would like the author’s comments on the follovinyg
puints:

1. How much of an effect does the surface tension have on the
boundary conditions at the liquid-gas interface?

2. The usual nonslip boundary conditions let a thin film ol lu
bricant to be carried by the journal, even in subcavitation regions. Can
the assumption of dry surfaces be critical in some cases”

3. For 1" cavitation the diagrams, Fig. 14, do not show value- tor
¢ > 0.8. In opperition to short bearing theory. should the circumfer
ential pressure gradient also be considered at higher ¢ va‘ues?

In conclusion, the present work is a significant contribution in a still
not well understood chapter of lubrication. The extension of this
analysis to other types of bearings should be welcome.

Author's Closure

The author is grateful 1o Dr. Etsion's addition of a reference to the
earher work of Findlay, who was concerned with the lift and leakage
of a tace seal as attected by waviness induced cavitation. it s be
mentioned that the tracking dvnamics of face and shalt seals would
he dependent on the cavitation process.

The alternate solution suggested by Dr. Eision is in essence an
adaptation of the Gumbel approximation [2], which is at best a con
venient short cut. The author can see no merit in offering it wa lizely
improvement. ‘I'he crucial concepts (o be emphasized here are that
(1) The Swilt-Stieher condition {4, 5] is reconcilable with the shorn
hearing approximation and thus should be asserted; and t2) Unless

* General Mators Research Labutatories, Mechanical Research Department
Warren, Mich. 48090.
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the gao s 1 led with lubocant, no pressire can be developed. As (o
the issae of pressure discontinuity at the tilm re-establishment point.
w1 neec onby be said that itis inevitable to allow such a solution it one

avcepts the physical reahity ol a short partial are journal bearing.
Cleart., one must again rely on matehed asviptotic expansion |16]
to renune he pressure discontmuity ot both entrance and et
ed. o,

One can examine the possible merits of equation (D- 1Y as a partial
impre cment over the comventional short bearing approximation.
I'his adea he d adready been tried ina study of squeeze-film dampers
(130 While - here was a definite improvement over the conventional
~hort bearing approximation, there remained significant inexplicable
discresancies from expenimental facts One inherent tault in the
Gumbel Ftsion proposttion is that the Givotation domam would be
als v cont ned within the divergent portion ot the gap. Figure 10
early show s that the reestablishment pomt may be in the convergent
poant of the gap, depending on the precise value of ¢ (which fines
< For Distance, i the numernical vadue of 1,0 should be quite
~m )L the Cumbel- Etsion approach should vield results very close
to tne alt il approsimation, which are contradicted by the sathor's
reckts bor L, = =001 Thus, one mav wately conclude that, with
whe e et partial improvement may be olfered by the use of equation
D, some uncertaimy associted with the precise location of the
tile. re-estabhishment point will result The argument can only be
resdved by asubijective cost-benefit judpment.

1 e author s Nattered to receve the kind remarks from Dr. Tipen,
whose contributions to the field of lubncation theory have been the
~onree of insparation of the author’'s own efforts. Specific questions
ta sed by D Fiper are answered as follows

| Assuming that pertect wetting tahes plice hetween the lubri
care aad the bearmyg wall, then the nimiseus may have a radius off
cursature which is lower-bounded by one fourth of the gap where
can taion breakup takes place. One immedote conseguence is that

332 / VvOL. 102, JULY 1980

the Giha pressure at the memiscus can be L wer than the cavity pressure
by the amount of 4s/h, where a is the surface tensicn of the lubri-
cant void intertace. Pvpically, o hasavalue of about 20 dynes/em.
Thusol the gap s 205 g (1 10 mil), then the asso
a the meniseus may approach 1,12 ¥ 100 vy

e pressure jump
St )T psi).
Howeser, pressure jump s only one Bcet of the tota | henomenon.,
At the breakup meniscus, using the Joen] gap as the g-ometric scale,
the lubrication theory provides the up tremn far-fel! asvmptotic

linit. On the downstream side, the low Gosuming absence of
strean ersh ultimately becomes a thin film tree surtaee flow over a
men ing wall Teansition between these two vastly ditfere it tlow fields
tubes place inthe vicinity of the meniseas [105 ineetiacitects, in ad-
dition 1o surtace tension, may be important becatise b sar stress ef-
tects e minimal on the downstream side. Instability of - he meniscus

thow i dd with respect to a transverse wave i~ prediat Iy the cause of

the streamer structure. Consequently. the procise plin form ot the
meniseus boundary cannot be resolved to o scale of the hearing gap
and may turther be altered by the streimer stracture vhich should
have o wave length somewhere hetween the bearing 2ap and the
hearing length. There is also reason to bolieve that the S wift-Stieber
condition should be corrected for surfivce tonston effects,

2. The nonslip boundary conditions can he recone led with the
“dry cavity” model (associated with the I configur: tiont by ac-
ceatitg wetness to be satisfied by a film of molecul ir dimensions,
Inertie effects, however, can be responsible tor residua films in the
“drveavity.”

L Circumiterential pressure gradiont is propor wenal te M8

Theretore, given a small but tinite £./0, the short bearing approxi-
mation would eventually become inadequate it e is al owed to ap-
proact unity. The anthor would recommend aution : gainst using
short hearing results at very large values ol e A value 07 0.8 is i rea-
soable upper hound tor trusting short bearing results.
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Cavitation in a Short Bearing With

C.H.T.Pan

Pressurized Lubricant Supply

This work is a generalization of previous treatments of the cavitation problem for

R. A. Ibrahim

short journal bearings |1, 2]. Cavitation incipience and the cavitation patiern ure

dependent on both supply and cavitation pressure levels. The geometrical pattern of

Shaker Resezrch Corporation,
Fial sten Lave, N Y 12019

the cavity boundary is found to satisfy a universal solution which depenas uni jucly
on the cavitation incipience eccentricity and the operating eccentricitv. The same

eccentricity parameters also uniquely determine the friction and through-fiow
characteristics. Radial and tangential force components are dependent on le
supply/cavitation pressure ratio in addi‘ion to the eccentricity parameters. I'he
results are applicable 10 journal bearings, shaft-seals, and squeeze-film dampers.

Introduction

The short bearing ana:ysis of Dubois and Ocvirk [3] is a
rare combination of extreme simplicity and near validity. For
over a quarter of a century, lubrication engineers have used
the short hearing formulas to estimate load capacity and
friction los-. of plain journal bearings. It has been as common
notion that ever. for not-so-short bearings, these forinulas are
fair approxiiations. Although numerical computation has
become stundard engincering practice, the short beuring
analysis remains a favorite approach not only for bearing
d=signs but also for studying rotor-bearing dynamics, and for
design evaluations of shait scals and dampers.

It is a ccmmon practice that the short bearing analysis is
performed with the additional approximation of retaining
only the co nputed film pressure in the converging port.on of
the bearing gap (#-film). This turns out to be a reasonable
assumption in most noi-so-short bearing designs because
lubricant i+ usually copiously supplied with the feed port
located in the bearing wati somew here in the divergent portion
of the bearing gap. The . ate of lubricant flow depends on the
reservoir pressure level and the flow impedance upstream of
the feed po-t. The rescrvair pressure is nominally maintained
above the i mbiznt. A meniscus boundary is formed around
the feed por:. Even though the miniscus boundary & not
precisely th: maxinium gap location, the overall film prossure
distributicn does not deviate substantially from the +.film
approximation. Ironically, for a truly short configuration (as
may be in the case of a journal bearing, a shaft seal. or a
damper), the realities concerning lubricant supply an.d the
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1980. Paper No . ~0-0 2 § ub.47,
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film extent need more attention. Typically, there is ne feed
port in the bearing wall. The lubricant can reach the ¢ar at
either end and ¢an enter 10 form a thin {ilm only if the'e v a
region where the film pressare is lower. Consequentls, the
lowest pressure level which can be sustained by the lub-icant
film becomes a crucial issue,

Unfortunately there iv no simple and practical way o
predict the cavitation sncipience pressure in fluid f-1m d e
despite continued interests in the profession [4, 8. Th: b
estimate for the cavitation incipience pressure is ~omeshere
between absolute zero and the discharge ambient. In the
present work, the cavitation incipience pressure is regarded “o
be a given constant, which not only decides where the ruplare
of the lubricant filin to take place but also goveres the
location of the full film formation point and thus tke ext it of
cavitation.

The submerged short journal bearing represents a simple
theoretical model to allow a consistent tlow balance be ween
lubricant flow into the divergent gap and the end leakage flow
from the convergent gap. Thiv problem was thoroughhy
treated in arecer:t wark {1]. It was found that if a .ubmer;ed
journal bearing is to carry any load, the cavitation pressure
must be subaw? ivnt and that the extent of cavitation de ends
on both the cavitauon pressure and the operating cccentricin.
Comparison with the numerical results given by Jakowon
and Floberg for a submerged journal bearing of finite length
[6} demonstrated that the improved short bearing anal® sis i«
valid for not-so-short configurations. According to the same
analysis, the submerged short bearing has been found te be
vulnerable to a condition of lubricant depletion if voids at the
ambicnt pressure are allowed to aggregate near tie bear.ng
ends.

The submerged journal beacing configuration may not he a
realistic model. Someiimes lubricant i< delivered to one cnd of
the bearing at a more or less elevated pressure. As a whele the
lubricant passes through the bearing gap and is discharyed 1o
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the ambient conditon at the other end. The discharge end may
or may not be flooded. Shaft seals operate precisely in this
manner. It is also a likely configuration for squeeze-film
dampers. The elevated feed pressure would postpone
cavitation incipience to a higher eccentricity and would reduce
the extent of cavitation at a given eccentricity as compared to
that of an equivalent submerged bearing. The flow
requirement of a short bearing fed from one end was studied
by Wakuri, et al., [2]); an ambient cavity was assumed to exist
at the discharge end of the short bearing. In the case of an
internal cavity, the feed pressure directly influences the extent
of cavitation; consequently, the through flow impedance
varies accordingly. The present work is a direct extension of
earlier studies {1, 2] by allowing the pressure at the feeding
end to become elevated, by including the possibility of a
flooded discharge end, and by rouanding out the results to
include film force components and bearing friction torque
together with the through flow impedance,

Analysis

General Short Bearing Theory. Lubrication theory for a
short journal Hearing with a1 incompressible, isoviscous fluid
obeys the following differeniial equation: {3}

3 all aH
— "
o a5 )

-—aT=0|X" )

where
C?
M= _PC__
6uwR*(L/DY
is the dimensionless film pressure measured above ambient.

For an axially uniform film, H = 1 - ¢ cosn, equation (1) has
the general solution

gy OH _ €siny
Qtn=H am (1 -ecosy)’ @
(N, 1)) are invariant with respect to { and are determined
from suitable boundary conditions.

