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NOMENCLATURE

A amplitude of journal motion (ft) [m].

i SELY nominal clearance [0.343 mm].

h journal diameter [129 4 nim).

L journa! orbit radius or eccentricity [0.216 mm]

I Jo i, squeeze film foree per unit length (at Z,) [ Nfm]

nfi radial and tangeniial components of squeeze film force [Nim],
FIT Fast Fourier Transform,

I €7 ¢ cosfeo). Local film thickness [m].
H=  Heriz
i {1 Imaginary unit.

L SEL journal Tength [31.1 mim),

LPM liters per minute.

i number of full periods of journal motion,
[ offset of journal mation (fit) [m]

£y period-averaged or instantaneous film pressure at lucation (£, 8}, [Pal.
fep peak-lo-peak amplitude,

Pt pressure sauae

PP displacement sensor.

' pressure iransducer.

R Juirnal radius {647 mm)|

rp revolutions per minute.

r.t radial and tangential coordinaies

SLPM standard liters per minute

{ time [sec].
1, time of minimum film thickness at 07 [sec]
r 2 o Journal period of motion [sec]

T temperature transducer.

AT horizontal and vertical coordinates and journal center displacements [m).
X A cox(f t-¢p ) = 0. Journal horizantal displacement (fit) [m].

P axial location of pressure measurements [mm]. Z,(5.16 mm), Z- (16.7 mm)
£y inlet SFI plane.

Z;  discharge SFI) plane,

B angle between squeeze film force and the radial direction,

M local lime rate of change of the film thickness.

i phase of jourmnal motion () [rad].

A mixture void fraction (air volume/total volume),

Qo mixture quality (air mass/total mixture mass).

0 angular location of pressure measurements [rad].
0 journal whirl frequency (fit) [rad/sec]
1] journal whirl frequency [rad/sec)
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EXECUTIVE SUMMARY

Squeeze film dampers (SF11s) are effective means to reduce vibrations and to suppress instabilities in rotor-
bearing systems. Most dampers operate with low levels of external pressurization allowing for lubricant va-
porization in the regions where the local film thickness is increasing. However, at uperating conditions while
traversing critical speeds with large orbital whirl motions, ingestion of an external gaseous media (air) into
the squeeze film lands leads to a bubbly (air on oil) mixture. This pervasive phenomena, known as dywamic
gaseons cavifation, lacks proper physical understanding and sound analytical modeling, although it is gener-
ally accepted that it affects greatly the dynamic force capability of Sy,

Progress is reported on an experimental investigation to delermine the performance of a I operating with
gaseons cavifation (air ingestion into the fluid film). Tests are conducted in a constrained circular orbit, open
end 51D supplied with a controlled bubbly mixture of air and vil Detailed measurements of the dynamic
squeeze film pressures and journal motion, film temperatures, electrical power, air and lubricant flow rates
are performed at two whirl frequencies (8.33 and 16.67 Hz) as the air content in the mixture increases from

o to [00%. A review of the fiterature indicates that theoretical models are yel o account for the physical
aspects of bubble dynamics and its effects on squeeze film damper performance.

At fixed whirl frequency and mixture void fraction, the experimental dynamic film pressures for different
periods of shafl speed have a noisy character associated to the non-homogensous nature of the hubbly mix-
ture. The anatysis of period=veraged dymenmic film pressures from many cycles of journal motion reveals a
zone of uniform low pressure (gaseons cavitation) with a magnitude equal to the damper discharze pressure,
independently of the mixture composition. The gaseous cavitation zone extends as the mixture void Fraction
increases and develops around the position of local maximum film thickness. Similitude of the dhvnamic
pressures measured around the damper circumference makes evident a pressure field rotating at a frequency
equal to the shaft speed. Then, a simple kinematic relation allows the estimation of 5572 forces (resulting
trom the action of the film pressure on the journal surface) from the test diinnnic pressures measured a1 3
fixed angular location. The resulling damper forces, peak-to-peak film pressures, and drive power decrease
as the air content in the bubbly misture rises, evidencing a notable reduction in the damping capahility of the
SFI) The line ol action of the damper force undergaes a shift from the tangential direction for pure ol to-
wards the radial direction as the air volume fraction increases. This radial centering force is produced by the
axial flow through the damper and still apparent even without journal whirl motion

AN APPRAISAL OF THE LITERATURE ON GASEOUS CAVITATION IN SQUEEZE
FILM DAMPERS

The two most commonly recurring problems in rotordynamics are excessive steady-state synchronous vibra-
tion levels and subsynchronous rotor instabilities. Squeeze film dampers (SF1s) have been successfully used
to remedy these problems, stabilizing otherwise unstable units [Childs, 1993] However, although S0 are

widely used in high speed turbomachinery, their operation is vet not fully understood 21

The incompressible-fluid Reynolds equation is generally used to model hydrodynamic bearings, including
squeeze film dampers, However, Childs[1993], Walton et al. [1987), Zeidan and Vance[ 19895, 1990a], and
many others establish that the correlation between theory and experiment is considerably less compelling for
dampers than bearings due to dywamic lebricant cavitation. To this date the onset and extent of edynainic
cavitation or film rupture are difficult to predict, and its effects on squeeze film damper performance are not
known adequately. Lack of proper physical understanding on the phenomena of dynamic fluid flm rupture
dppears to be generalized

Squeeze [ilm dampers derive their behavior from a lubricant being squeezed in the annular space belween a
non-rotating journal and a bearing housing. The journal, typically mounted on the outer race of rofling ¢le-
ment bearings, whirls due to the forces exerted on the rotating shafi. The squecze film action generates hy-
drodynamic pressures and damping forces at the film locations where the instantaneous local gap is decreas-
ing. Analyses also predict suction pressures in regions where the film thickness is locally increasing, In these



zones, simple analytical models assume the lubricant to cavitate, i ¢, to undergo an istantaneons phase
change since an ideal fluid is unable to sustain tension. In actuality, air ingestion is most likely to oceur, uen-
erating a bubbly (air on oil) mixture that resembles a foam

Zeidan and Vance [1980h, 1990b.c], Walton ¢t al [1987], and Hibner and Bansal [1979] report the ocour-
rence of two different mechanisms of cavitation in squeeze film dampers, namely, vapor cavitation and gase-
ous cavitation. Vaper cavitation in a fluid film bearing occurs when the fluid pressure drops Lo its saturation
value and a phase change (vaporization) follows. Gaseous eavitation occurs when the relative movemnent
between the damper journal and housing drags air inta the film or releases air dissolved in the lubricant,
eventually leading to a two phase mixture. This last mechanism of fim ruplure is intimately related 1o the
kinematics of motion, and is the one most commonly to appear in commercial applications of squeeze film
dampers. Yet, to this date, there is no accurate model for predicting the effects of air ingestion on SFD per-
formance.

Zeidan and Vance [1990b,¢], and Walton et al. [1987] perform observations of apen ends P77 Glm flows
with high speed motion pictures, and find that the occurrence of gaseous cavitation leads 1o 1 1o phase
(non-homogenecus) bubbly mixture within the dampers. The air present in the nuxture forms bubbles per-
sisting even in the high pressure zone zenerated by the squeeze motion: Zeidan and Vance's experiments
show typical dynamic pressures duc to gas cavitation, and qualitatively describe the differénces hetween a
gaseous cavitation pressure feld and that due to lubricant vapar cavitation,

The tradilional modeling of cavitation inception and extent calls for boundary conditions, and specifically
treats the fluid as a single component material A detailed review of these boundary conditions is presented
by Braun and Tlendricks[1984] and Ku and Tichy[1990] for hydrodynamic bearings. The simplest model, the
infamous halt-Sommerfeld or w-film condition, replaces a uniform caviaion pressure for any negative pres-
sures resulting from solution of the Reynolds equation since no real fliid can stpport tension, Later, the
Swift-Stieber (or Reynolds) condition devices a null pressure gradient at the cavitation inceplion zone to
account for flow continuity on the cavitation zone. The recognition of measured sub-atmospheric pressures
within hydredynamic journal bearings brings the need to account for the flow carried through the cavitation
zome. The sepuration maode] considers that the lubricant moves under and/or aver the cavitation o, and
requires of a null velocity gradient across the film, a condition equivalent to the inception of secondary
flows. This condition causes a Now reversal region where dissolved gases can congregate and results in a
negative pressure gradient at the cavitation boundary. The Floberg canvitation model postulates the conser-
vation of lubricant mass flow through the cavitation zone, and without mass transfer hetween the hiquid -
bricant and the cavity at uniform pressure. Next, Olsson modified the Floberg condition for a moving bouwnd-
ary in dynamically loaded bearings constituting the J70) model (fekebsson- Foberg-Cissen). Both, the
separation and the Flaberg models account for sub-atmospheric pressures in the film

The validity of these last cavitation models can not be questioned in steadily loaded Journal bearings. Braun
and Hendricks [1984] determine that in an eccentric journal bearing the extension of the gas-vapor filled
cavity is well predicted by the Floberg model. Ku and Tichy [1990] develop a simplified formulation of the
JFC condition, predict the size and location of the vapar cavily in a tightly sealed 577, and show good
agreement with their own experiments. Boedo and Booker [1994] study the negative squecze motion of two
parallel plates separating and conclude that the JOF condition is suitable for gaseous cavitation prediction.
Jung and Vance [1993a,b] use the Swift-Stieber conditions to predict vapor cavitation effects in a long S/
executing circular centered orbits. This cavitation model allows them to produce good comparisons between
their measured dynamic pressures and the computed predictions. In general, the boundary conditions dis-
cussed above seem to be suitable to predict the oceurrence (onset and extent) of either vapor cavilies or
stationary gas or gas-vapor cavities. On the other hand, gaseous cavitation in SF7s is characterized by a
bubbly mixture where the air bubbles are dispersed and persist even in high pressure zones, Thus, the phys-
ics of the gaseaus cavitation in squeeze flm flows does not allow the implementation of the conventional
cavitation models



Undaunted by the complexity of this phenomenological problem, several authors have addressed the impor-
tance of air entrainment on fluid film bearing performance. 1t appears reasonable to expect that small con-
centrations of air dissolved within the lubricant do not appreciahly affect the o1l properties. On the ather
hind, a two phase system where large amounts of air are mechanically captured as discrete bubbles
{entrained air) leads 1o a mixture with properties different from those of the original lubricant
(Chamniprasart et al ,1993). The two material properties of importance for an air/oil mixture are its Viscosity
and density, and must be related directly to the local instantaneous hydrodynamic pressure which must be
related to the kinematics of journal motion. The seneral approach has been to model the (air/oil) mixture by
estimating its ellective or equivalent viscosity and density, while still using a Reynolds-like lubrication equa-
tion to determine the resulting pressure field. Several attempts to estimate the mixture properties lead to
sometimes contradiciory models. Feng and Hahn [1986] and Pinkus [1990] present an extensive compilation
of expressions for the mixture viscosity. These are; namely

sChvens e, the mixture viscosity is equal to the base liguid viscosity,

=(iciiti moddel, the misture viscosily is a linear combination of liquid and zas viscosities based an
their respective volume fractions;

#Dukler model, the mixture viscosily is a linear combination of the component viscosities based on
the volume fractions and the relative densities; enlarging the effect of the lower vistosity;

slshin moded, the reciprocal of Cicitti's relation.