This formuiation is also applicable 10 the squeeze-f im
damper undergoing a circular whirl motion. The coordinates
are fixed to the whirl motion with the angular coordinate
aimed against the sense of whirl. w should be replaced by 2,
twice the whirl frequency, and ¢ now represents the ratio of
the orbit radius to the damper clearance.

Full Width Film With Circumferential Feeding. If there i
no cavitation and one end of the bearing is maintained at
Il >0, then upon satisfying the boundary conditions

Ng=-n=0; ME=D=0

the film pressure is determined by a special form of equat:on
2

1 1 ,
= S (-9l - 2 (- £)Q @

The location of the minimum pressure is of special interest
in consideration of cavitation since the value of the minimum
film pressure determines whether or not cavitation would take
place. The minimum pressure is located by the conditions

am 1 .30

= -y

0 an 2( $m=) an (&3}
an 1

O-T{—“ins‘*‘i’mQ (6)

Equation (5) shows that the circumferential location of the
minimum pressure is not dependent on IIg. Equation (6

8 shows, however, that unless the condition
ﬂ=ﬂo+§‘".+-2-Q(n) (2)
1
where o= ins M
Nomenclature
Ab = scale of { in universal pressure measured from
C = nominal radial clearance representation, Table 1 ambient
D = bcarinqd_iameler n = circumferential coor- AIl = scale of II in universal
e = eccentricity dinate measured from representation, Table 1
H = dimensiontess film minimum gap location ¥ = volume rate of lubricant
thickness, | - ¢ cosn A = length-to-diameter ratio, through flow
L = bearing length L/D .
P = film pressure u = viscosity coefficient of Subscripts
Q = hydrodynamic wedge lubricant b = breakup boundary
function, € sing/(1 - v = whirl frequency of bi = breakup initiation
cosn)? damper b0 = average value over ‘he
R = bearing radius, D/2 [T = dimensionless pressure, entire breakup boundary
T = friction torque p/6u(R/C)HL/IDY? | i = cavitation incipience
Wg,W; = radial and tangential for journal bearing or 0 = offset value
force components P/ I12u(R/IC)(LID) } t = termination point of
z = axial coordinate, meas- for squeeze-film damper cavity
ured from midplane I, I, = coefficients in short w = waist
¢ = eccentricity ratio, e/C bearing solution, .
¢ = dimencionless axial equation (2) Superscclprs
coordinate, 2z/L M. = dimensionless cavitation = universal variable
{w = dimensionless axial pressure measured from ~ = dimensionless ‘ariatle,
location of minimum ambient applied to (Wy, W,, T,
pressure II; = dimensionless supply V)
338/ Vot. 10%, JULY 1981
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is satisfied. a true pressure minimum would not be present in
the film. T"he minimum pressure location is always on the
discharge side in the axial direction ({,, = [15/(2Q) > 0). The
special condition @ = [1,/2 causes the minimum pressure to
be located a1 the exit edge;ic., {,, =1.

Forms of Cavitation. For a submerged bearing, previous
work indicated the existence of two distinct cavitation pat-
terns (t). In the ‘0"’ cavitation pattern, the pressure in the
cavitated tegion is maintained at Il-; film breakup up-
proaches tic cavitation boundary with the modified Swift-
Stieber bo.undary conditions {7, 8}. In the ‘I’ caviation
pattern, the minimum pressure I1- exists at an internal point;
cavitation 1egions are connected 10 the ambient edges and thus
are maintained at the ambient pressure. They are in effect
‘*dry pockets.""

With on: edge of the bearing maintained at an elevated
pressure, there are similarly these two major varieties of
cavitation ‘orms. Duc to the elevated pressure at the supply
edge, however, symmetry would be disrupted. If one makes
the reasonabie assumption that only the liquid lubricant flows
through the feed line, then an edge cavity can only be present
on the exit (ambient) cdge. The entire periphery of the
pressurized edge is thus fully effective as the inlet passage for
lubricant tirough flow. The exit cavity may be either wet,
such that the film approaches the cavitation boundary with
the Swift-Sdeber conditiun; or it mayv be dry, and the ambicnt
cavity borders a film with some subambient region. The
solution of the wet exit cavity turns out to be a special case of
the internal cavitation. The dry exit cavitation problem
requires separate attention,

If the exit cavity is dry, the film pressure near the cavity
boundary i necessarily subambient. Therefore, there must be
at least a Iccal region along the exit edge, where the lubricant
flows back from the ‘‘exit’* edge into the film. At the same
time, in the immediate neighborhood, a dry cavity interrupts
the film. Such a special condition is possible if the fubricant
level is maintained precisely at the initiation point of the dry
cavity. Cleirly, this is an unlikely situation except possibly in
a deliberate laboratory sctup; hence no further attention will
be given 1o the dry exit cavity problem.

With a wet exit cavity, while a zero pressure gradient
condition s satisfied at the breakup boundary, the film
pressure is everywhere higher than the ambient. Thus, the
lubricant aiways flows out along that portion of the exit edge
which is rez ched by the fluid film. At the same time, the entire
exit edge remains at the ambient pressure including that
portion which borders the wet cavity. This is a *‘flow-
through’’ condition typical of most bearing and seal in-
stallations; the film pressure is everywhere higher than the
ambient even if the lubricant is physically capable of a
subambient state. The eoxit edge can be flooded by the
lubricant (1or example by restricting the exit flow), then the
cavity will be located inbtoard and the pressure in the cavity
should be approximately at the effective vapor pressure of the
lubricant and can be substantially subambient.

Cavitaticn Incipience. The full film solution, equation (4),
is applicable so long as the minimum film pressure is higher
than the cavitation pressure; i.e., 11 = I1,.. The condition of
cavitation incipience is reached when the minimum film
pressure is ¢xactly equal to the cavitation pressure.

Accordirg to equation ($), the circumferential location of
the minimum pressure point (in a full film) is given by dQ/dn
= 0. Since this condition does not depend on the values of 11
and I, the relationship between the circumferential location
of cavitation incipience, n,, and the incipience eccentricity
ratio, ¢,, as determined in the previous study [2] remains
valid. The value of ¢,, however, is now dependent on bath 11,
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Fig. 1 Eccentricity ratio tor cavitation incipience

.

T ryrYT

Fig.2 Supply pressure level

and I1... Upon setting Q = Q, = Q-,, n,)and ¢, = ¢ in
equation (6), one obtains

rIS =ZQI {1 (8)

Then substituting into equation (4) along with {Il, ;, ),
respectively, identified as (1, {, Q,), it is found

-Ne=Q0-5)72 "

Since 5, depends uniquely on ¢,, Q, can be regarded as a
function of ¢, also. Accordingly, equations (8) and (9) can be
regarded as I (¢,, §,) and — Il (e,, §))-

Physically, it is more natural to regard (¢,, {) as functions
of (-, Ils). To obtain such relationships, one car. first
climinate Q, between cquations (8) and (9), then, after some
rearrangements, it is found

£o= 1+ 2(= /O =T+ (- /M) (10)
Then, substituting into equation (8), one obtains
Q. =(I1/2) + (=M ) + V(= DO~ M) + 1) an

Since Q, is a unique function of ¢,, the inverse would he
true, so that equation (11) yields indirectly the functior: ot ¢,
(=T, I). Actual computation of ¢,(Q,). however, requires
a numerical procedure. Graphical representationof ¢, ( - 11, ,
,)is givenin Fig. 1.

(-1, Tg) and ({,. ¢,) are alternative parametric sets to
specify the condition of cavitation incipience. Fig. 2 topether
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with Fig. 1 furnish the complete relationships among these
parameters in the graphical form. In subsequent analysis (o
treat the cavitation problem, the condition ¢ > ¢, is of in-
terest. Thus the parametric set ({,,¢,) will be assumed 10 be
given.

Universal Solution of the Cavitation Region. For any
combination cf a finite and positive (nonvanishing) value of
— Il together with a finite and non-negative value of I1,, the
axial locatio 1 of the incipicnce point is internal; i.e., 0 < {, <
1.0. :

Thecase (1. = 0, {, =0) corresponds to the **0"’ cavitation
prolem of a submerged journal which was treated previously
[1). If the eccentricity ratio exceeds the incipience value, ¢ >
¢,, then the :avitation pressure [1- would be reached at 0 <
My < m,. The subscript **bi** designates the condition of
*‘breakup in tiation.’* Since the breakup initiation should also
be at the axial minimum of the film pressure, equation (6)
must apply. Substituting (I, , {,,. Q). respectively for (1, ¢,
Q) in equation (4), and (¢, , Q,,). respectively, for ({,,, Q) in
equation (6). one obtains

1 |
Moo= -5 - i“ = {0, a2y
s =280, (YR))

Eliminatirg - [l, one obtains
—”(':Qh:(l"'rlu)z/z (I"‘)

Comparing equations (13) and (14) with equations (8) and
(9), one concludes that since (4, Q,,) have the same func-
tional relations of (- 1., Ilg) as (&, Q,), it follows

flr.':;:; le'—’Q: (ls)

Noting that {, depends only on the parameter (- I1,./11,)
according to cquation (10,, the value of ¢, = , is a direct
indicator of tae supply pressure (relative to the cavitation
pressure). n, , on the other hand, can be solved from equation
(3) upon substituting Q,, = Q.(¢,) for Q, and therefore is
dependent only on (¢, ¢,) in the explicit sense. Computation of
(€, ¢,), however, has to be performed numerically since the
governing re ationship is transcendental.

esingy, = Q. (1 - ¢ cosy,,)' =0 (16)

The break up process continues beyond »,,. An internal
cavitation domain separates the two ‘‘side bands’' which
border either end of the bearing. The pressure field in the
sideband is 1 n:versal because the pressure of either end of the
bearing is corstant, wherzas the Swift-Stieber condition is
applicable a: _he cavitation border. The universal pressure
profile can thus be written as

H=(5H-0°Q/Q:  6H=VQ/Q an
{1, P are. 1espectively, the universal film pressure and the
universal axial coordinate for either sidecband. They arc

linearly related to (I1. {) with appropriate scale factors and
offsets; i.e.,

N=(-1L)aIE  §=($-fVa (18)

The scale tactors and the offsets are listed in Table 1.

In the uni* ersal representation, as shown by equation (17),
the width ot the sideband depends parametrically on (., ¢,)
and is a function of 5. 1t assumes its minimum value when Q
reaches its masimum at

n. =cos [V +24¢2 - 1)/(46)) (19)

The subscript **w'" refers 1o the **waist’’ of the sideband. If
cavitation h: d not taken place, n, would locate the minimum
film pressurc; 0, 1s tunctionaily dependent on ¢ identically as
nisone,.
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Flig. 3 Geometrical parameters of the universal cavitation pattem

Beyond 1,. the sideband widens with 5 as the axial tlow,
drawn in from the end adds to the circumferentially trans-
ported flow, through the internal cavity, to cause the film to
fill back. The universal pressure profile is given by

= —(£= V8§ + 88 - ENQ/Q) 20y
¢, is the cavitation boundary in the **fill-back"" region. Notc
that the boundary values of I1 at § = (0, {,) are satisficd,
whereas the Swift-Stieber condition is no (ongcr enforced
except at n, where {, = ¢, .

At the fill-back boundary, flow transported through the
cavity from n({, = ¢{,). which is given by equation (17,
combines with the axial in-flow through the widening
sideband to fill the gap of the reformed film. For the <hort
bearing approximation, only the Couette componert is
retained in the circumferential flow of the reformed tilm. The
relation between {, and n > 75, is same as that for the sub-
merged bearing. Upon approximating the local, transported
flow by the average value [1], and adopting the universal
represcntation the formula of interest is

(H=-H,0){? =(H. ~H,)0,/Q. +IF(M = F(g01Q, 21
where

Fon={Hedn

- (1

3!) k] ‘:)‘ 3::‘\ ¢ int
21 n .c(lo 3 \ing + 4!8"\-')’ i sinty

(N
\ s‘ di -
J0! = — cosy dy’ k]|
COSNp a- nag, (<
and
My =1 -¢cosny 249)

The fill-back process is terminated when {, becomes unity.
The universal form of {, and {, ensures that the intcrnal
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Fig. 4 Cavitation pattems

cavitation begins and cads together. For convenience of
future reference, the termination location is designaied 7,.
The computations previously performed for the *0"
cavitation probleni of the submerged bearing 1] are in fact
directly applicable to the internal cavitation problem viewed
in the univ.rsal form.,

In the universal representation, geometrical parameters of
the internal cavitation pattern can be summarized as the
circumferential locations of the breakup initiation point, the
film waist, and the cavitation termination point together with
the width fraction of the {ilm waist. They are uniquely cefined
by (¢,, €) as graphically shown in Fig. 3.

Table 1 Scale factors amig! fsets in side bands »

Side band! Inlet Fixit
Pressureoftser 1, -~ m. e
Pressurescaic Al DM -
Axialoffset {, -1 T Ty
Axialscale NF a1 T [
Results

Cavitation Patterns. The pressure parameters (- 11, 115)

Joumnal of Lubrication Technology

affect the cavitation pattern in two ways. Firstly they
determine ¢, according to Fig. 1. It may be noted that the
lower bound of ¢, depends only on Il as given by the line § =
1.0 in Fig. 2. ¢, together with the operating eccentricity ¢ fix
the circumferential characteristics of the cavitation boundary;
i.e., the locations of breakup initiation, the waist, and the
termination point along with the waist width ratio §, as
shown in Fig. 3. Secondly, the two **halves'’ of the cavitation
pattern divide at {,; {, being a function of the ratio (- I,-/11}
as given by equation (10), and (1 + ¢,, 1 — {) are, 1espec
tively, width scales of the two halves in the universal sol ation,

These effects are shown in Fig. 4. Figure 4 (@) corresponds
to the condition (¢, = 0.025, ¢ = 0.10). Four cavuation
patterns are shown. Each plan form covers the entire
developed film; the lower and upper boundaries are the
minimum gap locations. From left to right the cav.ation
patterns correspond in scquence the ratio —-[./Ilg = (=,
1.0, 0.1, 0.0). In this case, because ¢, is quite small
irepresenting a lubricant with an effective vapor pressure »ery
close to the ambient (and a very low feed pressuic) the
caviiation region spans about 2/3 of the total periphery cven
though the operating eccentricity is quite modes:. In Fig. 3
(b), with ¢, staying at 0.025, ¢ is increased to 0.3. The four
patterns correspond to the same sequence of the pressure
ratio. The larger operating eccentricity is seen to Y% ac
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companied by the enlargement of the cavity in both axial and
circumferenctial directions. Figure 4 (c) corresponds to (¢, =
0.2, ¢ = 0.3). The moderately large ¢, requires ecither a
relatively low vapor pre:sure lubricant (about 10 times more
remote from the ambient than the previous cases) or a
moderatel high feed pressure or some suitable combinat:on
of the two pressure parameters. Figure 4 (d) shows the
cavitation paterns for a rather large operating eccentricity.
Note that the length of the cavity remain at about 1/2 the total
periphery while its width has increased substantially.

It is quite clear that the feed pressure is an effective means
to limit the circumferential extent of cavitation.

Formulas for Global Characteristics. The essential per-
formance parameters of a journal bearing include the force
components,

W) (Wg.W;)
Ry 1777
(D2 BT e
= g:' (cosy, - Sillvy(dﬂ.(l \ Ild¢ (25)

the frictior. torque,

IC 1 SZ' S' T
T ———— = — d — )d 26
T= mGon b ) (,.wk)f (26)
and the supply flow,

12u(L/DW _ 4

pdi g 7
*C’ps wR(xDOYL /D)L @n

;.:

Because the integrands take on different functional forms
in the full-film and cavitation regions, it is convenient to
separate the integrals into parts pertaining to the two regions.
One can therefore write

(W, Woy=(We, W +(We,W)),

T=(Dp+ (N, (28)

The termns associated with the subscript *““F ' are con-
tributed by the full-film region, which spans 9, — 2x<s n <
ns- The subscript “‘C"" identifies the contribution to the
cavitation domain, n,, S n < 9,. It is not necessary to
separate the supply flow into two parts because the cavity
blocks axial -hrough flow so that ¢ is entirely due to the full-
film region.

For sho-t bearings, contribution to friction torque by
circumferential pressure gradient is of 0{(L/D)?), and is
commonly neglected. In the cavitated region, 1, < 9 < 7,,
the friction torque (7)- is made up from two parts; one part is
due to the continuous films between either end of the bearing
and the cavity border (0 < { < {, forn, s 9 <n, and0 < {
< {,forn, $ n s ».), the second part is due to the striated
streamers within the cavity (9). For computing the streamer
contribution to (7)., the local gap at film breakup is used in
the range n,, < » < 7,, and the average value H,, is used in
therangen, < 9 < 7,.

In summary, the globai characteristics in the dimensionless
form are

biom (2 (5Yon]
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1 . .
=2( 7 1, - ﬂ(-)(snnq,,, —siny,) (29a)
. €(cosy,, —cosn, Hcosn,, + cosny, — 2¢ COSn,,COSN, ) 299
3(1 - € cosm,, (1 ~ ¢ cosn, )
1 L™ . 1 LT ‘:IIQ\
+C[~§ cosn §, d —-S I—-——d]
n{y ), Onhdr ) b °°s"( 30, Y
(29¢)
- 3 R\ L \? !
bo-wi[3m(E) () wo)
1
= 2( 3 (P [1(~)(cosvy,,, —¢osy,) (0a)
. €127~ (x, = xn ) +siny, cosx, - siny,, cosx,,) (30b)

3(1-)?

_Cn{ % 5" sing{odn + _;_ s": {} sim,(l _ %Q )d,,}

LI "
(30c)
FoTC
pwR*(xDL)
1
= iT(lT)': {2"(\:_’0:.)
tw - 1 ! A
+ s\m (fb*"ﬁ s’;b thf)dx
viof. 1-{)H,
+5‘_ [;,+(— z)i"]d\] Qan
=¥
wR(xDCYL /D)
3
= (‘ + 7 (")
| k]
< I [(l + 3 62)(');""0.)
; ( 2 3 e
+e|sing,, |3+l - iecosn,,,——s—sm q,,)
- sing, (3 relo % ¢ cosy, - %sin‘q,)]] 32)
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Fig. 5 Dimensionless friction

where

(Mg =1 P2+ (=) 2 } a1

Cu =2[ M=) T+ (-2

=2 ﬂn"'[\/-_—(—tan(%)] 39

Various subscripts are used to designate the appropriate
integration limit. One may note that 7 and § can be fully
described in -erms of (¢,, ¢). which uniquely determine (,,, 1,)
aswellas £y, s n < g)and {(n, < _q < 7,), without
further specification of (I1,, I1..). (u,,. W), however, are
influenced by (I, I1-), in addition 1o (¢, ¢,) because of the
pressurization effects both in the full-film region, equations
(29a) and (30a), and in the cavitation region, equations (29¢)
and (30c¢).

Representative Results. Graphs for the dimensionless
friction torq ic are shown in Fig. 5. A value of unity indicates
agreement with Petrov's law [10]. Upper and lower bounds
are respectiv » full- film and »-film frictions with allowance for
eccentricity. 1t is observed that ¢ven though the film may be
extensively cavitated; for instance, for (¢, = 0.025, ¢ = 0.3),
as shown by the cavitation pattern of Fig. 4 (b), the torque is
substantially higher than »-film resuit. The effect of enlarging
the cavity, however, is evident for ¢i = 0.025, as the curve
dips down and reaches a minimum value near ¢ = 0.4,
Competing cffects of eccentricity and cavitation nullify each
other such that near agreement with Petrov’s law is indicated
for (0.025 < ¢, = 0.20,0 = ¢ < 0.55).