Chwens moded is obviously imited to small amounts of air, while the other three models provide relationships
that decrease smoothly from the liquid viscosity to the zas viscosity as the gits volume fractivn in the mixture
increases. Pinkus[1990] reveals that experience shows that the viscosity of the misture lays between those
predicted by Ohwens and [shin models. The models mentioned predict dissimilar values over a wide range of
mixture void fractions, but do nol exhaust the possibilities. For example, Hayward [1961] finds experimen-
tally that the viscosily of the mixture increases for small amounts of air. Henward model is based on the
Taylor [1932] approximation of the Einstein [1906] theoretical relation for two phase mixtures viscosity

It is important to note that the available models for the viscosity of binary (i e., two-component) mistures,
whether these predict increasing, decreasing, or constant viscosity, have been developed for conditions in
which the shear stress in the fluid remains small in comparison to the surface tension acting on the oil-uas
interfaces. Then, these models are probably suspect under the lubrication conditions prevalent in SF73s,
where the kinematics of motion cause large shear stresses within the thin filin and the bubbles” size is as
larze or larger than the local film thickness.

Estimation of the density of the mixture is even more intricate. The presence of gas bubbles introduces a
compressibility to the lubricant, Pinkus [1990]. Hence, models relating the effective density 1o the misture
conditions (in particular the pressure) need to be accounted for,

Zeidan and Vance [1990a] detail an approach to determine the squeeze film pressure in SFDy operating with
bubbly oils so as to reproduce measured pressure profiles. The authors use an experimentally determined
density distribution and some of the available viscosity correlations (fshin, (heens and Hayward) in a Rey-
nolds equation of lubrication modified to include effective values of the mixture properties.

If the flow in squeeze film dampers showing gaseous cavitation is regarded as a uniform two phase mixture
of ail and air bubbles, then it is natural to intreduce the continuum theory of mixtures to model the phenom-
ena. Important research has been developed in this area for over forty vears and an attempt to coverall the
important works would be beyond the scope of this work. Nevertheless, Atkin and Crane [1976] and Ra-
jagopal and Tao [1995] present remarkable summaries and offer and introduction to the basis of the contin-
uum theory of mixtures. Within the context of this continuum theory, a mixture is defined as a homogencous
combination of two or more immiscible components in solid, liquid or gaseous state. Just as it is done in
classical chemistry for mixtures of ideal gases under quasi-static conditions, every component is assumed to
occupy the full volume itselfl i.e., every spatial point of the mixture contains particles of all the components

LFE]



in the same proportion (Principle af Equipresecnce) and the concepts of partial pressures and densities ap-
ply.

In the case ofideal gases, il is usually assumed that the interaction between the gaseous components is neg-
ligible. Then, the contributions of every component can be computed independently and added together to
obtain the resultant property of the mixture. In the general continuum theory of mixtures the interaction
between the components is taken into account, and the equations of momentum, continuity and encrgy of
each companent are averaged 1o assemble the corresponding equations for the mixture. There is a certain
consensus in the averaging procedures, but the constitutive equations that represent the interaction between
components and the nature of the components themselves are still a matter of discussion. As pointed out
elsewhere {Atkin and Crane [1976], Rajagopal and Tao [1995]). the frame indifference of the constitutive
equations can be forced by a full orthogonal group or by just a proper orthogonal group, either procedure
leading to different results. Furthermore, the second law of thermodynamics needs to be introduced, with all
the polemics intrinsic to the entropy definition [Tao and Rajagopal, 1997]

In the continuum theory of mixtures, the equations of motion and those of the constituents are complex in
nature, and more mathematical expressions than physical relations. A typical problem in a binary mixture can
reguire the solution of 46 simultaneous equations in some cases. An attempt by Tao and Rajagopal [1997] to
overcome the uncertainty contained in the entropy imequality for the specific case of bubbly liquids consists
on substituting the second law by a dissipation inequality. The authors argue that it should be easier (o agree
in the fact that eneryy is dissipated in any process

Diespite the mathematical complexity of the continuum theory of mixtures; the literature presents a series of
applications of the mixture theory on the field of tnbology. Al-Sharif, et al. [1992], and Wang, et al. [1992]
study lubrication films with liquid-liquid emulsions. The authors develap a set of constitutive equations and
combine them with the flow equations of motion, to obtain an extended Reynalds equation for binary mix-
tures in thin film flows Wang et al [1992] apply this approach to elasto-hydrodynamic lubrication flms with
an oil in water emulsion. Chammiprasart et al. [1993] extended the analysis to render a Reynolds equation
that accounts for a multiphase continua of a Newtonian liguid (oif) and an ideal gas (air), i e, a bubbly oil
The modified Reynolds equation is applied to the solution of a finite length loaded journal bearing and com-
pared to some available experimental data given by Braun and Hendricks [1984] Recently, Szeri [1996]
provides 2 detailed summary of his research with liquid emulsions and bubbly mixtures

I general, the results of the theory of mixtures present qualitative agreement with some practical observa-
tions, but there are still limitations on the application of the theory, in particular with squeeze film flows. A
number of yet unknown experimental parameters are needed for predictable results and construction of the
constitutive equations. The theory demands homogeneous mixtures and requires the components to be pres-
ent in such proportions that, according with their densities, the equipresence principle can be considered
valid. Tt is worth Lo note that (so fiar) the lubrication mixture models do not account for mass transfer be-
tween phases, That is, no vaporization or condensation can be considered within them

some other approaches start the analysis of bubbly mixtures from a microscale point of view, as opposed 1o
the macroscale standpoint taken by the theory of mixtures, Basically, these models study the dynamics of a
single bubble, considering the effects of the bubble composition, size, shape, solubility, change of phase,
surface tension, damping, thermal effects, and in general, its interaction with 3 surrounding fluid regarded as
an infinite medium. Subsequently, the main assumption to model the mixture is uniformity in the distribution
of the bubbles (constant number of bubbles per unit volume of liquid). Then, the mixture density can be
computed and its viscosity estimated as a funciion of the local size of the bubbles, thus resulting in a formu-
lation equivalent to that of a compressible fluid. Tt is noted that, due to the general nature of the mixture
theory, this approach can be considered as a particular case where the constitutive equation is that governing
the dynamics of a single bubble.

The most general model for the dynamics of a bubble is that described by the Rendleigh-Plesser differential
cquatian, exhapustively discussed by Plesset and Prosperetti [1977], Hsich [1988], and Brennen [1995].

dim



Rayleigh first used the momentum equations to describe the motion of the boundary of a gas-flled spherical
bubble while studying the cavitation phenomena and the cavitation damage due to the bubble collapse.
Plesset includes terms corresponding to the liquid viscosity and surface tension. Later, terms to account for a
number of parameters such as temperature, vaporization or change of phasc, compressibility of the liquid,
non-spherical shapes, etc., have been added to the original Reyleigh-Plesser model, thus rendering a com-
plete and general model The liquid surrounding the bubble is considered as Newtonian and a state equation
needs 1o be assumed for the gas (usually that of an ideal gas). The study of single bubble dynamics with the
Ruyleigh-Plesser equation can give light to the analysis of cavitation in terms of its inception and nucleation.
Other effects such as those due to viscosity, bubble coliapse, effect of contaminant gas, surface roughness,
and many others can currently be modeled. Brennen [1995] presents an excellent compilation of results and
discussions regarding these points.

One of the issues relevant to the phenomenology of guseons cavitation in squeeze fim flows relates to the
behavior of a bubble within a pressure field varying both in time and space. The presence of a contaminant
gas will lead 1o bubbles filled with a mixture of gas and lubricant vapor and whose internal pressure is the
sum of the partial pressures. If the concentration of gas provides sufficiently large pressures, the bubhle will
grow at liquid pressures greater than the vapor pressure and the tensile strength could be negative. This pre-
diction coincides with the experimental observations of persisting bubbles in the high pressure zone of
squeere film dampers as reported by Zeidan and Vance [1989,1990] and Walton, et al [1987] In early
stages of gaseous cavitation inception, i.e., formation of the bubbly mixture, when the bubbles are small, a
rectified mass diffusion can result in the growth of the bubble during successive cycles of pressure umil a
dynamic equilibrium is reached. Some parallel can be found with the observations of the gaseous cavitation
development in S/7)%. For a given pressure, a critical radius exists above which the bubble will grow
(unstable). That is, fisr & given radius if the pressure drops below a certain value the bubble becomes unsta-
ble and grows withowt bounds. This growth, however, can be stopped by an increase in the pressure, and (he
collapse of the bubble will be [aster than its development. This could explain the ability of squeeze films to
support negative (absolute) pressures for short periods of lime

Sun and Brewe [1992] compare, in a theoretical analysis, the typical times required to fill a cavity with vapor
by evaporation, and with gas by diffusion. They show that vapor can fill the cavity in a time that can be con-
sidered instantaneous when compared to the time required to Gll it by diffusion. These results support the
assumption made in Lhe decivation of the Rayleqgh egrertion that the partial pressure of the vapor is constant
and equal to the corresponding vapor pressure of the oil at the bubble temperature while the air mass is con-
sidered constant.