Graphs fo: the flow function are shown in Fig. 6. The same
results were previously obtained by Wakuri, et at., [2] with the
interpretatioa restricted to the case of an ambient exit cavity,
so that each value of ¢, is associated with a unique value of
[Ig. It is clear, neverthelcss, that these results remain ap-
plicable to the bearing with a flooded exit end, such that an
internal cavity would sustain a subambient pressure. In the
latter situation, if both ¥ and ¢ are available from test data
and IIg is known; then Fig. 6 allows one to determine ¢,, and
subsequently Fig. 1 can be used 1o dectermine —II~ for the
particular ccmbination of (Ilg, ¢;). In this manner, a flow-
eccentricity experiment would become a basis to determine the
cavitation pressure.

and
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It was noted previously that the force components cannot
be uniquely specitied in terms of (e, ¢.). This is because the
pressure profile in the cavitation domain takes on a drastically
different character than thar in a full-width film. In a full-film
condition as shown by equation (4), the contribution of I, is
rotationally syrimetrical and thus would not result in a net
force. The full-film journal beuring force is entirely duc to the
hydrodynami.. wedge effect represented by Q. In a cavitated
region, even if ane continues to measure the pressure profile

344/Vol. 107, JULY 1981

w,i%pw("c')'(-b)‘(m)}-l

o]

o1 02 03 X ) 03 06 7 ce

€
Fig. 10(a} Dimensioniess radial force - submerged bearing

[[«]
v 10
-~
)
=
~/‘\
&£
N’\
@0
=
3
1
2200
3 .
ol — _J
o3 o2 03 o4 oS 13 or o]

€
Fig. 10(d) Dimensionless radial torce - amblent exit cavitation

from the straight line which connects the pressure levels of the
two ends, its characterization requires rupresentation of the
pressure and width scales as indicated in Tabie 1. The roles of
(Ily, —11.) in the pressure scales are self-evident. The width
scales contain the parameter {,, which in turn is a functior. of
the pressure ratio ( - Il /I1;). Since ¢, already provides one
constraint between (I, -Il-), a second parameter is suf-
ficient to specify both (Ilg, -1I1.). For the latter purpose,
three values of the pressure ratio, - I1,./[1; = (o0, 0.1, 0), are
used to examine the effects on the forces which are not in-
cluded in the hydrodynamic components as represcnted by
equations (295) and (30b). The same conditions were usec' to
illustrate the sequence of successively increasing asymmetry in
the cavitation pattern in Figs. 4(a) through 4(d). In Figs. 7 und
8, radial and tangential forces are, respectively, plotted
against ¢ in two groups, cach of which includes the three
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values of the pressure ratio for a given ¢,. The two values of ¢,
are (0.1, 0 4. For comparison, the hydrodynamic component
is drawn in dashes. Both radial and tangential forces show
moderate .preads among various values of the pressure ratio
at moderate values of ¢ > ¢,. In the same range of ¢, the
hydrodynamic components are not good approximations of
the actual “orces. Further scrutiny of this question at small (¢,,
€) is referr»d to Fig. 9. So far as the radial force is concerned
(for € 2 ¢ ), the hydrodynamic component is lower than the
full force at a small ¢, and can be an order of magnitude (oo
large at moderately large values of ¢,. The hydrodynamic
componen: of the tangential force is always smaller than the
full value, it breaks away from the full-film value too rapidly.
The two conditions (Il = 0, {1~ = 0) represent the extreme
conditions of symmetry. For any combination of (e,, ¢), all
solutions of the forces are somewhere between those
corresponding to the exireme conditions. Figures 10 (a) and
(b) contain curves for the radial force for the two respective
conditions (1Ig = 0, Il = 0). Curves for the tangential force
are given in Figs. 11 (a) and (»). It turns out that for any
finite, coribinations of (Ilg, Il.), the following empirical
formula yizlds very accurate results:

24872 = e UW), g -0 + s L T
M, +24.72(-1,) -

( mv,.ﬁ"g.ll( =

where W niay be either Wy or W,

Conclusions

Pressurization of lubricant supply at one end of a short
bearing would shift the cavitation pattern toward the
discharge side. For the same cavitation (subambicnt) pressure,
the eccentricity ratio for cavitation incipience would be in-
creased by supply pressurization.
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Size parameters of the cavitation pattern are depencent or
(¢,, €) only, so long as the short bearing theory is valid Aviai
location of the cavity and the degree of geometrical asym
metry are dependent on the supply/cavitation pressure ratio
(both pressures are measured above the ambient). For any
finite ¢, > 0, there is an upper bound of the extent of
cavitation as ¢ — 1.0.

The cavity can occupy an internal domain only when the
exit edge is flooded by lubricant (with negligible
pressurization), and the cavity pressure would then be
necessarily subambient. If the cavitation pressure is precisels
equal to the ambicnt pressure or if the exit lubricant is allowec
1o drain away freely, then the exit edge would be only partially
connected to the fluid film and the cavity must communicate
to the ambient directly. The drain away condition enforces anr
ambient condition of the cavity even if the lubricaat can
inherently sustain a subambient condition.

Dimensionless friction and through-flow function :an be
fully defined by (e,, ¢). Competitive effects of eccentric'ty anc
cavitation on friction results in the near agresment witl
Pehrov's law for a wide range of conditions. The through
flow function is strongly dependent on the value of ¢ in
practical operating condition of ¢. Thus, validity of :hc
present analysis can be verified by correlating the mutuai
dependence between the cavitation pressure and the through-
flow function at fixed supply pressure and the operating
eccentricity.

Radial and tangential force components (as functions of
operating eccentricity ¢) are dependent on the <up
ply/cavitation pressure ratio in addition to the determination.
of the cavitation incipience eccentricity ¢, by the suprly anc
cavitation pressures. An accurate empirical formula for both
force componcnts has been found to permit simple in
terpolation from their respective values at the extreme con
ditions of zero supply pressure and zero cavitation pressure
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DISCUSSION

1. Etsion?

The authors have presented a valuable solution to the
problem of stort journal bearings fed from either one or two
ends. This problem is also of great interest in squeeze film
dampers and mechanical face seals. The exact solution for the
cavitation snape and bearing performance. as derived by the
authors, is quite complex. However, such exact solutions are
essential as a basis for assessment of less accurate, simpler
solutions that may be used for practical purposes.

A possible simpler solution, for example, is the one based
on equation (4) with an additional condition replacing any I1
< I by 1 = [I. (the half Sommerfeld condition). The
cavitation shape {(») in this case is found from a solution of
equation (4 with I1 = I1,. The accurate shape of the cavity
and, more important, the flow continuity on the cavitation
boundaries are not preserved by this simple solution.
Nevertheles:., the overall results, especially for friction torque
and load carrying capacity, may be fairly close to these ob-
tained from the much more complex, exact solution presented
in this parer. The authors have apparently attempied a
comparison between their exact solution and available
aproximations. ln Fig. 5, for example, the results for the
friction torque are compared with these obtained for eccentric
full film and eccentric x film. The latter is basically the half
Sommerfeld solution for the case -II.=II =0. Un-
fortunately, the = film results, shown in Fig. §, do not ac-
count for th: striation affect on the friction torque, leading to
the erronecus conclusion that *, .. .the torque is sub-
stantially higher than = film result. . . ."’. Table 2 presents
results of the dimensionless friction torque for the = film with
the striation cifect included. These results were obtained by
dividing the dimensionless friction force F of reference [11) by
2x.

Fm the results in Table 2 and those in Fig. 8, it is clear that
the = film, or the half Sommerfeld solution for - . =11, =0,
approximates very well the exact solution in cases of suitable
caviation incipient (e.g- ¢, = 0.025 and ¢, = 0.05). The exact
solution for higher values of ¢, can be well approximated if

more realistic (less than ambient) cavitation pressures are used
in the half Sommerfeld solution. Hence, it can be concluded
that the half Sommerfeld solution based on equation (4)
approximates quite well the exact friction torque.

With regard to the lubricant through flow it can be shown
that the half Sommerfeld solution yields the same results as
the exact solution. This is due to the fact that the net
hydrodynamic component of the flow in a submerged bearing
is zero and the through flow is exclusively a result of the
hydrostatic pressure differential across the bearing.

It would be interesting to compare the results of the radial
and tangenial forces obtained from the half Sommerfeld
solution with these obtained from the present exact solition.
Such a comparison would settle the yet unresolved issue of the
accuracy of using the half Sommerfeld condition for ap-
proximating cavitation in narrow configurations like face
seals and squecze lilm dampers.

Another problem, which was not given much attention in
the past, is the assumption of constant pressure insids the
cavitation zone and on its boundaries. This assumption which
is used here by the authors and was used extensively by other
researchers in the past may not be correct for enclosed cavities
such as in submerged journal bearings. In a recent work [12].
where the pressure field in the cavitation zone of a submurged
journal bearing was maped, it was found that significart
pressurc variations occur inside the cavity. In cases where the
full film formation point penetrates into the conve-ging
portion of the bearing clearance, high cavity pressures were
recorded that exceeded even the elevated pressure at the ends
of the bearing. This phenomenon was attributed to air
solubility of the lubricating oil which probably plays an
important role in the cavitation mechanism,
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Table2 Dimensionless friction torque for « film with stristion effect included
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Author’s Closure

The authors concur with Dr. Etsion that if one allows for
the contribution of shear from striations in the divergent
portion of the gap, the =-film analysis yiclds rather
satisfactory results. However, one may justifiably argue that
the striation correction itself implies the need to obey overall
continuity of flow: otherwise, as indicated by Fig. S, the
friction torque would be consistently and substantially un-
derestima ed. The important message revealed by the more
cautious calculation is that the simultaneous effects of ec-
centricity, cavitation, and striation tend to balance one
another such that Petrov's law is quite satisfactory in its
simplest form.

It is quite natural to query to what extent film force
calculatio 1s may be adequately approximated by the »-film
results. Th:s question was examined for the submerged
journal »earing (1) and graphical comparisons were
separately oresented for the tangential and radial force
componer ts. These graphs are reproduced as Figs. A-1 and A-
2. If one modifies the Ocvirk-Gumbel approximation by
requiring 1 = [, with a «uitably s¢lected value of 1, < 0,
then the corresponding results would be between those of the
standard - 'ilin resuits (11, = 0) and the full film results (11,
< M...). It is clear that since some of the curves in these
figures are not contained between these *‘extreme cases.’’ the
modified Ocvirk-Gumbel approximation has  limited
usefulness . The basic fault of the Gumbel approximation is its
inability to describe the boundary of the re-established film,
which car reach into the convergent portion of the bearing
gap. This conclusion remains valid even if one edge of the
bearing is pressurized.

Dr. Etsion's comments regarding the hydrostatic through
flow prompted the author 10 re-examine the role of cavitation
in this respect. Equation (32) and Fig. 6 are based on the axial
flow in the full-film (n, - 2% < » < »,) at the mid plane (¢
=0). With pressurization of one edge of the bearing,
however, the *‘cavitation axis'* is shifted to ¢ > 0. Ac-
cordingly. the correct hydrostatic through flow should be
calculated as the axial flow in the full film at {, and equation
(32) should be correcied by a **cavitation lcakage'’ term:

( -\\5) cavizaton fechage

-

t
= = e(cosy, —cosy,)

Ik
=¢(cosn , —cosn, ) /0, (A-1)
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With the addition of *‘cavitation lcakage,'* the total flow
function is as shown in Fig. A-3.

The formal simplicity of Equation (A-1) motivated a search
for similarly simple formulae for the effects of pressurization
on the force components. This was found poessible upo:
recognizing

n, =2, =+ 5O, (A-2)

Ch=(1+3NQ, (A1

¢ as a function of (11, —I1,) can be readily calculated with

the aid of Equation (10). Therefore, in place of the empincal

formula given in the original text, the following exact formul.t
is obtained:

Wi =Wn, o+ 5Wy, o~ Wi, ) (A4

A further refinement of the present analysis is the discoven

of an exact integral for the cavitation boundary, without
invoking the **‘mean transport approximation® {1] yielding

fyi= 2 " H a4y (A5

where the subscript **8" refers to the cavitation boundary
either in the break-up or in the fill-back region. For the break

up boundary, the right-hand side of equation (A-5) reduces to
Q,/Q: in agreement with equation (17 by the limiting process
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na — 9. For the fill-back boundary, the subscript **B"" is
replaced by “f"* for ({, H, n). (H,, n,,) refer to the break-up
boundary at 4. Equation (A-5) thus becomes a tran-
scendental relationship between ¢, and 7,, and can be solved
only numerical y. The actual discrepancy between equation
(21), which is based on the ‘*mean transport approximation,”’
and equation (A-5) is quite minute in all physically significant
aspecis.