The known applications of the Reyleigh-Plesser cquation 1o lubrication thin films are based on overly sim-
plified versions (most commonly not even referenced as related to their parent model, Le. the Ravleizh-
Plesser equation). For example, neglecting the dynamic terms in the general Rayleigh-Pesser equation leads
to a simple equilibrium relation between the nternal bubble pressure, the surface tension, and the pressure of
the external Nuid, and equivalent Lo & quasi-static assumption for the bubble motion (i e that ocourring at
excitation frequencies much lower than the bubble natural frequency). Pinkus [1990] applies this formulation
to a circular thrust bearing and reports good agreement between predictions of load capacity and experi-
ments for mixtures with as much as 90% air volume injection. However, Pinkus also notes a negligible
variation on the bearing performance and attributes it to an early expulsion of the air from the bearing pads
due to centrifugal forces, Braun and Hendricks [1984] wse the same equilibrivm relation in conjunction with
several sets of boundary conditions to predict the cavity location and extent in a gaseons emifated steadily
loaded journal bearing. The suthors report reasonable agreement with their experiments in the case of the
Floberg boundary condition,

The works of Pinkus [1990], and Braun and Hendriks [ 1984] for steadily loaded bearings support the viabil-
ity of using the Rayleigh-Plesset equation in squeeze film Mows. However in this later case, there is no sound
reason to neglect the dynamics of the bubble. In 58D, the bubbles are subjected 1o the cyclic motion of the
journal, compressing and expanding periodically. This fact is confirmed by Parking and May-Millers [ 1984]
with detailed experiments on the dynamic behavior of & bubble in the squeeze motion between two parallel



plates: In conclusion, a systematic way to model a squeeze bubbly Now with the Rayleigh-Plesset equation
needs to be addressed.

Brennen [ 1995] provides a comprehensive study of homogenvons hubbly flows. In separated flows, the
streams of the two phases (or components) can travel at different speeds. On the other hand, in homogene-
ous mixture flows, one phase is very finely dispersed within the other, with sufficiently small particle sizes
and so well mixed that their relative motion is negligible. For homogeneous mixtures without relative mo-
tion, the governing mass and momentum equations reduce to forms similar (o those for single-phase com-
pressible fluids with effective mixture properties. The effective local density may be defined as the weighted
average of the phases' densities according (o their local volume fraction as given by the concentration of
bubbles per unit volume of liquid (usually a constant) and the size of the bubbles (governed by the Raleish-
Plesset equation). The local effective mixture viscosity could be estimated by one of the available expres-
sions based on the local volume fraction.

An adequate barotropic relationship for the misture density provides closure for the mass and momentum
transport equations replacing the Ravleigh-Plesser equation. This means that the two-phase mixture could
be modeled as a single-phase compressible fluid with such a barotropic relation, and thus, the whole spec-
trum of phenomena observed in single-phase gas dynamics can also be expected in two-phase flows. That is,
we could expect to find some similitude between the lubrication with bubbly mixtures and the gas lubrication
theory. In some multiple phase flows it is possible to explicitly establish such a barotropic relation using the
Reyleiph-Plesser equation. However, a harotropic relation requires some thermodynamic property like the
temperature or the entropy to be held constant. And then, only for highly simplified cases (hoth mixture
phases are considered in thermodynamic equilibivm, dynamics of the bubbles is neslected, surface tension is
neglected and/or many other simplifications on the component densities, mixture density definition, etc.),
the sonic speed of the mixture can be estimated and the associated barotropic relation can be obtained ex-
plicitly. However, when the mixture components are not in equilibrium at all times and the dynamics of the
bubbles have an important role, it becomes very difficult or in some cases impossible to find a barotropic
relation. In such cases, the full Ravleigh-Plesset equation describing the dynamics of individual bubbles
should be incorporated into a fow model which also accounts for the mixture transport of mass and mo-
mentum equations along with the appropriate density and viscosity models

Hsie [1988] applies the averaging scheme of Drew [1971] along with the Reyleigh-Plesset equation to de-
rive & set of governing equations for general bubbly flows, This mathematicallv rigorous as well as physically
plausible model is able to predict the behavior of mixtures with relative mation belween its components,
with hubhles of different natures {components, sizes, shapes, etc.) The major limitation stems from the fact
that the Reyleigh-Plesser equation models the dynamies of each bubble independent [rom others and thus,
no interactions with the flow boundaries are likely to be implemented. Furthermore, Humes and Holmes
[1978] and Sun et al {1993 ] note that fluid cavitation is not a stable phenomenon. The inception and extent
of cavitation can be more severe in one case tham in others even under the same test conditions, or it can
even simply not occur and the lubricant may be abie sustain substantial tensile forces.

Sun and Brewe [1992] state that air entrainmen is device dependent, iy ocenrmence reguires the presence
af adequare leak path(s). The effects of air ingestion (gaseous cavitation) on the performance of squeeze
film dampers, although well known because of its pervasiveness in the commercial applications, have defied
accurate analysis. Prediction of gaseous cavitation inception and the extent of its influence on damper forees
are unknown. Hence, it becomes necessary to initiate a systematic experimental research along with theo-
retical developments to produce refiable models for reliable design of squecze film dampers,

Progress is reported on an experimental investigation to determine the performance of a 5770 aperating with
gascons cavitalion (air ingestion into the fluid Glm). Tests are conducted in & constrained orbit S50 supplied
with a controlled bubbly mixture of air and oil. Detailed measurements of the dynamic squeeze film pres-
sures and journal motion, film temperatures, electrical power, lubricant flow and mixture composition are
performed to identify the parameters affecting most the performance of the S50, In addition, important
performance parameters like the pesk-to-peak dhgmic pressures and squeeze film forces are derived from



the measurements. The current experiments and comprehiensive analysis complement earlier test results of
Diaz and San Andres [1997]

EXPERIMENTAL FACILITY

The test nig has been successfully used in 10 years of continuous research activities. Detailed descriptions of
the apparatus can be found in Arauz and San Andrés [1993, 1996]. The squeeze film damper test apparatus
is shown in Figure 1a. The test section consists of a journal (length, =31 1 mm, outer diameter, =120 4
mm) mounted on an eccentric sleeve with a ball bearing to provide a controfied circular orbit (Figure 1)
This eccentric is mounted on a rigid shaft supported by precision ball bearings in an overhung configuration
The joumnal has four anti-rotation pins allowing it (o whirl but not to spin. & varable speed electrical motor
drives the shafl and damper journal through a toothed belt. The whirl frequency (equal to shaft speed) is
measured by an optical sensor. The nominal radial clearance () of the damper is 0.343 mm (13,5 mils), and
the nominal journal eccentricity or orbit radius (¢) is 0.216 mm (8.5 mils), {e/C=0.63} for an unpressurized
condition

The lubricant employed on the tests is an 13O VG 68 of density (p) equal to .87 gr/em’ and measured vis-
cosity (1) equal to 77.5 and 258 centipoise at 28 and 50.9 °C, respectively. The oil is stored ina 113 6 liters
(30 gallons) reservoir and delivered to the SFT) test section via a gear pump.  The damper is lubricated with
a bubbly mixture of oil and air. The flow rates of ail and air are regulated by setting the valves in the oil line,
air line, and ail bypass (Figure 2) The mixture is produced at the sparger (mixer element) in the junction of
air and ofl lines. The static (feed) pressures of oil and air are displayed in Bourdon type pressure gauges,
Py and PUrs, respectively. An additional gauge (1G5) allows measurement of the air-oil mixture pressure
just before its entrance to the damper test section. There are two windows made of transparent hoses to
maonitor the condition of the mixture. These are located at the inlet and outlet ports of the SF72. A thermal
mass flowmeter (0-100 SLPAL') s employed to measure the air flow rate, and a positive displacement wear
flowmeter (up to 4 LPA 1°) for the oil volumetric flow rate. The lubricant inlet and outlet temperatures, the
film temperature, and the air supply temperature are measured with K-type thermocouples (7).

The lubricant is fed to the damper left end (Z,) through two holes at the top and bottom sections (180° apart
from each other). The damper left end is sealed with an O-ring so there is o leakage in this direction (see
Figure 1b). The right end (Z;) opens to a plenum. This configuration maximizes the axial pressure variation
and results in 2 constant pressure at the right end of the damper In the test rig. the plenum pressure is dis-
played on a pressure gauge installed in the housing cap as indicated in Figure ta. The test damper configura-
tion resembles actual conficurations used in commercial S5,

The motion of the journal is measured with two non-contact eddy current sensors (P2F and £P,) located in
the horizontal and vertical directions. Four piczocléctric pressure transducers (P7) are flush mounted at the
plane of Z; (16,7 mm from the lefl end) on the circumferential locations 07, 120°, 180", and 240" measured
clackwise from the positive x axis (see Figures 1b and 2). As the piczoelectric transducers can only measure
dynamic variations of the pressure, two strain gage pressure transducers are flush mounted a1 230" an two
different axial locations (), and Z-) to measure absolute flm pressures. The location 2, (5.6 mm from the left
end) is nearer to the sealed end of the S71, and Z- is a location half way between Z; and the open end of the
damper (see Figure Th). The signals of the pressure transducers and displacement sensors are monitored

with oscilloseopes, conditioned with the aid of amplifiers, and recorded simultaneously with a 16 bits, AD
board to a computer.

EXPERIMENTAL PROCEDURE

Prior te the tests, a calibration of the instrumentation is performed. Manufacturer values for sensitivity and
precision of the flowmeters, pressure transducers, proximity probes, pressure gauges and thermacouples are
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verified. An error analysis of the mixture air/oil volume ratio, a derived parameter, establishes the overall
uncertainty on its measurement based on the individual uncertainties of the measured parameters.