It is undersiandable that the analytical content of the
present work should be rezarded as being too complex for
practical use. However, it is because of the fully analviical
treatment that very complete numerical results can be
compiled. In view of their universal applicability, tabulat:ons
for the rull range of (¢, ¢} are furnished with this closure. It is
hoped that the availat™ .ty of the numerical tables will en-
courage judicial use of these results in pertinent engineering
activities. The headings used in these tables are defined as
follows:
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The interesting experimental results reported by Dr. Etsion
will no doubt enhance our knowledge of the cavitation process
in fluid film bearings. This author looks forward to the full
publication of his findings. In the context of the present
discussion, this author would suggest that hydrodynamic
action in the gaseous phase. along with inertia effects and
mass transfer related to gas phase solubility may be all
associated with the interesting observations reported by Dr.
Etsion. It should be clear that the details of the cavitation
process must depend on other thermodynamic and fluid
dvnamic parameters which are overlooked in conventican(
lubrication studies. For this reason, in terms of details of the
cavitation  process,  universality among  journal bearings,
seals, and dampers will cease 1o exist.
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Theory'

Thin Fluid Films. 1—A Noninertial

A nonincrtial theoretical model for the dvnamics of film rupture has been for-
mulated. Under the transient condition, movement of the rupture houndary i
governed by the condition of flow continuity between the film flux and adhered film:
transport in the cavitation domain. The traditional Swift-Stieber condition for film

breakup is shown to be valid upon reaching steady-state. Generalization is exrendeci
to allow consideration of two sliding surfaces and the pure squeeze-film. The
possibility of subcavitation film pressure is shown to result in drv regions in rhe

cavitation domain.

1 Introduction

In the lubricant film of a self-acting bearing, surface sliding
in the presence of spatial variation of the bearing gap con-
stitutes the hydrodynamic wedge action, which is responsible
for the load carrying pressure in the bearing film. 1f surface
stiding is in the direction ot gap divergence, then the pressure
in the lubricant film tends to decrease. With the proper gap
distribution, the reduced pressure in the diverging gap can
combine with the elevated pressure in the convergent gap 1o
form the overall load capacity of the bearing as illusteated by
the classical Sommerfeld solution of the infinitely long
journal bearing [1]. Although a reduced film pressure in a
bearing may not be undesirable, it hardly ever happens in
reality. It is usually found that the pressure in a conventional
lubricant film cannot fall substantially below the atmospheric
level. Presumably, lubricant used in real environments always
contains some dissolved ambient gas, volatile constituents of
moderately high vapor pressure, and somctimes cven ¢n-
trained gas phase in suspension. Thus, as surface <liding
enters intc 3 divergent region, the void fraction in the bearing
gap will rapidly increasce through a combination of physical
and chemical processes. As a result, this region of high void
fraction will prevent further reduction of the film pressure
according to the hydrodynamic tubrication theory, insicad,
expansibility and a relatively tow viscosity of the gas phase
allow a zonc of nearly uniform pressure to be formed. Among
workers in the field of lubrication research, this process is
interchangeably known as cavitation or film rupture.

A total'ly rigorous trcatment of the film rupture process
should give some “attention to the thermodynamic and
chemical behaviors of the liquid lubricant. The present work
is a less ambitious undertaking by assuming a purely

'Suppomd in part by the U.S. Army Research Office under Contract
Number DA \(i29-78.C 0027, Project Number P.156S7.F.

Contributed by the Lubrication Division of Tt AMrrican Scoiriy of
Mecsamicar  Enaivgsas  for  presentation at the ASIF.ASME  loint
Lubwication Conference, New Orleans, La., October 4.7, 1981 Manuscript
received by the Lubrication Division March $, 1981, Paper No. 811 ub 24

Copies will be available until June, 1982,

mechanistic viewpoint. Allowing sufficient time lapse, phase
equilibrium may be considered to have been established. The
pressure level in the cavitated lubricant film should ir some
way be related to the physical chemistry of the lubricant, and
may be regarded as a constant parameter in the context of a
mechanistic study. The detail flow structure of the ruptured
film. viewed in the scale of the film thickness, is quite in-
tricate. Liquid-solid-gas interfacial effects, free surfacc
curvature, and fluid inertia are simultaneously interacting
with the viscous stress which is dominating in the remote
regions (from the rupture boundary). Meniscus fratures
and/or striation fingers are mercly particular features of the
flow field here. The present work shuns involvement in thi
fine-scale point of view and will deal mainly with gross
features on either side of the rupture boundary. Surface
tension, for a film thickness of the submicron level, can alsc
manifest itsclf in a subcavitation pressure in the immediate
upstream of the rupture boundary. In the gross scale, cne can
accommodate this phenomenon by assigning a pressure jump
at the rupture boundary. For common situations associared
with bearings and dampers, the amount of this pressure jump
is quitc small when compared with the film pressure
associated with hydrodynamic wedge and/or squeeze effects.
and thus can justifiably be neglected. Pressure level alone.
however, does not uniquely define the theoretical problem of
a ruptured lubricant fitm; thus, the zero pressure gradient
condition [2,3] has been regarded as the rigorous rupture
condition. Use of the latter condition to analyze a one
dimensional bearing film (infinitely long) is a common
practice. Two dimensional problems are less frequently
treated with the same degree of care, due to the extreme
complexity in computational undertaking required. The work
of Jakobsson and Floberg {4} is an exemplifying exception: it
brought out the need to satisfy the continuity condition
throughout the cavitation domain. In lieu of satisfving the
rigorous rupture condition, it is a common approximation to
treat the fitm rupture problem with the Gimbel hypotheses
15} such that the film pressure is first solved with no recard
. for film rupture, then all subambient pressure values are

Discussion on this paper will be accepted at ASME Headquarters until December 7, 1981
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replaced bty the ambient pressure, Such an approach is par-
ticularly popular in connection with the short bearing ap-
proximation [6] under the dynamic condition. More recently,
the Swift-Stieber condition of film rupture has been adapted
to study short bearing configurations (7-10]; in comparison
with the Gimbel approximation, significantly different
results were obtained [9,10].

While there is now a thorough undersianding of the issues
associated with a steady-state film rupture process, relatively
little attention has been given to the time-dependent coun-
terpart. Eirod [11] proposed a computational procedure for
the time-dependent cavitation according to a derivation duc to
Olsson [12]. Fill fraction of the gap was identified as the state
variable in a ruptured film. and any movement of the
boundary between the full-film and the ruptured film was
treated as a time rate of change of the fill fraction. Choosing
to rety on a single algorithm for both the full film and the
cavitation domains, the concept of fill fraction was retained
for the full film via the use of fluid compressibility so that
pressure elevation above the cavitation pressure was
associated with a fill fraction in excess of unity. In the present
work, the problem of a time dependent film rupture problem
is examinad analytically in a manner consistent with the
established lubrication theory of the full film.

Primary emphasis of the present work will deal with the
self-acting bearing, in which a closed cavitation domain limits
the lower bound of the film pressure. Wedge action and
squeeze film together determine the film pressure according to
the lubrication theory. Tne sliding motion, traversing betwcen
rupture boundaries, dominates the flow distribution within
the cavitation domain.

Film rupture is known to exist in squeeze bearings with or
without simultaneous sliding. In particular, a complete
mathematical equivalence exists between a squeeze-film
damper in a circular whirl condition and a statically loaded
journal bearing, including the global structure of cavitation.
The absence of a sliding motion, however, brings about a
different situation in the flow balance at the rupture boun-
dary. Therefore, film rupture dynamics in the squeeze film
will be given separate attention.

Since film rupture is generally regarded as a mechanism to
limit an excessive reduction of film pressure, the cavitation
pressure is usually assumed to be lower than the film pres.ure
in the interior. However, there is no fundamental argument to
rule out a subcaviration film pressure in the absolute sense,
particularly-under a dynamic environment. Therefore. in the
present study, the consequence of a subcavitatior film.
pressure will be examined.

As the first of several articles, the author intends to ex-
pound problems related 1o the dynamics of ruptured tluid
films; he chooses not to invoke computed example. It i«
hoped that broadly applicable conclusions can be firrah
established in the qualitative sense. Subsequent efforts can
then be properly channeled o seek specific resulte ot
significance.

Five major assumptions will be observed in subsequen-
derivations. They arc briefly stated as follows:

® Standard approximations of the lubrication theory are
retained for the unruptured domain.

® A constant and uniform pressure exists in the ruptured
domain.

® A homogenous flow structure is assumed in the ruptured
domain.

® An abrupt change in the flow structure occurs at the
rupture boundary. Surface tension is neglected, and p-essure
continuity is assumed.

® Inertial effects are neglected in the ruptured domain.

2 The Self-Acting Bearing

The self-acting bearing of the conventional type is con-
sidered here. The adjective, *‘conventional,’” is emphasized to
exclude the absence of a surface velocity and such special
bearings which have nonvanishing sliding velocities at both
surfaces.

With only one sliding surface, the flow field in the
cavitation domain will be modeled as a layer of fluid which i~
adhered 1o the sliding surface. The adhered fluid taver will be
called the **adhered film." No interaction between the
adhered film and the siationary surface is allowed tc cause

Nomenclature
7, = final time of adhered film

B = a functional form of the fo = characteristic time
external boundary condition U, = sweeping speed of the rupture u = fluid viscosity

C = nominal gap boundary . ¢ = striation fraction

e = journal bearing eccentricity U, = ::;T:L":o m:elouly of a @ = rolation speed

h = gap or film thickness

h, = tghi?:knessof adher:z film V' = sliding speed Subscripts

B = film thick V = sliding velocity a = adhered film

. = him thickness at a rupture x = circumferential coordinate b = breakup (of full-film)

. o 4 ¢ on a journal bearing surface ¢ = cavitation

®, = unit outward normal of the Xo = characteristic circumferential S = fill-back (of full-film)
rupture boundary coordinate I = rupture initiation

p = film pressure L X, = circumferential coordinate of 0 = reference point of the

p. = pressure in the cavitation a rupture point; function of transport characteristics
dom'am (z, 1) p = related to the prassure

p. = lubricant supply pressure z = axial coordinate of a journal (Poiseuille) effect

Q = fimflux . bearing r = rupture boundary

fs = vector coordinate of the z; = axial coordinate of a rupture R = film reestablishment
external boundary point; function of (x, 1) V = related to the sliding effect

r, = vector coordinate of the W = widest point of cavitation
fuptureboqndnry Symbols . Vv = two-dimensional gradient

R = journalradius B = inclination of the rupture operator on the bearing

{ = time boundary to the surface surface

t, = birth time of adhered film velocity (") = variable { ) view in a frame

—:Whm sutscript 7"’ is replaced by b or “*f.” a breakup point or a fill-
back point is ndicated.

- T TN

of reference fixed to suiface 1
1.2 = surfaces | and 2
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Fig. t Geometry of an enclosed cavitation domain

pressure \ariation in the cavitation domain. As a con-
sequence, upon neglecting any inertia cffects, the adhered
film can he regarded to be fully quiescent relative to the
sliding sur-ace.

This modet can be generalized to consider the bearing with
two sliding surfaces provided

® a frarie of r¢ference can be used so that one of the two
surfaces is not sliding with respect to the moving frame of
reference,

e the sccond surface has a nonvanishing sliding velovity
relative to the moving frame of reference, and

® the sum of the slidin s velocities does not vanish.

Rules to be followed in order to achieve this generalization
will be discussed at a later time. The immediate derivations
will apply only to the case of a conventional «elf-acting
bearing with a single sliding surface. The presence of (time
dependent) squeeze effect, in addition to the wedge effect of
the sliding -urface, however, may be considered with the
usual inclusion of the sjuceze term in the treatment of the
film pressure and by usii g the instantancous gap for the fluid
film a1 the rupture bouncary.

(A) Geometrical Dexcription of a Closed Cavitation
Domain. If the cavitation domain should be enclosed by a
full-film on all sides, as in the case of a journal bearing with
both end: flooded or supplied with fluid, the rupture
boundary can be divided into upper and lower branches for
the convericnce of analvtical treatment. In the case of a seif-
acting bearing, each branch, in turn, van be divided into a
breakup portion and a fill-back portion. The four parts of the
rupture boundary can be identified with the inclination of its
outward normal (pointing into the cavitation domain) refative
to the surface velocity. According to the present convention,
the surface elocity being: aimed along the positive v-axis. the
inclination of the outward normal has the following indicated
property on cach of the four parts of the rupture boundary:

Breakup Fill-back
Upper braach T - acute o © obtuse
Lowerbranch + acute + obtuse

As illustrated in Fig. 1. the upper and lower branches of the
rupture boundary part from each other at the rupture
initiation point **7 ** and continue on their respective breakup
portions moving laterally away from each other. Each
breakup boundary becomes more and more aligned with the
surface velocity vector until it reaches point ** W.”” where the
boundary grazes the surface velocity vector. Beyond point
*“W,” the boundary turns back in becoming a fill-back line,
The fill-back lines eventually meet again at the film
reestablishment point “R.*’
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While a rectangular pi.  orm is illustrated in Fig. 1. these
features of the cavitation domain and its boundry arc
generally valid. For example, the bearing plan form may be
annular, such that the suface velocity is a curved field.

(B) Fluid~ Transport in the Cavitation Domain. In 2
cavitated or ruptured domain of a self-acting bearirg, the
concept of an adhered film may be used to describe th: fluid
transport process. Explicitly, the adhered film thicknews may
be designated £,; which can also be used for a striated film
and be related to the striation fraction o according to

h. =ah (b

Thus, subsequent discussions regarding fluid transport arg
applicable to both an adhered film in reality or the siriated
film by analogy.'

One may reasonably postulate that the gaseous constiuents
within the void regions do not influence the motion of the
adhered film. Accordingly, the fluid transport law for the
adhered film can be stated as

(:' +Ve9 )k, =0 @

This is a first order partial differential equation of the
hyperbolic tvpe, which possesses one real characieristic
equation {13]. For the particular situation on hand, usng the
uniform field V of the cylindrical journal bearing for
illustration, the characteristic equation is

A=xg=V(—1,) ()]

The axial coordinate does not appear explicitly in the
characteristic equation because equation (2) makes nc
reference to the direction transverse to the surface velogity
For the same reason, the characteristic equation is meaningfu
only when the axial coordinate is fixed. 7, may be scro, thet
x, refers to an element of the adhered film in its initial tield o,
(N 2.0, Or, for 1, = 1,>0, v, i< 1o be identificd with the
breakup point x,(z. ) on the rupture boundary. The
characteristic equation is the trajectory of an element of the
adhered film in the A =7 plane for a fived axial location. Thi
trajectory terminates as the element of the adhered filir meet-
a fill-back point on the rupture boundary x, (2, 1.).

(C) Sweeping Motion of the Rupture Boundary, The
rupture boundary, which separates the full-film and the
cavitation domains, may not be stationary. Its mosion i
dictated by the balance of flux between the full-film and the
adhered film. By definition, the sweeping velocity U, is aimec
along the outward normal n,. As illustrated in Fig. 2, whict
depicts the displacement by the sweeping motion for an in
finitesimal duration Ar, continuity consideration vields

The first term on the right-hand side is the Poiscuille flow.
Because the rupture boundary is an isobar, it is alwass per
pendicular to the Poiscuille flow. If the film pressure is higher
than the cavitation pressure, then the Poiseuille flow tends 10
cause the rupture boundary to contract; the reverse is truc it
the film pressure is lower. The second and third terms arc,
respectively, the Couectte flow and the transport of the
adhered film. Being directionally controlled by the surface
velocity, they contribuie to the motion of the rupture
boundary through the normal component (to the rapture
boundary) of the surface velocity. Depending on the balance

V-hV)m @

' A fundamcmal distinction berween an adhered film and a tr ated £ lm 1 th
ability of the latier 10 sustain a shear stress. This distinction is important only
when atiemmis to calculate friction are made, tat i irrelevant (o cquations o

pressure, flow, and the geometrs of the rupture boundary.
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between the Couette flow and the adhered film transport, as
well as the inclination of the surface velocity relative 1o the
rupture boundary, the net effect of these two terms may also
cause the rupture boundary to contract or to enlarge.

For a cylindrical journal bearing. the inclination of the
rupture boundary is 8 = x/2 — tan ' (3x,/32) and that of the
outward no-mal is 3 ¥ =x.’2, the alternative signs of the latter
angle apply. respectively, to the upper and lower branches of
the rupture boundary. Hence equation (4) becomes

i52) (3), o

( (12,,)( (%‘ —ha))sinﬁ *

The foregpoing equatior encompasses the special case of a
stationary tupture boundary, for which the breakup point
requires

Ur(hr-hu) =%

Bo(2) =(®) -0 @b

h,=-—: —
T2 ax/» az/»

while the fill-back point requires

12,,)(::’-') (ax,) |z,.)(ap ,+V(";—'~h,)=o

@)

Equation (6b) may be recognized as the Swift-Stieber
condition {2,3]. The steady-state problem for a journal
bearing of finite length was solved by Jakobsson and Floberg
[4). The short-bearing version of the steady-state problemn was
treated by Wakurai, et al. {7], with respect to the flow
requirement of a short journal bearing, by Findlay (8] con-
cerning the opera. n of a wavy face seal, and by Pan [9, 10]
regarding the load characteristics of a short-bearing or a
squeeze-film damper.

For a time-dependent problem, an important issue is the
appropriate relationship between h,, the film thickness of the
full-film approaching the breakup boundary, and A, (x).(,),
the thickne:s of the adhcred film immediately downstream.
This questinn must be resolved in the context of providing a
consistent link between the full-film and the adhered film
across the breakup boundary. Since the adhered film in-
troduces the point of view of a characteristic line at a fixed 2,
equation (3), -t is usefql to rewrite equation (5) into

%“-;'. - U m(ﬂ*—)
- w-n  (5) (3, (52)
(), +v(3-») ®

The subscript *7'* indicates that equation (R) is in a form
which is applicable 1o cither a breakup point or a fill-back
point. However, for the breakup point, a relationship between
h, and h, (2,, t,) must somehow be established; while for the
fill-back point, h, (x,. 1,)is 10 be consisient with the rrans.
port Jaw for the adhered film.

Actual implementation of equation (8) would become
difficult in the neighborhood of point #', where (dr,/dz)
becomes unbounded. This difficulty can be avoided by
considering the rupture boundary as 2, (x, 9 in this vicinity.
Then, instead of equation (8), one can write

az,
ar

(he=ho '(-(f—';{.)(iﬁ-’)
[N, () (E))

(D) World Diagrams of the Adhered Film. The transport
process of the adhered film, as described by the characteristic
equation, can be effectively presented in terms of the world
diagram which traces the space-time relationships of pertinent
phenomena. As an illustrative example, a model problem will
be described to depict the evolution of the cavitation demain
from that of a ‘*half Sommerfeld film*' to the steady-state
solution which rigorously satisfy the Swift-Stieber condition
and the adhered film transport law. For this purpose, the
bearing gap h (x, ») is assumed to be time-independent. The
initial state of the full-film domain is that portion of the **full
Sommerfeld” solution where p (x, ¥) 2 p;. p. being the
assumed cavitation pressure. Within the rupture boundary x,
(2, t = 0) which encloses the subcavitation domain of the full
Sommerfeld solution, a suitable initiat field of the adhered
film is presumably known, i.e., A, (x, 2, ¢ = 0) has been
specified. For a fixed value of 2, one is thus given the com-
plete distribution of 4, (¢=0) over the span x,, (3,7 = 0) < x
s x; (2.1 = 0). A series of characteristic lines can be drawn
in the x - plane as described by the characteristic equation

x(8) —-x(0)=Vr (1)

Along each characteristic line, h, retains its value as
specified in b, (x, 2, 1 = 0). The world diagram is bounded on
the left by the history of the breakup point x,, (2, 1) and on the
right by the history of the fill-back point x, (2. #). x,, and x,
are obtained by the time-domain integrations of (dx,/a/) and
(3x,/81), respectively.