The mixture void fraction is defined as the air volumetric flow rate divided by the total volumetric Mow rate
{air plus oil). The oil flow rate is obtained directly from the meter display, but the air meter provides a mass
measurement (SLPM). So, air temperature and pressure are required to obtain the actual air volumetric rate
from that at standard conditions. These four measurements are taken into account to estimate the void frac-
tion uncertainty. The individual calibration errors are: oil low meter, 1% of measurement. air fow meter,
0.5% of full scale (100 SLPM), pressure gauge, 3% of full scale (150 psi), and thermocouple, 1% of full
scale (200 "F). The void fraction uncertainty is depicted as error bars on the corresponding graphs given
later

The experiments consist of two sets of measurements taken at two shaft speeds, 500 rpm (8.34 Hz) and
1000 rpm {16.67 Hz). On both cases, the mixture void fraction is increased from 0 to 1. with air and oil at
constant supply pressures o 6.8 bar (100 psi), and constant feed temperatures equal to room temperature
{25 °C). The mixing of oil and air is produced in a sparger, where a diameter reduction accelerates the oil
and locally decreases its pressure below that of the air. The mixture void fraction is regulated by valves on
the oil and air feeding lines, and which makes necessary some elapsed time before a uniform mixture condi-
tion is achieved (usually less than 2 minutes). The power supply to the drive motor needs to be reset for each
test mixture void fraction value in order to keep a constant shaft speed due to variations on the damper
power consumption.

For each test case, the values of the temperatures and Feed pressures of air, oil, and mixture, the air and oil
flow rates, and the journal speed are manually recorded, as well as the voltage and current supplied to the
drive motor. The time signals of the pressure transducers at the axial location 75 and the horizontal .Y} jour-
nal displacement sensor are acquired simultaneously, at a rate of 500 samples per second, and a total of
1,024 data points for each signal (34 eycles of journal motion for 1,000 mpm, and 17 cycles for 500 rpm)
The tests performed at S00 rpm also include the pressure transducer at lacation 7, and the vertical { ¥} jour-
nal displacement sensor. The digital data is stored as ASCII files (one per pressure transducer for a given
whirl speed and mixture void fraction), for later analysis with a dedicated data processing software.

ANALYSIS OF THE MEASUREMENTS

Most of the significant results of this study are derived from a sophisticated and extensive data processing
and analysis from the directly measured variables, journal displacement and squeeze film pressures, 1 is can-
vement to subdivide the measured quantities into steeredy and dvnamic to better understand the process of
analysis. A sieady variable does not vary during each of the test cases, and a dynamic variable is that which
changes with time within each journal motion cycle.

In the following, the procedure devised for processing the test measurements is described, from the acquisi-
tion of the steady variables identifying every test case Lo the estimation of damper forces on the whirling
Journal. Intermediate steps encompass units conversion, signal conditioning, period and ensemble averaging,
graphical representation and analysis, parameter identification, data smoothing, frequency analysis, and nu-
merical integration of pressures. A flow chart sketching the processing analysis is depicted in Figure 3.

THE MEASUREMENTS AND THEIR UNCERTAINTIES

Steady or stationary varfables, like lubricant temperatures, journal speed. supply and discharue pressures,
and power supply voltage and current, are manually recorded from the measuring instruments as a single
number, considered representative for the whole time span of the test. In this case, the main source of meas-
urement uncertainty is that of the instrument itself, and whose calibration and precision are venified in the
laboratory against manufacturer values. This measurement uncertainty reflects on the uncertainty of the de-
rived sfeaedy parameters such as drive power or mixture composition. The estimation of this uncertainty is
performed by the standard methodology for error propagation in single-sample measurements as given hy
Kline and MeClintack [ 1953],



Dharamiic variables, i.e., film pressures and journal displacements, are measured and stored digitally in a
computer as discrete functions of time. In this case, two types of uncertainties are present, As in any exper-
mental measurement the instrumentation precision, or better said lack of precision, produces measurement
uncertainties. In the present experiments the analog to digital conversion is the main component of instru-
mientation uncertainty, and which is on the order of hundredths of a bar for pressure for example. However,
the time dependency of the measured variables and the temporal fluctuations associated with the nature of
the bubbly mixtures result in another kind of uncertainty, referred to as first-order uncertainty by Moffat
[1982] This uncertainty is related to changes in the repeated measurement of the same variable, as occurs in
a test when values of the sampled dhmamic variable from different periods of journal motion are campared Lo
each other In the current experiments the temporal fluctuations of the peak-to-peak squeeze film dynamic
pressures from eycle to cycle of journal motion can be as high as one bar These variations largely overcome
the instrumentalion uncertainty (by about two orders o magnitude), Therefore, the resultant uncertainties
are presented in terms of temporal fluctuations. No attempt is done to include instrumentation uncertainty in
the analysis ol the dyramie variables.

MIXTURE QUALITY AND VOID FRACTION

The mixture composition is determined from the siatic measurements of oil flow rate, air mass Now rate, and
local temperature and pressure of the mixture. The mixture quality (@) defined as the ratio of air mass flow
to total mass flow (air plus oil) is caleulated from the flowmeter readings and the value of oil density. This
ratio is a good estimate of quality if both phases in the mixture travel with the same velocities and the release
of air previously dissolved in the oil is minimal Both assumption are reasonable based on the visual observa-
tion of the bubbly mixture. The mixture void fraction () or air volume fraction changes with the mixture
conditions (temperature and pressure) given thal the mixture quality remains constant, The void Faction is
defined as the ratio of the local air volume to the total volume The oil volumetric flow rate is directly meas-
ured from a flow meter, but the aic volume is computed using the mass flow and assuming that the bubbles
are in equilibrium at the local mixture pressure and temperature (the surface tension is neglected in this cal-
culation). This assumption results in an estimate of the mixture void fraction which gives an excellent ap-
proximation or reference value, thaugh not the real one. Three locations on the test rig are selected to com-
pute the mixture void fraction. These are at the sparger (mixer), the damper inlet, and the damper exit
(plenum), given that these are the most representative of the mixture condition and that the available instru-
mentation provides full description of the local conditions.

DRIVE POWER CONSUMPTION

The drive power to the test rig is calculated as the product of the voltage and current supplied to the electri-
cal motor. Steady variables digitally measured in the power source are voltage within £0.1 Volts, and current
within +1 amperes

PEAK-TO-PEAK PRESSURES AND JOURNAL ORBIT SIZE

The measurements recorded as discrete functions of time are processed in several steps, each one associated
with a particular procedure. The first procedure accounts for the transformation of the discrete data into
their respective physical units, and regroups the data into one file per location of pressure measurement per
whirl frequency. This file includes all the different mixture void fraction cases. At this step, a recurrent 60 Hz
noise introduced by the transducer power supply in the measurement of the absolute pressure at (Z), 330") is
digitally filtered (See Figure S later).

The second procedure, takes the data file of each pressure measurement and finds the temporal average of
the peak-to-peak pressure. This average peak-to-peak pressure is defined as the difference between the av-
crage of the maximum pressure peaks in the whole test time (32 periods of journal motion at 1,000 rpm,
and 16 perinds for 500 rpm), and the average of the minimum pressure peaks over the same period of time.
Estimates of the fluctuations on the instantaneous peak-to-peak pressure are also determined by finding the
fowest ever and highest ever values over the sampled time. The staric pressure component is computed as
the overall average of the absolute pressures measured with the strain gauge transducers. Additionally, since
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the SFL) configuration presents eircumferential symmetry and the pressure field is suspecied to rolate syn-
chronously with the whirling journal, a spaiial average is also computed by ensemble averaging the average
peak-to-peak pressures of the pressure transducer located at the same axial location (Z,).

A similar treatment is given to the journal displacements in the horizantal (X) and vertical { ¥} directions, The
maximum and minimum peak displacement averages are computed for each direction. Half the difference
between the maximum peak displacement average and the minimum peak displacement average provides the
time averaged orbit radius. The largest and lowest differences give the level of temporal luctuations on the
orbit radius. The overall average of the measured dymamic displacements provides the static displacement of
the orbit center within the damper clearance.

BRANDOM FLUCTUATIONS AND TIME AVERAGING

The random temporal fluctuations in the measurements of dynenric squeeze Glm pressures and journal dis-
placements are significant due to the nature of the bubbly mixtures. For the sake of analysis simplicity it is
canvenient to apply a time averaging procedure able to suppress or at least minimize the effect of the ran-
dom temporal fluctuations. To this end, the time span of the measured dynmic functions is divided into “or
perinds of the journal whirling motion (32 periods for the tests at 1,000 rpm, and 16 for thase at 500 rpm}.
The “n" periodic dynamic functions are averaged in time and the resulting function is considered to be Lypi-
cal over a full period of journal motion. This averaged function shows minimal effects of the random fluc-
tuations, thus making it representative of the “»™ penads of journal motion. However, the effectiveness of
this averaging requires the exact knowledge of each period for a journal eycle. Furthermore, the camputa-
tion of the squeeze film forces, as discussed later, requires precise estimates of the phase lag of the dimamic
pressure measurements with respect to the minimum film thickness. Additionally, uniformity in frequencies
and phases enhances the graphical representation of the test evnamic measured variables.

The identification of this phase lag is limited by several factors. First, the discrete nature of the dvnamic
measurements with a given time step siz¢ limits the resolution on phase angle identification. Second, the
measurements for different mixture compositions are not simultaneous events, and so the frequency of jour-
nal motion is not exactly the same in all the tests. Even more, the shaft speed varies slightly during the sam-
pling time giving cycles of different periods for the same test. This prevents uood estimation of the phase
and frequencies by just using the first and last maximum peaks of the of the dymamic periodic function, or
the times when this function crosses the zero value Thus, the discrete dhwamic function values over the en-
tire time span of a test must be used for the identification of phase lags and frequencies. A non-linear multi-
ple variable curve fitting is applied to the horizontal (X) journal dynamic displacement of each test case, i.e.

Nt} =A. cosffr-¢ )~ {1}

where the fitting parameters 4, £2 ¢, and O denote the amplitude, frequency, phase lag and offsel. Once the
curve fitting is performed, £2 gives the best approximation for the frequency of all the éfmanic measure-
ments taken simultancously with the given Y-displacement (i.c., one case per speed, per mixture void frac-
tion). Additionally, the ratio /€2 mives the time for the first occurrence of the minimum film thickness at the
circumferential location 0° (positive X-axis).

The time averaging scheme is then applied to the dyamic pressures, but the origin (in time) of the resulting
digital functions is displaced, forcing all the independent averaged functions to concur with the minimum
film thickness. Also, the small differences in rotational speed (on the order of 1%4) are accounted for by in-
dependently scaling the time axis of the averaged functions in such a way that alt of them result with the
same frequency as the one measured for the case of pure o1l operation (1.e., void fraction equals zero). As
sometimes the value of the functions is required at times not coinciding with measured points, a linear inter-
polation scheme, which also helps smoothing the data, is implemented. Calculation of the F°T amplitude and
phase spectra of the original and time-averaged function is performed for comparison and verification of the
goodness of the fit and the smoothing of the function.



Waterfall-like graphs of pressure as a fmction of the mixture void fraction are generated. These summarize
the development of the pressure field at every location of measurement. This process is applied to both, av-
eraged and unprocessed signals, but the most significant information arises from the time-averaged ones,
The results are plotted as a 3D surface, with time in one axis, pressure in other, and mixture void fraction in
the third one. This treatment allows visualization of the development of the squeeze film gascous cavitation
from different (spatial) points of view. More importantly, the 30 surface representation leads to the applica-
tion of contour plots that facilitate the identification of pressure levels and gaseons cavitotion zones, As will
be discussed later, gaseons cavitated films present a zone of uniform or constant pressure that stants during
the negative squeeze mation (increasing film thickness) and persists until part of the positive squesze
(decreasing film thickness) takes place [Diaz and San Andrés, 1996, 1997). The gaseons cavitation zone is
approximately centered around the point of maximum film thickness.

EVALUATION OF SQUEEZE FILM FORCES

The ultimate objective of the experimental study is to evaluate the effects of air entrainment in the lubricant
film and the dynamic forces generated by the journal motion. Hence, the relationship between journal kine-
matics and ensuing squeeze film pressures needs to be addressed The forces acting on the rator are the re-
sultant of the pressure acting on the journal surface. Thus, spatial integration of the squeeze film pressure
field would yield the desired forces. However, the test rig confizuration does not allow for measurement of
pressure at enough ditferent spatial locations (axial and circumferential). Fortunately, the cyclic characteris-
tic of the journal motion and the damper rotational symmetry (for circular centered orbits) allow to correlate
the pressure profile around the journal to the dymamic film pressures at a fixed angular location during one
cycle of journal motion. In this case, the pressure field rotates synchronously with the journal whirl speed,
Le. the pressure profile is stationary for an observer rotating with the drive shaft. Therefore, the dymamic
pressure variations detected by a stationary observer (at a fixed angular location in the damper housing)
have a unique correspondence to the values of the stationary pressure field as this rotates with an angular
speed equal to the journal whirl frequency. To verify this assertion, the pressure profile measured by a sta-
fronary transducer for one cycle of journal motion is plotted in palar coordinates and superimposed to the
pressures measured simultaneously with other pressure transducers at other angular locations around the
damper circumference (see the section Ruesidis)

Damper forces (£, F)) in the radial and tangential directions arise from integration of the pressure field
arpund the journal surface. A well known (simple) kinematic relation between the stafiomary (though rotat-
ing) pressure field and the dynamic pressure field at a fixed location is used to transform the spatial integra-
tion around the journal circumference into an integration in time Thus, the eynennic pressure profiles are
integrated for every test, rendering estimated radial and tangential forces (7, 1)z per unit length at the axial
location of measurement. The relationship is;
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Refer to the Nomenclature for a proper definition of all variables. The procedure also computes the test en-
semble averaze radial and tangential forees (f, | f,) by averaging the forces computed from the pressures at
different angular locations of measurement on the same axial plane.

MEASURED RESULTS AND DISCUSSION

Two sets of measurements are presented, one for a shaft speed of 500 rpm (journal whirl frequency equal to
B.33 Hz), and the other at a speed of 1,000 rpm {whirl frequency equal to 16 67 Hz). On both cases, meas-
urements are presented For mixture compositions ranging from pure oil Lo pure air. The volumetric misture



composition (i.e., mixture void fraction) is controlled at the mixer element or sparger but it changes along
the test rig as noted below,

MIXTURE QUALITY AND VOID FRACTION

Figure 4 relates the mixture void fraction (air volume per unit mixture valume) at the damper inlet and
damper autlet (plenum) vs. the void fraction at the sparger. The fisure also includes the mixture quality (air
mass per unit mixture mass). The mixture quality or mass ratio is assumed to remain invariant along the test
rig based on the assertions of no relative movement between phases and negligible release of dissolved air
from the ail. The large difference between oil and air densities makes the mixture quality fairly low for the
whole range of void fractions, except for very high void fractions. On the other hand, the mixture void frac-
tion increases along the test g due to the pressure drop and the conseduent air expansion. The pressure
drop is very small from the mixer to the damper inlet and the mixture void fraction is nearly the same at both
locations, However, the pressure drops across the injection hales and axially through the damper are consid-
erable higher (more than 6 bars). Thus, the mixture void fraction at the damper exit or plenum is larger than
at the inlet for all the test cases except the two extremes (pure oil and pure air)

Physically, the mixture appearance is different at the inlet and outlel windows. At the inlet section befare the
S, the bubbles are small and dispersed on the oil matrix for the entire range of mixture void fractions. At
the exit section an the damper discharge, the bubbles are larger and the mixture is foamy. The value of the
mixture void fraction at the sparger or mixer element is used as the reference for each test. From here on all
results are referred to the mixture void fraction without explicitly specifying its location

DIGITALLY FILTERED PRESSURE MEASUREMENTS

Figure 5 illustrates one of the difficulties that need to be addressed when analyzing experimental measure-
ments. In this case, one of the strain gauge pressure transducers (the one installed ar 330", Z)) introduced
systematically a 60 Hz noise to the measured signal. The persistence of this noise on all the measurements
allow it Lo be filtered by using /75 and a digital band-stop filter function. Figure 5 shows one of the meas-
ured elvnemic pressures vs_ time and its corresponding frequency spectrum before and after the digital [ilter-
ing,

MEASURED DYNAMIC PRESSURES AND TEMPORAL RANDOM FLUCTUATIONS

In SF"Ds executing circular centered orbits a cycle of motion comprises of two regions, each lasting half the
period of motion. For a fixed observer, the first region occurs when the journal moves toward the bearing
{positive squeeze) decreasing the local film thickness, and the other when the Journal moves away providing
negative squeeze or enlarging the local sap or film thickness.

The measured dywamic squeeze film pressures are presented in Figure 6 for 500 rpm (8.33 Hz), and Figure 7
for 1000 rpm (16 67 Hz). The figures are conformed by several waterfall-like plots. each one corresponding
Lo one pressure transducer and identified by its physical circumferential and axial location. Every one of
these plots presents the history of the pressure fields at its particular location when the mixture void fraction
increases from zero to one, Le. pure oil to pure air. The pressure is noted in the vertical axis, the time in the
horizontal axis and the mixture void fraction on the in-plane axis. The noisy condition of the dymenmic pres-
sure measurement is the clearest outcome from these results. Each one of the pressure waves depicted pres-
ents noticeable variations from one cycle of journal motion to another along with the appearance of random
pressure spikes These temporal fluctuations are almost imperceptible for mixture compositians close to the
pure uil condition, though they increase dramatically with the mixture void fraction independently of the
transducer location. The pressure spikes may represent the collapse of air bubbles on the zone of high pres-
sure generation (positive squeeze)

The noise in the dvnamic pressure fields is most certainly related to the non-homogeneous nature of the
hubbly oil mixture, and whose composilion 15 not exactly the same in every cycle of journal motion. Even
more, it is speculated that the pressure of an air bubble is not the same as that of the surrounding oil due 1o
surface tension and the dynamic characteristics of the bubble itself 1f'a large enough bubble is in front of the



pressure transducer, this will sense the bubble pressure rather than the mivinre pressure (note that the size of
the pressure spikes seems to be related to the position on the pressure wave at which it oceurs). This fact
allows to correlate the collapse of bubbles with the random spikes on the measured pressures. A closer ook
to the resulls reveals that the pressures appear noisier at the measurement locations closest to the lubricant
injection holes located at the top (270°) and bottom (90°) of the damper housingt. Therefore, the pressure
waves at 120" and 240" are less repetitive in time and present more spikes than the ones recorded at the
other angular locations more distant form the lubricant inlets. It seems that there are more bubbles and of
more different sizes in the neighborhood of the lubricant inlets, as if the misture tends to become more uni-
form as it moves away from the injection points. It is speculated, based on observations ona SEID with a
transparent housing’, that the larger bubbles are expelled of the [lm earlier, perhaps due to their lower vis-
cosity, and not reaching [lm locations distant from the injection point. However, ather factors like difTer-
ences in the local static feed pressures could also induce variations in the measured pressure fields (see sec-
tion under)

PEAK-TO-PEAK PRESSURES AND FIRST ORDER UNCERTAINTY

Figures 8 and 9 present a compilation of the test results (shown in Figures 6 and 7), and in terms of peak-to-
peak (p-p) values of the squeeze film pressure for 500 rpm and 1,000 tpro respectively, The figures show the
time-averaged p-p pressure as a function of the mixture void fraction for each physical location on the
damper circumference. The vertical bars represent the firsi-order uncertainty on the estimate of Average p-p
pressure as given by the time fluctuations in this value over each test with n periods of journal mation The
horizontal bars represent the uncertainty in the measurement of the mixture void fraction. The p-p pressures
fallow similar trends around the damper circumference at both test frequencies. The introduction of a very
small amount of air in the mixture produces a sharp reduction of the p-p pressures (low void fraction). Fur-
ther increments of the mixture void fraction (from 2=0.02 to 2085 approximately) produce a quasi-lingar
reduction on the p-p pressures at a slower rate than in the lower range of void fractions. Above a mixture
void fraction =0 85, the peak-to-peak pressure drops faster, achieving an almost zero value for the case of
pure air

Ihe temporal fluctuations of the p-p pressures are relatively small (+2%) at zero mixture void fraction, and
increase to about £45% at mixture void fractions in the neighborhood of 0.85 Then the variations decrease
to about £15% for a mixture void fraction () close to one (i.e, pure air).