The left boundary of the world diagram, x,, immediatcly
brings up the question regarding the proper valueof A, (x,. 2,
1,), in order to initiaie the analysis of the transport process.
Previously, it was shown that a stationary breakup boundary
requires that both equations (6a) and (6b) be satisfied.
Violation of equation (6b) causes the breakup boundary 10
move. However, so long as the breakup boundary fags behind
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the \liding surface (subcritical feeding), equation (65) can be
1eiuned; thus,

h (Xno3ly) h,

=2
for subcritical feeding (1la, b)

2D, (5)- ()]
o \é6u az/» \ 3z ax/n

This set of results cannot be universally valid, because, in
the vicinity of point B where ax, /33 — os, equation (11b)
wouid become unbounded. Before the latter condition
prevails, 3x, /87 would exceed V so that whatever may be h,
{xe. 2. 1,), the motion of the breakup point would sweep
ahead the adhered film such that h, would have lo be
aasociated with the characteristic field of prior time, i.e.. the
adhered film at the point immediately downstream of the
breakup point has existed prior to the approach of the rupture
boundary. Thus the last term on the right-hand side of
equation (8), which was omitted on account of equation (1 1a),
would have to be retained. Thus, the subcritical feeding
condition must obey the constraint

GO, - )r w

A supercritical feeding condition is indicated if

(D, ()= v avao
ady

Substituting into equation (8) with A, identified with the
prior time characteristics, one obtains
ax, Vv h,at

B POl — 14
o TR (s

whicn assures that the breakup point would indeed sweep
ahcad the adhered fitm regardless of the specific value of #,,.
Since the condition of supercritical feeding is most likely
induced by a large magnitude of (dx,/az), the sweeping
moti n should be calculated in terms of (dz, /d0) according to
cquaion 19). However, the test for the critical feeding con-
dittoy ~hould still be performed in terms of equation (13).
Subs :quently,

- O, -G, G,
for subcritical fecdiniz
iemna (=P (),

- 1 -
A, - -a)](G))

-

for supercritical feeding

az.
at

(15a, b)

The right boundary of the world diagram has a motion
duescribed by equation (R) il one merely replaces the subscript »
by /. It may be regarded to be the sum of a pressure com-
ponent (dx,/3t) . and a sliding component (dx,/31) y :

o (5, (), ‘
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ax, h' ap ax, /1 p
s = ey L T st
( Kl )/' 12u(h, —h,) ((6:)1 ( a3 ) \ax)r)
(), - Vo) (ke
A 2(h,—h,) 2(h,—h,)
Lf the film pressure is assumed to be above p. at all times,
then (3x./d1),. is always negative. Now that (dx,/dr), is
always less than V; therefore (dx,/) is always :Igebraically
less than V¥ so that one can be certain that the fill-back point is
always overtaken by the adhered film. Again. where the
magnitude of (3x,/32) is large, it is better to treat the fill-back
boundary as 2, (x, ) in pumerical implementation:

& =oen (<) ).+ (G5 GR),

.

Sl

Representative world diagrams showing the t-ansition of
the cavitation domain in a journal bearing film from the half
Sommerfeld state to the steady-state Swift-Sticber state are
given in Fig. 3. Each world diagram describes the history of
the adhered film at a particular axial location. At the bottom
of Fig. 3, solid and dashed outlines, respectively, depict the
initiaf and final rupture boundaries. Three horizortal lines are
drawn through both boundaries. z, is near the central region
of the cavitation domain. In this case, the breakup point feeds
at a subcritical condition. The fill-buack point moves under the
influence of the initial fiedd A, (x,z,. 0) until it arrives at
point S,. where the earliest characteristic line {rom x, in-
tersects x,. Both x, and x, have \ertical asymptotes which
mark the steady-state boundary points. 2, is close to the
initial zero slope point. The breakup point moves ahead of its
own characteristic lines. The fill-back point, with 3x,/d¢
dominated by its pressure componcent, moves backward and
mects the breakup point at **£."° The world diagra n ends here
because the rupture boundary has swept below 2,.. I grazes

) (16a.b,¢)




wint W of the final rupture boundary. The breakup point
noves torward rapidly at first, albeit at a subcritical feeding
andition. The fill-back point moves back quite rapidly in the
nitial period, dominated by the pressure component under
he miluence of the initial field A, (x, 2., 0) until point **S.,**
vhere A, meets the earliest characteristic line from x,,. In the
ate period, as both x, and x, approach the (inal location of
waint W', the magnitude of the normal pressure gradient in the
luid film at the rupture boundary reduces to a negligible
ovel: they bath turn toward the vertical direction, reflecting
fowing down of the sweeping motion and eventually they
proach the same asymptote and coalesce into the final
acation of point W

(¥) ‘The Initial Field. The true initial period of void
eneration and growth must necessarily involve mass transfer
setween liquid and gas phases so that thermodynamic and
hemical parameters may not be ncgligible. The purely
nechanistic model, therefore, may not be applicable until a
ater time, when the status quo of a relatively extensive void
raction prevails in the cavitation domain. The initial field of
e thickness distribution ot the adhered film, 4, (x, 2, 0),
nust be reconcilable with the initial lilm pressure. If one
weeepts the constraint that the film pressure cannot fall below
w cavitation level, then it is necessary to exclude the
~ossibiity of a tully filled gap as the initial condition, which
qgnres b, {x, 2, 1—=0) = h (x, g, 1—~0). For this reason, the
saeado steady-state condition to be defined as follows is
~ropos:d to be the initial state of the adhered tilm. Given the
cescription of the rupture boundary at the initial instant, x,
(2. M, “he prendo steady-state thickness of the adhered film is

ho(N, <XV <y, 20) :h(\u,,:.(l) (18)

It should be recognized, however, the constraint that the

nlm pressute cannot be subambicnt may not be realistic.

Lhere s be circumstances tor which such an assumption

Jhould be relaxed. This issue will be further discussed at a
ARCT section.

(1) Interfacing with Film Pressure Calculation. Analysis of
the adhered-film transport problem cannot be performed
without dealing with the surrounding Nuid film pressure at the
ame Lme. In fact, the varting point is most likely a half
sommerfeld type pressure field which is the solution of the
.onventional Reynolds' equation. Steps  of computation
required to perform the overall analysis are outlined in the
rollowing.

o Scive the appropriate form of Reynolds’ cqualioﬁ. e.g.,
I 1 ’
v-{-(m)vmz\ h}:o 19)

Requisite boundary conditions include both external ones,
.2 . those associated with bearing ends and feed slots, which
car be expressed in the form

Biey, pp. ) =0 20)

tx s the sedtor coordinate of the external boundary and p, is
the applicable supply pressure, and also the pressure of the
rupiure boundary

ple,, N=p, Qn

r, is the vector coordinaie of the rupture boundary. An initial
estimate of the rupture boundary may be determined from the
half Sommerfeld solution. Pressure gradient at the rupture
voundiry, Vg (r,, 1, is to be cstablished.

¢ Subdivide the rupture boundary into upper and lower
branches, and for each branch into breakup and fill-back
portions.

* Calculate the sweeping rates of the rupture 5oundary.
using cquations (8) and (9) as may be appropriate. laitially, a
starting di. ribution of the adhered film thickness, A, (r.

' 1=0) in the cavitation domain is to be furnished, e.g.,

equation (18).

® Step in time (0 update the geometry of the rupture
boundary. Subsequently, the full cycle of computations can
be repeated as many times as necessary. To enhance the
overall accuracy of the time-stepping operation, the Runge-
Kutia method and/or the predictor corrector meihod {14)
may be adopted. The size of time step should reflect the
resolution required to depict the time-dependence of p.

3 Two Sliding Surfaces

There are self-acting bearings with two sliding surfaces. For
instance, both the shaft and the bushing may be rota ing, each
at a different speed, while their centers are kept ut a fixed
displacement from cach other. The applicable equatiens for
such a bearing are

h=C-e cos(;;)

::[(1"2;) )] ar[ 12 (a‘p)_g“""yz”']
-G

('/|. ‘:)z(““-w:)k '.zzanbo(')
In order to describe the adhered film in the cavitation
domain, it is nccessary to assume a frame of reference such
that one of the surfaces does not have a sliding velocity. Such
a frame of reference may be rotating at w, and in such a
frame of reference, the bearing gap is no longer time-
independent. The required transformation is
£=x=V¥¢ 23)
Accordingly, cquations (22a, b) become
X+ ¥
h=C~¢ cos( R )

o-l( )] aax[(m
=(.n) ( ) (24a, &)

The difference between equations (22b) and (24b) is only in
appearance so far as the pressure field is concerned. However,
the Couctte flux now becomes 172 (V; ~ V,)h so that the
sweeping motion of the rupture boundary is governed by

L}
() (B, o= [- () (),

(V- l’,)( '; - h‘,,)]sinﬁ 25)

)~ 3 (ve-vim]

Uh, ~h,)=

U, is the sweeping speed viewed in the rotating frame of
reference. h, is the thickness of the adhered film which is
attached to the moving surface (in the rolating frame of
reference). And, in terms of the coordinates of the rupture
point,

i = [0, (2)- (5 (),
vnevoh-8)]

Transactions ot the ASME




th, -h )

MR R [CH I (¢ )("”)
h) “']

At the s eady -state condition, - o, the rupture boundary

should be:cme sationary in the space fixed coordinate
system, i.c .

T )( (264, )

Accordingly, cquan(m (26a) becomes

im ({0100, (-G
+;u', + Vb, - Voh, =0 QN
At the b-cakup point, cquation (27) is satisfied by
9) 3
(al-,) (a,\’) =0
= ; ( "'l‘,:"%)hh (28a. b

Since A,
constraint

cannot exceed A,, it is necessary to impose the

TP 29

This mears the choice of the rotating frame of reference is
not arbitrary, it must be fixed to the slower surface. Ac-
cordingly, the adhered film must be attached to the faster
surface.

Having cstablished the **birth value' of the adhered film

, and its transport speed, 1t is not necessary 1o retain the

) rotating frame of reference in subsequent analysis. One can
now retur to the spacc-fixed coordinate system to describe
the sweepiay motion of tie rupture boundary:

U,th,~h )=« ((-:’égl)[(%),C()s;ﬁ— (i’:)’ qin,il

+ [% (y,+ Vo, — l/;h,,]sind) 30
where
B=cos "{V.em./V)217/2
’l, 1’\
X [
( ' h ) (( .") ( )
ap TV .
(dr) ]+[§(l.¢rl,)h,—l:h,,]) an
9z, \ ' ap 8:.
i -37_—("'-’,") IZM)[ l «3\ )]
E L . az,
+[i(l't+lg)h,—lzh,](~5;)) 32)
. 4 Alatul‘-uitical breakup point

| PR R [P (AN IR SN EIE

33
The adhered film is formed with its **birth*’ thickness

' (%)

(349)
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At asu, v oreakup pont, A of prior time applies in
equations « 2). The characterstic equation  ia the
cavitation do:  anis

NEARCEN (1] o (35)

Fquations (30-35) are seen to include the “*convent-onal™
self-acting bearing (4, = 0, ¥, = ) as a special case,
corresponding to equations (5, 8,9, 12, 11a, 10), respectively,

The counter-rotating bearing (4, = - 13) without squecze
is of no interest. The film pressure does not develep any
circumferential variation, and theretore ity film does not
rupture.