The similitude between the squeeze film pressures measured at different angular locations confirms the as-
sertion of a pressure field rotating synchronously with the journal, as the circumferential symmetry of the
damper and the journal motion (circular centered orbit) at first instance would suggest. Figures 10a and 10b
present the time-averaged peak-to-peak (p-p) pressures measured at different circumferential positions at the
axial location Z; for 500 rpm and 1,000 rpm respectively. The spatial or ensemble average of the time-
averaged p-p pressures is superimposed as a thick line showing an excellent correlation with the P-p pres-
sures at the different angular locations. The ensemble average peak-to-peak pressures represent the individ-
ual p-p pressures within 10%% for the case of 500 rpm, and §% for 1,000 Fpm,

The axial variation of the peak-to-peak pressure at the circumferential angle of 330° is presented in Figure
Il The time-averaged p-p pressures at axial locations Z; (5.6 mm) and Z {16.7 mm) are shown versus the
mixture void fraction. Both pressures follow the same trend, and as expected, the one closer to the sealed
end {Z;) presents larger dynamic pressures,

IDENTIFICATION OF PHASES AND FREQUENCIES OF JOURNAL MOTION AND PERIOD-AVERAGED
FILM PRESSURES

Figure 12 exemplifies the result of the curve fitting implemented to find the (requency (Q) and phase angle
(h) of the journal arbital motian. The figure shows the measured and fitted harmonic function for the A
(horizontal) journal displacement at S00 rpm vs. time for a mixture void fraction equal to 0.067. The figure
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reveals the changes in journal speed during the experiment. This procedure provides the frequency for all the
measurements taken simultaneously with the curve fitted X-displacement {i.e., all the ones at the SAME jour-
nal speed and mixture void fraction). Tt also provides the phase lag between the measurements not taken
simultaneously (i.e., at the same speed but different mixture void fraction),

Using this information, the measured digital functions representing dinamic pressures are divided inta n
periods of journal motion. These periods are averaged in time and one period-averaged pressure function is
abtained from each measurement, The averaged functions are scaled in time to have the same periad, arbi-
trarily chosen to be the measured period at 2 mixture void fraction equal to zero®. The time arigins of the
dynamic pressure waves are also displaced to have all measurements coinciding with the minimum film
thickness, regardless of when the actual trigger of the data acquisition takes place relative to a period of
Journal motion, Figure 13 shows the perod-averaged dyiamic pressure to simulate well the actual dhamic
measurements over consecutive cycles Figure 14 demonstrates that the period-averaging procedure not only
smoothes the data for analysis in the time domain but also in the frequency demain. A frequency analysis of
the period-averaged dynamic pressures allows identification of harmonic components and provides a coher-
ent phase diggram that seemed lost when directly analyzing the dynamic measured data.

PERIOD-AVERAGED DYNAMIC PRESSURES AND GASEOUS CAVITATION ZONE

Figures 15 and 16 present the period-averaged oynamic pressures corresponding to the dynamic
(instantancons) pressures depicted in Figures 5 and 6, for 8.33 Hz and 16.67 Hz, respectively, The mnise or
temporal fluctuations and spikes are removed by the period-averaging procedure described above This al-
lovws the focus of study to be the analysis of the pressure wave shapes. Note that the averaging does not
remove the effects of closeness to the lubricant injection paint. The pressure fields at 120" and 240" for both
operational speeds are different from those at the angular locations far from the inlet holes, The pressure
waves at 120° and 2407 resemble the compressible fluid SFD solution [Constantinescu, 1969] at smaller
mixture void fractions than at any other location of measurement.

The appearance of a zone in which the film pressure remiains constant, i e.. null squeeze pressure seneration,
is common in all the dhaamic pressures. This zane is named as gaseons cavitation [Diaz and San Andrés.
1996, 1997] and reported as typical of bubbly lubricants in S0 [Zeidan and Vance, 1990] The extent of
the gaseons cavitatini zone is shown to increase with the mixture void fraction as depicted approximately in
Figures 15 and 16. The time history of the pressures reveals that, within every journal motion cycle, the local
film pressure reaches a maximum during the positive film squeeze (4=}, then decreases rapidly, and
reaches a minimum peak during the negative film squeeze {“"'.-'a'-'-ﬂ} After the minimum pressure, and still
during the negative film squeeze region, the pressure starts to raise. But, as the mixture void fraction in-
creases, the rate of pressure increase is reduced by the appearance of the gaseons cavitation zome (where the
film pressure remains constant). After the cavitation zone, and during the positive film squeeze, the pressure
starts to raise (again) until reaching the maximum peak value. This sequence repeats for every cycle of jour-
nal motion. However, there is a range of mixture void fractions in which the gaseons cavitation zone ap-
pears randomly in some cycles of journal motion, not in all of them. This condition is known as an incipien
gaseons cavitation regime, and is followed by the filly developed gascons cavitation regime as the mixture
void fraction increases [Diaz and San Andrés, 1997]. In this last regime, the gaseons cavitation sone does
appear in all the cycles, but its extent is not exactly the same in every period of journal motion

Inside the gaseans cavitation zone, the mechanical work performed by the journal motion is related to a
change of volume of the lubricant mixture at constant pressure, instead of a change of pressure at constant
fluid densily as would be the case for an ideal incompressible Nuid. This provides a rationale for the reduc-
tion in the squeeze film pressure generation as evidenced by the decreasing peak-to-peak pressures.
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To gain a better understanding on the development of the pressure fields and saseous cavitation zone with
the mixture void fraction, the results of Figures 15 and 16 are reproduced as 300 surfaces that can be dis-
played from different view perspectives. Figures 17 and 18 show the pressure surface plots for 500 rpm and
1000 rpm, respectively. In every 3D-graph it is clear that the difference between maximum and minimum
pressures decreases with the mixture void fraction. However, the most relevant finding is that the geseons
cavitation zone lays in a horizontal plane, i.e., it takes place at the same magnitude of pressure independently
of the mixture void fraction (note that the pressures at 330" (Z, and Z;) are absolute)

Figures 19 and 20 show contour plots of the 3D-pressure-surfaces just described. The wraphs present the
isobaric lines in the plane of mixture void fraction and time. The local film thickness is uraphed with the
same time scale at the bottom of each figure. From the plats at 330° (absolute pressure), the gaseons cavita-
tion zone presents the same absolule pressure independently of the mixture void fraction and develops
around the time of maximum film thickness when going from negative film squecze {increasing film thick-
ness) to positive film squeeze (decreasing film thickness). The cavitation zone extent during a period of mo-
tion increases with the mixture void fraction, Thus, based on the assertion of a pressure field rotating syn-
chronously with the journal whirling motion, it can also be asserted that the physical extent of the gaseons
cavitation zone around the journal circumference also increases. The maximum peak pressure displaces to-
wards the location of minimum film thickness when the mixture void fraction increases, approaching the
condition of an ideal gas. Similar conclusions can be drawn from the measurements at all other angular loca-
tions even though the represented pressures are dynamic instead of absolute

Figures 21ab are waterfall plots of the frequency content (amplitude and phase) of the period-averaged-
dynamic pressure for the location (0°,7-) at 500 rpm and 1,000 rpm respectively The harmonic content of
the pressures is manifest. The main frequency component is at the journal whirl frequency, and up to five
harmaonics are important The first two harmonics (/x and 2x) decrease with the mixture void fraction over
its whole range, from pure oil to pure air. However, the other frequency components remain almost invariant
up to & mixture void fractions equal to ~0.85, after which they drop abruptly. The phase diagram is found to
remain nearly invariant up to a mnixture void fraction of about 080, Figure 21 includes a comparison be-
tween the phase diagrams of the pressures corresponding to mixture void fractions equal to 0.00 and 0.25,
respectively.

STATIC, INLET, EXIT, AND CAVITATION PRESSURES

The starie film pressure is defined as the overall average of the film pressures over the sampled time (17 and
34 cycles of journal motion for 500 and 1,000 rpm respectively), i.e., this is the zero frequency component
of the squeeze film pressure. The gaseons cavitation pressure is estimated as the pressure at the point of
maximum film thickness, and around which the cavitation zone develops as previously discussed. Both the
static and the gaseons cavitation pressures are calculated from the absolute pressures measured with the
transducers located at 330", and depicted versus the mixture void fraction in Figure 22 for axial locations 2,
and £ at 500 rpm, and axial location Z5 at 1,000 rpm. The Figure also includes the exit (plenum) pressures.

I'he static film pressure at both axial locations is identical to the discharge pressure at the plenum, and only
small differences appear for mixture void fractions above 0.85, In the upper range of mixture void fractions,
the pressure recovered by deceleration of the exit flow seems to be impartant due to the lower density of the
mixture and the larger fluid speeds. The gaseons cavitation zone pressure is consistently lower than the exit
pressure by a constant value over the entire range of mixture void fractions. The axial pressure gradient
within the cavitation zone is negative as the sealed end is approached from the exit (discharge) edge, i e | the
pressure decreases from the exit plane to Z-. and then to Z;. Neither the sratic film pressure nor the gaseons
cavifation pressure appear to depend on the amount of air entrained to the mixture, but rather seem to be
related to the pressure at the open end plenum (boundary condition).