The corotational bearing (1, = §.) vields the special birth
thickness of the adhered film

hu=h,, (269

and the sweeping motion at a breakup point is preempted by
the Swift-Sticber condition

ap ap
e =( 2L =0 Ly
(8:)r- (a.\‘)/- (n
4 Squeeze Film without Sliding
The pressure of a pure xqucv:n:-l'ilm satisfies
RLE
[ |2;1 I’]
and a suitable set of external huundary conditions, c.g..

equation (20). Rupture may also take place as a mechar ism te
limit the lower bound of the squeeze-film pressure. Becaus
the surfaces have no sliding motion, fluid left in the cavitatior
domain is “‘trapped.’’ The motion of the rupture boun Jdarv i
given by equation (4) upon setting ¥ to rero:

U.th,-h,) = —-( h" )(Vm,-n.

(I
12u

The geometry of the cavitation domain can it be
represented by Fig. 1 however, in the absence ot the shiding
velocity, the concepts of breakup and fill-back must be
reexamined.

If the film pressure is above the cavitation pressure, then
the right-hand side is positive. Since the cavitation dotmam i
generalty not titled, (&, = h,) would be positive, <o twa U
would also be positive. Thus the rupture boundary woulkd
move into the cavitation domain and the trapped tluid o'
prior time would become a part of the squeeze film. Tais is &
fill-back point, and &, represents the amount of trapped fluid
alrcady existing on the cavilation side of the runture boun
dary.

Under certain circumstances, the constraint on the lower
bound of the film pressure may dictate that U, be negative, s¢
that the rupture boundary would recede, leaving behind new
fluid to become trapped in the cavitation domain. Rut the
right-hand side of equation (39) must be nonnceative
Consequently, /1, must equal the tilm thickness to reoncile
the two sides of equation (39), while the Swift-Sticher con
dition is to be satistied by the squecze film. The receding
rupturc boundary of a squeeze film can therefore be re2arded
as a breakup point. The corresponding birth value of 4, is

h,=hy; (Vp)p=0 if U,<0 (400, b

It is possible for a pure squeeze-film to have a fully receding
rupture boundary. This usually happens when the film
thickness is increasing with time for the entir: cavitat-on
domain. Thus one can have a filled cavitation domain a« the
initial state, so long as the Swift-Stieber condition is erforced
on the entire rupture boundary in the film pressurc.

The half Sommerfeld film pressure may also be used as the
initial condition. When this is done, a partially scavenged
initial cavitation domain, h, (x. 2, 0 < & (v, 2, 0), must be

7
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assumed. Otherwise U, would be infinite, rendering the initial
state meauingless.

To consider a whirling squeeze-film, equation (39) can be
replaced by the components

(%)'-hr-'m (G, (5)-GD.)
(”")'h -n=-(E(3). (D). (3)]

(41a, b)
Upon reaching a steady-whirl condition,

ax,
li -— =V
im ar

1~

then equation (41a) becomes

im (S)[(), (&)~ (2

which is satisfied by

lim ("f)ﬁ(il’) =0; h,=h,

)']-V(h,——h,,)=0

r-m Az i
. 12ub ap
(hy=h)+| —
lim (?)+§-_)__r_h~(m2,_ (42a. b)
-= 2z (?E
a’s

These relations represent a precise analog of the steadily
whirling squeeze-film 1ty a statically displaced self-acting
journal in both the film pressure and the rupture boundary.
However, in the latter case, h, = 1/2 h,, i.c., the fluid
content in :he cavitation Jomain of the journal bearing is one-
half of tha: of the whirling damper.

§ Subcavitation Film Pressure

The assumption of a constant and uniform pressure in the
cavitation -1omain, p.. does not necessarily mean it hastobe a
lower bound of the film pressure at the same time. The latter
condition should be recognized as a conceptual artifact which
is invoked 1o avoid a rigorous consideration of the ther-
modynami: and chemical processes which may be present.
Such a posture can be justified if one is concerned with a
steady-stat 2 situation and that thermodynamic and chemical
equilibria can be assured. Unfortunately, thermodynamic and
chemical equilibria hardly ever exist in the pure sensc. In
studying dvnamic probleins, it is quite possible that the rate of
chemical k:netics associaied with mass transfer between liguid
and gaseous phases in a rupturing film may be quite small in
comparison with the rate of mechanical phenomena of in-
terest. Therefore, it may be necessary to abandon the con-
straint that p . is the lower bound of the film pressure.

One approach to resolve the conceptual dilemma described
earlier is 1o specify the cxistence of a cavitation domain, in
which p, prevails, but not to require a lower bound of the film
pressure in the unruptured domain. Such a model may be
justified by the fotlowing lines of reasoning.

® Void generation in the fluid film begin at internal
nucleation sites of entrained bubbles, as well as surface
nucleation sites.

® There are sufficient number of nucleation sites where the
growth rate is high enough so that the voids merge, aggregate,
and cumulzate within the boundaries of the bearing film.

® After an adequate lapse time, which is short in com-
parison with the operation time of the bearing but long as
compared with the growth-aggregation-cumulation processes,

mass transfer between the phases become minimal and can be
neglected.

* In the absence of significant mass transfer, residusl void
fraction in the fluid film is negligible. Pressure fluctuations
within the fluid film can be sustained. In any case. with the
presence of a cavitation domain, the pressure within the tluid
film cannot Tall substantially below p,..

On the basis of these postulated ideas, one can proveed ¢
examine the mathematical consequences of subcavitation
pressure in the fluid film near the rupture boundary.

Consider first the self-acting bearing. With a subcavitation
film pressure in the immediate vicinity of the rupiure
boundary, (Vp),+n, would be positive and the Poiseuille flux
would aim away from the cavitation domain. The total flus
toward a rupture boundary is

Q'z[_(:'é;)(v”)';“%(vx+V:)h,]-n, 43

r may be replaced by b or fin reference to a breakup or a fill-
back point. With a subcavitation film at a breakup point, Q,
can be negative. When this happens, the breakup boundarsy
withdraws, leaving behind a dry region. Therefore, a Jrving
up condition of a breakup point is due to

. Q,<0
consequently,

h,=0; U,=Q,/h,<0 (M, b)

If Q, is positive, but less than the Couette flux due 10 a
subcavitation film, then the adhered film thickness s il
given by equation (34); in the meantime, as may be obtained
from equaliqn (30),

U"='(v.-vl)(hh (VP)pen, <0 (45)

indicating a receding motion. If the film pressure at a fill-back
point is subcavitation, then a supercritical fill-back condition

can exist:
(NG, (-]

i
+[§(V| *":)hv—V:"d])="'1"-3")": 46)

(h,—h,) '

The fill-back point would be moving ahead the transported
adhered film, opening up a dry domain; accordingly, the
supercritical sweeping speed of a fill-back poing is obtained by
setting A, to zero in equation (30) vielding

U,=0Q/h,<0; where Q,/h,—smd[v + ALJ
47)

h, being given in the prior time value.

The pure squceze-film with subcavitation film pressure can
be regarded as a special case of the self-acting bearing w'th the
sliding velocities set to zero. The t1otal NMux is then identically
the Poiseuille flux,

A

Q’='(|2

and there is no distinction between breakup and fill-back

points. The subcavitation film pressure automatically causes
the drying up condition:

h,=0; U,=Q,/h, if Q,<0 (49a. h)

The possibility of dry regions due to the subcavitation film

pressure may be described in the world diagram as shown in

Fig. 4. The world diagram of a pure squeeze-film has vertical
characteristic lines.

)(vm, n, (48)
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Fig. 4 World diagram with subcavitation fiim pressure

6 In Retrospect

The time dependent problem of film rupture can be
analyzed in terms of the movement of the rupture boundary.
The instantaneous motion of the rupture boundary is the
result of fiow balance between the full fitm on one side, which
is described by the traditional lubrication theory, and the
ruptured film on the other side, which is incapable of
sustaining any significant pressure gradient due to the
abundant presence of large scale voids.

Consistent with the lubrication analysis employed for the
full film, inertia effects may be neglected for the ruptured
film. Using a homogeneous model, the ruptured film may be
regarded as a layer adhered to the sliding surface. The
adhered film is transported through the cavitation domain
with an ‘nvariant thickness which cannot exceed the local gap.

The adhered film next to a ruptured boundary may have
one of three states, in reference to its thickness. The adhered
film is in its prior tin:e state, if the rupture boundary is ad-
vancing on the sliding surface; the thickness of the prior time
adhered film is determined from past history of the ruptured
film. The adhered film is in its newly born state if the rupture
boundary is ‘*subcritically fed’* by the full film flux and lags
behind 1he sliding sutface; the thickness **at birth”' of the
adhered film is one-half of the local gap (if only one of the
two surfaces has a sliding speed). The adhered film is in its dry
state if 1he total film flux is directed away from the rupture
boundary; the dry adhered film has no thickness. The dry
adhered film always borders a full-film with a subcavitation
pressure.

In mathematical terms, dynamics of the ruptured film is
concerned with a mixed field initial value problem. In the
model problem illustrated in this paper, the full-film domain
is the outer field; the ficld variable is the film pressure, its
governirg equation is elliptical in character. The cavitation
domain is the inner field; the field variable is the adhered film
thickness, its governing equation is hyperbolic in character.
Coupling between the two fields is maintained through

¢ the cavitation pressure as the internal boundary con-
dition of the film pressure,

¢ birth of new adhered film at subcritically fed rupture
point, and

¢ motion of the rupture boundary as determined by the
states of the fields on both sides.

The initial value set includes the location of the rupture
boundary and the distribution of the adhered film. The film
pressure field at every instant can be computed according to
Reynolds’ cquation with the cavitation pressure imposed at
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the rupture boundary. Birth vatues of adhered film thickne- ..
as well as the sweeping speed of the rupture boundary, can t ¢
determined accordingly. Time domain integration of ¢
motion of the rupture boundary allows incremental updat:: g
of both field variables and the rupture boundary. It the fil n
pressure is not aliowed to become lower than the cavitation
pressure, the initial state of the adhered film cannot be a ful
filled gap.

Generalization to the case of two sliding surfaces requir-
that the ruptured film be adhered to the faster-sliding surfa. .
The birth value of the adhered film is thicker by an addition i}
fraction, which is equal to the ratio of the slower sliding spe. d
over the faster sliding speed, as compared to that for the ¢a ¢
of a single sliding surface. The adhered film is transported t y
the faster sliding speed. The case of equal sliding speed, i:-
cluding the pure squeeze film with zero sliding of both su -
faces, has a birth value of the adhered film equal to the ti !l
local gap, and the Swift-Stieber condition is to be satisfied a*
subcritically fed rupture point.
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