VARIATIONS ON THE JOURNAL MOTION ORBIT: AMPLITUDE AND CENTER

The journal arbital motion is mechanically fixed by an eccentric mounted in a rigid shaft. However, the test
measurements show changes in the journal orbit size, shape, and position. Figure 23 sketches the averaged
Jjournal orhits for the two extreme cases of mixture void fraction equal 1o zero (pure oil) and one (pure air)



at an operational speed of 500 rpm. The orbit corresponding to the damper operating with pure air at ambi-
ent pressure (i, no pressurization or air through flow) is given as reference corresponding to the nominal
value of journal orbit radius (¢=0.216 mm). It is important to note that for mixture void fractions A<0.85 the
change on the measured orbit radius from that at the pure oil condition is minor when compared to the
changes above 4=0 85,

The journal orbit radius is determined as ane half the peak-to-peak amplitude of the measured journal dy-
mamic displacements. However, the displacement signals present differences from one period of journal mo-
tion to another. The displacements are not as noisy as the film pressures in the sense that they do not present
sharp changes like spikes. However, the amplitude of journal motion does change from cycle to eycle evi-
dencing, once more, the effects of the non-homogeneous and non-steady nature of the bubbly mixture. Fig-
ure 24 presents the average orbit radius along with the maximum and minimum values (vertical bars) versus
the mixture void fraction for the test cases at S00 rpm. These results are based on the measurements in the
horizontal-X and vertical-}’ directions. Figure 25 shows the orbit radius based on measurements of horizontal
displacements versus the mixture void fraction for the test cases at 1,000 rppm. The largest orbit radius are
achieved at the highest mixture void fractions where the mixture viscosity is presumably small The temporal
Muctuations of the orbit radius are relatively small (£2%) at zero mixture void fraction, and increase to about
+15% at mixture void fractions in the neighborhood of (.85, The variations decrease (o about +3% for a
mixture void fraction equal to one (1e | pure air).

Figure 26 presents the locus of the journal orhit center for the whole range of mixture void fractions along
with the reference orbit (without any lubricant) and its center. The displacement of the orbit center. though
small when compared to the orbit size, persists in all the tests. Figures 27 and 28 relate the orbit center dis-
placements with the supply and discharze (plenum) pressures. JTournal orbit center displacements in bath
directions (horizontal[X] and vertical [}]) are measured for 500 rpm and depicted in Figure 27 The Jjournal
orbit center displacement in the horizontal direction-Y at 1,000 rpm is depicted in Fizure 28 The top graphs
suggest that the horizontal [V]displacement of the orbit center is related to the discharge pressure at the ple-
num. This pressure exerts an axial force and pushes the journal against the housing end plate (see Figure 1a).
It is suspected that a minute misalignment between the journal and housing results in an asymmetric force
distribution that affects the support reactions and displaces the orbit center This assertion is confirmed by
observations performed controlling the plenum pressure while keeping the journal static (zero whirling) and
no through eil fow (exit valve closed).

The bottom graph of Figure 27 indicates the vertical [V] displacement of the orbit center is related to the
lubricant supply pressure to the SFIJ. The injection holes are located at the top and bottom of the damper
(270" and 90°, respectively). Variations in the flow resistances in the film lands and injection holes due to
changes in the local film thickness could result in a Aydrostaric circumferential pressure field generating a
vertical foree able to move the journal orbit center.

The variations or changes in the journal orbit size and center are thought not to produce significant varia-
tions in the squeeze film dynamic pressures and do not affect the conclusions drawn from the experiments
[Diaz and San Andres, 1996, 1997]. However, although these vanations may be small, their study reveals
the effects of the test damper [eed arrangement as conducive to generate static uid film pressures.

HYDROSTATIC PRESSURE FIELD RELATED TO THE JOURNAL POSITION

The journal orbit radius is found to decrease when oil is fed to the damper even when the journal is not
whirling (22=0). A test in which a pure oil is fed to the 551 at the nominal value of supply pressure (7.8 bar
[115 psia]) and discharge pressure (1.7 bar{25 psia]) is performed for a non-whirling journal. The shaft 1s
manually rotated and a fodrostatic film pressure is measured with the strain gauge pressure transducers. The
Iedrostatic pressure (absolute value - solid line) is depicted in Figures 29 to 3 Iversus the angular location of
the journal center measured from the transducer location (330°, Z; and Z-). The Figures also include the

local film thickness and the measured dyiamic pressure for pure ofl (A=0) &t 500 rpm (Z;, in Figure 29, Z5in
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Figure 30) and 1,000 rpm {Z: in Figure 31). These dynemic film pressures represent the largest pressures
measured for cach whirl frequency.

The local yerostatic film pressure depends on the angular location of the journal, i.e., on the local film
thickness. This pressure does not depend on journal motion (Idrodymamic) but on the disposition of the
feed holes and the local film thickness which acts as a flow resistance constraining the local axial flow. For
exam?le, al a local (static) position of small film thickness, the film and orifice flow resistances increase
(=1/e”) and the local pressure rises. The opposite effect occurs on the other side of the journal, i.e. the local
film increases, reduces the flow resistance and the local pressure drops. Then, the fydrosratic pressure is
maximum at the minimum film thickness, and minimum at the maximum film thickness,

The magnitude of the hydlrostatic circumferential pressure when the journal is manually rotated (at w=0) is
significant when compared to the largest peak-to-peak dhwamic pressure measured when the journal whirls
at 300 and 1,000 rpm. 1t is speculated that this idvostaric pressure profile; related to the instantaneous
Jjournal position instead of the journal center squeeze velocily, is also present when the damper whirls
Therefore, the dinamic film pressures should be the superposition of the fydrodiynamic pressures due to the
squeeze journal motion and a component related to the lydrostaric pressure profile just described This dis-
cussion will be retaken later when the squeeze film forces are presented.

The film force per unit axial length due to the siatic circumferential pressure field (at a given axial location)
1s estimated by numerical integration of the pressure around the journal circumference. In this case, the com-
puted forces due to the azimmthal pressure related to the static journal position are 3,372 N/m at Z. acting
6.4" from the radial direction, and 7,275 N/m at Z,and 8.0" from the radial direction. Thus, these forces are
essentially radial inward, i.e.. centering forces. Therefore, the damper at zera whirl speed produces a restor-
ing (spring-like) force similar to that in annular pressure seals due to the Lomakin effect.

As seen in Figure 23, the journal orbits are not completely circular but rather elliptical with the major and
minor axes ariented in the horizontal and vertical directions, respectively. Figure 24 shows the difference
between amplitudes in the two directions to be consistent over the whole range of mixture void fractions.
However, without lubricant pressunization the journal orbit is a perfect cirele. In the test damper, the lubr-
cant mixture is injected through holes at the top and bottom of the housing, and from here it flows through
the film lands. The pressure losses related to this flow render average feed pressures higher at the top and
bottom ol the damper (near the injection holes) than at the horizontal sides (distant from the injection holes).
Thus, the flattened orbits are a result of the feeding arrangement for the test damper.

In an earlier discussion”, it was noted that the dymamic film pressiires in the neighborhood of the lubricant
inléts present a poister condition and a slightly different shape. There, the non-uniformity of the mixture at
the inlet feed holes is identified as a probable cause for the noted differences in the test pressures. However,
the presence of the hvdrostatic film pressure around the damper provides an independent rationale for the
differences between the dimamic pressures® At the feed poris, it 15 also probable that the larger absolute
pressure levels (preventing unstable growth of the air bubbles) or larger Aow rates (availability of oil) delay
the onset and generation of the gaseons cavitation zoe at the top and bottom sections of the damper

SQUEEZE FILM FORCES

The rotordynamic characteristics of a 5770 are given by the forces it exerts on the journal. These forces can
be estimated by integrating the measured circumferential pressure profiles to obtain forces per unit length at
the given axial location of measurement. However, this integration is performed under the assumption of a
pressure field ratating synchronously with the journal. As previously discussed, the pressure wave shapes are
similar at the locations of measurement but shifted (in time) by a constant value equal to the angle between
the transducers divided by the whirl frequency (). Also the peak-to-peak pressures are shown 1o be similar
over the entire journal circumference. However, the most convincing evidence of a rotating pressure field is
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shown in Figure 32, where the circles denote pressures measured simultaneously with different pressure
transducers {located at the angular positions shown) at the instantaneous journal position sketched. The
continuous line depicts the pressure profile recorded at a tixed angular location (the one coinciding with the
radial direction on the figure) over one period of journal motion. In these figures, the pressure values as well
as the film thickness correspond to the pericd-averaged measurements. The continuous line passes through
the circles, and confirms that the pressure field does rotate with an angular speed equal to the journal whirl
frequency. The same conclusion can be drawn [fom other measurements using other transducers and at dif-
ferent mixture qualities than the ones presented in Figure 32 These results are not included for bravity

Figures 33 and 34 show the radial (f;) and tangential (f)) forces per unit length as a function of the mixture
void fraction (). The forces are calculated by time integration of the perfod-averaged pressure fields, as
given in equation (2). The similitude between the estimated forces using the pressures al different angular
locations verifies, once more, the cireumferential symmetry of the pressure distibution. This also allowing
for the application of an ensemble average of the forces. The ensemble-neraged forces are also presented
in the figures and show fair correlation with the forces from different angular locations. The estimates of
tangential force lay all within a narrow band around the ensemfle gverape. The estimates of the radial force
are also close to the ensemble averape, but the dispersion of the force estimates is a little larger for mixture
void fractions around .85

Figures 35 and 36 show the crsenble-averaged forces versus the mixture void fraction for the test speeds of
500 rpmeand 1,000 rpm respectively. The figures provide two representations of the squeeze film damper
force, one using the radial and tangential components, and the other using the total force and its angle with
the radial direction. Fizure 35 also includes the estimates of squeeze film force from the transducer located

at (3307, 73

The totzl squeeze film force decreases with the mixture quality in a way more or less proportional to the
reduction in the peak-to-peak pressures (see Figures 8 to 11). The introduction of a very small amount of air
{0} produces a sharp reduction of the force. Further increments of the mixture void fraction (from 0.02 to
0.85 approximately) produce a quasi-linear reduction en the total force at a slower rate than in the lower
range of void fractions. Above a mixture void [raction of 083, the total foree drops abruptly, achieving a
negligible value for the case of pure air. At the same time, the angle between the force and the radial direc-
tion goes from 807 to 07 That iz, the Torce begins mainly as tangential (direct damping force) and ends as a
pure radial (centering) force.

Close scrutiny of the force components helps to understand the changes in the squeeze film force. The tan-
wential foree, larper for the condition of pure ol and practically zero for mixture void fraction equal to one,
varies more or less linearly with the void fraction evidencing a reduction in the mixture viscosity. The radial
force staris from a small value, for small amounts of air (A < 0.02) 1t increases rapidly, then remains almost
constant with a licht tendency to increase up to mixture void fractions around 0.85. Further increments of
mixture void fraction cause the radial force to diminish, reaching a null value for pure air. For both test
speeds, the tangential force per unit length at the axial location - is larger than the radial force up to a mix-
ture fraction }-070 The radial force is larger above this value of & At the axial location Z,, the tangential
force 15 larger than the radial only up to a mixture void fraction of about 0.40,

A simple hydrodynamic theory for incompressible fluid, full film S0, would predict damper forces directly
proportional to the lubricant viscosity, whirl frequency, and journal orbit radius. Thus, for a constant mixture
composition (or at least for the pure oil condition), the forces at 1,000 rpm should be twice their counter-
parts at 500 rpm. Yet, this is not the case in the present experiments. For the pure oil condition, the esti-
mated total force at 16.6 Hz is less than 1.5 times the force at 8.33 Hz . However, it is well known that a
non-cavitated oil lubricated SFT executing circular centered orbits renders a pure tangential (damping} force
opposing the journal center speed, Furthermore, in all the test cases the radial forces have a non-zero value
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al a mixture void fraction equal to zero (pure oil)’. Still, at 16.6 Hz the tangential foree is only 1.4 times the
tangential force at 833 Hz, while the radial force is 2.6 times its counterpart at 8 33 Hz for the pure oil con-
dition. Since the test results correspond to similar operating conditions in journal orbit radius, supply pres-
sure, and fluid temperature (i.c., viscosity), the empirical evidence leads 1o the manifest appearance of lubri-
cant vapor cavitation, which reduces the magnitude of the tangential (damping) force, and gives rise to a
radial force,

Figures 29 to 31 show the perfod-averaged pressures corresponding to a null mixture void fraction (pure
oil) at the two test speeds (and the two axial locations of measurement), The test results indicate the mini-
mum dvaantic pressure drops (slightly) below the zero absolute value, and thus, the fluid is subjected to ten-
sion. This induces the lubricant to cavitate by changing its phase fvapar canitation) affecting the symmetry
and magnitude of the pressure field, and thus producing radial forces® The effect of vapor canvitarion is more
pronounced at 1,000 rpm than at 500 rpme Thus, the flm forces at 1,000 rpm can not be exactly twice the
value of forces at 500 rpm. Nevertheless, at 500 rpm the radial force component is still appreciable, though
not due to vapor cavitation. Therefore, another source generating the radial force must be present

The radial Tarce per unit length at Z- 35 8,033 N/m at 1,000 rpm, and 3,091 Nfim at 500 rpm. The radial force
per umit length at £, at 500 rpm is 8,877 Nim. It stands out that the radial forces at 500 rpm (where vapor
cenvitation is nearly absent) are singularly close to the values of the centering force due to the circumferential
hydrostatic pressure gradient related to the axial lubricant flow. Recall that this pressure profile, depicted in
Figures 29 to 31, is related to the static position of the journal If the superposition principle 15 valid and the
hydrostatic pressure field of Fizures 29 and 30 is subtracted from the corresponding measured dynamic
pressures, the resulting foree for pure ail at (), 500 rpm) is displaced from 73,87 to 87.07, while its coun-
terpart at Z> goes from 82.77 10 91.5" from the radial direction. That is, the remaining component of the
force is nearly tangential, i.e., a direct damping force as expected for full film (uncavitated) SFDs. It seems
plausible that the dynamic pressure profile is constituted by the contributions of a hydrodynamic pressure
related to the squeeze velocity of the journal center plus a hydrostatic pressure profile related to the position
of the journal (and independent of the journal speed). Thus, the radial centering force (due to a hydrostatic
pressure distribution) appears to be inherent to the test damper configuration. Hence, it constitutes, along
with lubricant vawor caviiation, a likelv source of the unexpected radial forces as A—0.

DRIVE POWER

Figure 37 shows measurements of the electrical power (current « voltage) supplied to the drive motor. The
vertical bars represent uncertainty in the measurement of power, while the horizontal bars represent uncer-
tainity in the measurement of mixture void fraction. The roller bearings on which the test rig is mounted are
sealed grease packed bearings. Thus, the changes in the mechanical power required to drive the test rig at a
given speed should only depend on the squeeze film forces. The other identified parameter affecting the
drive power is the plenum pressure. As it was discussed, this pressure pushes axially the journal against the
housing plate, changing the normal contact forces, and therefore the friction forces. However, the plenum
discharue pressure is controlled over the expeniment and its changes are relatively small (see Figures 27 and
28). Overall, the driving power shows a similar reduction as the film forces do with increases in the mixture
void fraction.

CONCLUSIONS

The effects of contralled air'oil bubbly mixtures on the force performance of an experimental open end SF7)
describing circular centered journal orbits are of interest Lo advance the state of the art in the desien and
analysis of 575, A complete set of experimental measurements and comprehensive analysis reveal the ef
fects of a bubbly mixture on generating a gaseons cavitation zone affecting the squeeze film pressures and
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damper forces. The composition of the mixture is controlled and varied from pure oil to pure air (i.e. mixture
void fraction varies from 0 to 1), Experiments to measure the eynamic squeeze film and sravic pressures, the
journal displacements, film temperatures, and the drive power are conducted at twao journal speeds (500 and
1,000 rpm} and over the full range of mixture void {ractions. The most relevant findings of the experiments
and analysis derive in the following conclusions:

s The squeeze film forces decrease as the mixture void fraction increases. The rate of decrement is larger
for mixture void fractions below 0.02 and abave 0,85, In the mid range, the total force decreases almost
linearly with the mixture void fraction. The squeeze [lm force is nearly tangential for pure oil, and
moves toward the radial direction as the mixture void raction increases

e The tangential component of the force continuously decreases with the mixture void fraction, but the
radial component increases in the first instance and then remains constant up to a mixture void fraction
approsimately equal to 0.85. Both force compaonents drop to a nil value for the pure air condition,

s The drive power decreases for increasing mixture void fractions, and is consistent with the reduction of
the 551 forces

e The dyramic Glm pressures present temporal fuctuations. That is, they are different from one period of
journal motion to another, and show pressure spikes randomly distributed. The temporal Muctuations
are attributed to the non-homogenous nature of the bubbly mixture.

»  The peak-to-peak (p-p) pressures decrease with the mixture void fraction in a way similar to that of the
forces. The temporal fluctuations reach a maximum around a mixture void fraction of 0.85, and are as
large as 45% in some cases,

= The generation of squeeze film dynamic pressures (as measured by the p-p pressure) is higher at the
axial location Z; (closer to the damper sealed end) than at Z. (closer to the open end) for the entire
range of mixture void fractions.

= The similitude of the dynamic pressure measurements around the damper circumference confirms the
existence of a pressure field rotating synchronously with the shaft speed Comparisons between the
pressure felds measured simultaneously at different angular locations and the pressure field recorded at
a given location during one period of journal motion give excellent sgreement. However, subtle differ-
ences can be noticed in the pressure waves in the neighborhood of the injection holes.

s A period averaging procedure is effective to climinate the random temporal fluctuations in the dynamic
pressures, and unveils important information hidden by the “mowse” in the measurements.

e A zone of no squeeze film pressure generation {constant pressure zone) appears in the pressure waves
and its extent increases with the mixture void fraction. This region is recognized as a gaseony cavifation
Johe

= The pressure at the gaseous cavitation zone is constant in lme, independent of the mixture void frac-
tion, and seems to be related to the discharge plenum pressure,

o The siaiic component of the ¢viamic film pressure 15 identical to the discharge plenum pressure

*  The journal motion orbit presents small chanpes from one operating condition to another as well as
temporal fluctuations like those of the pressure waves, The feed arrangement and the plenum pressure
affect the journal orbit radius,

s Not only the eheanic squeeze fitm pressure gradients are important, A circumferential pressure gradient
is found 1o develop when the journal is stationary producing a radial restoring force by a mechanism
similar to the one present in annular pressure seals.

The comprehensive tests and analysis characterize the performance of a S8 operating with a bubbly mix-
turc of air on oil as lubricant. The numerous experiments performed replicate successfully actual working
conditions in 550y, However, empirical facts are not the sole outcome of the tests. The praxis gained in the
experiments serves as a benchmark to derive a sound mathematical model able ta predict (qualitatively and
quantitatively) the performance of 5FDs operating with gaseons condfarion due o gir ingestion. The meas-
ured film pressurces and estimated damper forees provide fundamental empincal evidence for validation of a
theory for squecee film lows with bubbly mixtures,

The dynamics of the air bubhles in the mixture become of importance in the formulation of such a model.
This model should include periodic bubble expansion and compression, as well as the growth of the bubbles



at constant pressure and bubble collapse at large pressures. The Rayleigh-Plesser equation appears as a firm
physical model to undertake along with the use of a homogencony two component mixiure formulation for
the mass and momentum equations (where the relative movement between phases is neglected). Simplifica-
tions to this general model and appropriate for thin film flows will result in a modified Revnolds equation for
the compressible mixture. Here, the mixture viscosity is determined by one of the available empirical corre-
lations, and the mixture density by the local size of the bubbles governed by the Rayvleigh-flesser equation
The model then requires the solution of two simultancous partial differential equations in a coordinate frame
rotating with the whirl frequency, and where the flow field appears as stationary for circular centered journal
orbits. Appropriate boundary conditions must be natural to the physics of the mixture coming and leaving
the $F1. As an alternative, and depending on the results of the prior approach, the modeling of additional
features accounting for the relative motion between the phases should be addressed as in the general formu-
tztion of Hsie [ 1988]
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Fig. 2.- Schematic of test rig and instrumentation.
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Fig. 35.- Ensemble squeeze film average forces per unit length at the
axial locations Z, and Z,, for a whirl frequency of 16.67 Hz.
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