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EXECUTIVE SUMMARY

Squeeze film dampers (SFDy) are effective means to provide damping in rotor-bearing
systems. SFDy are standard elements in gas turbine engines and commonly used in industrial
compressors. Yet. lack of understanding of their operation has confined the design and
application of SFDs to a costly trial and error process based on prior experience.

The inaccurate modeling of the dynamics of film rupture is the major factor preventing the
successtul application of analytical models to the reliable prediction of SFDs forced
performance, Lubricant cavitation models developed for hydrodynamic bearings have been
applied by extension to SFDs. Yet, the characteristic journal motions within a SFD result in the
entrapment of air into the oil film. thus producing a bubbly mixture that can not be well
represented by available film rupture models.

In the present work, an extensive experimental study establishes qualitatively and —for the
first time- quantitatively the differences in behavior for SFD operation with lubricant vapor
cavitation and with air entrainment. The experiments show that most operating conditions lead
to air eniramment and entrapment with a notable degradation of the damper dynamic force
performance. The tests thus made apparent the limitation of accepted predictive models.
Further experiments manifest the performance of SFDy operating with controlled bubbly
mixtures. These tests support the modeling of air entrapment as a homogencous mixture of air
and oil and provide a rehable database for analysis validation.

An analytical model based on a homogeneous mixture is advanced. Good agreement is
obtained between the results of this model and the measurements performed in the SFD
operating with controlled bubbly mixtures. A complementary analvtical model 15 devised to
estimate the amount of air entrained in a typical damper confisuration. A balance of the axial
through flow and the dynamic fhud volume displaced by the motion of the joumal brings forth
an equation for calculation of the air/oil velume ratio within the squeeze film. The numerical
solution of the Reynolds equation for a bubbly mixture along with the predicted air volume
fraction renders promising results for reliable prediction of the force performance of SFDs
operating with naturally entrained air. The results of the research are of immediate engineering
applicability and advance the understanding on a complex problem long 1gnored in spite of its
practical importance.
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NOMENCLATURE

amplitude of journal motion [m].

uniform pressure zone extent to the left of maximum film thickness.
uniform pressure zone extent to the right of maximum film thickness.
external body force [N/kg]

test SFD nominal clearance [0.343 mm|.

deformation tensor [sec™].

test journal diameter [129.4 mm).

material derrvative respect to phase a.

test journal orbit radius or cecentricity [0.216 mm).

frtif,, squeeze film force per unit length (at location Z) [N/m],
radial and tangential components of squeeze film force per unit length [N/m].
radial and tangential forces [IN].

Fast Fourier Transform.

'+ e cos{mt). Local film thickness [m].

1, Imaginary unit.

dentity matrix,

test SFD joumal length [31.1 mm|.

liters per minute,

mass flow rate per unit length of film [kg/m].

density of mass production of constituent & [kp/sec m’].
number of full periods of journal motion.

offset of journal motion (fit) [m].

pressure [Pa].

mean pressure [Pa).

dynamic pressure component |Pal.

peniod-averaged or instantaneous film pressure at location (£, 8). [Pa].
discharge pressure (ambient) [Pa].

infinitely short bearing approximation of film pressures [Pal.
Supply pressure |bar].

vapor pressure [Pal.

pressure far from the bubble [Pa).

corrected pressure field [Pa).

correction to pressure field computed in current iteration |Pa).
pressure field from previous iteration [Pal.

peak-to-peak amplitude.

pressure gange,

displacement sensor.

pressure transducer. )

volumetric flow rate per unit length of film [m7/sec].
averaged flow rate per unit length of film [m’],

total oil flow supplied to the damper (liters/min)

test journal radius [64.7 mm].
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bubble radius [m].

equilibrium bubble radius [m].
radial and tangential coordinates.
surface tension [N/m].

SLPM standard liters per minute.

s

T Y mwTE R N

e

HE

time [sec].

non-dimensional time.

time of minimum film thickness at 0 |sec].

imtial and final time of air ingestion portion of the motion cvele [sec].
2. Journal peried of motion [sec].

temperature far from the bubble [K]

temperature transducer,

radial velocity (outwards) [m/s].

velocity vector [m/sec].

velocity [m/s].

non-dimensional velocity.

volume [m’].

gas volume per unit volume of liquid.

position vector [m].

journal center horizontal and vertical coordinates [m].

unwrapped coordinate system,

non-dimensional coordimates.

A cos(£2i-¢) + (). Journal horizontal displacement (curve fitted) [m].
axial coordinate,

axial location of pressure measurements [mm]. Z, (5.16 mm), Z> (16.7 mm).
inlct SFD plane.

discharge SFD) plane.

relaxation factor.

angle between squeeze film force and radial direction [rad].
mixture air volume fraction {air volume/total volume),

mixture phase a volume fraction (phase a volume/mixture volume).
averaged volume fraction.

dimensionless parameter for air entrainment,

lacal time rate of change of the film thickness.

phase of journal motion |rad).

attitude angle [rad].

mixture quality (air mass/total mixture mass).

number of bubbles per unit volume of liquid phase [1/m’].
lIubricant viscosity [Pa see|.

acoustic viscosity [Pa sec].

effective liquud viscosity [Pa sec].

thermal viscosity [Pa sec).

interaction forces between components [N].

density.

physical density of phase a.
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effective density of phase a.

averaged density over one period of motion [ke/m’],
slress tensor.

angular location of pressure measurements [rad|.
angular coordinate in a rotating coordinate frame.
angular coordinate in a fixed coordinate frame,
kinematic viscosity [m?/s"],

journal whirl frequency [rad/sec).

natural frequency [rad/sec).

e (= T S

£

subindexes

. generic phase or constituent of the mixture.
bubble conditions at the eritical radius.
paseous phase or component.

atr component in the gascous phase.

liquid component,

o reference state.

conditions far from the bubble.

1

oo m




1. INTRODUCTION

Damping is necessary to control excessive steady state vibration amplitudes and
rotordynamic instabilities that often appear in turbomachinery and other rotating equipment
Squeeze film dampers (SF0s) are virtually the only means to introduce viscous damping to
attenuate vibrations and to dissipate energy in rotor-beanng systems. SFOs have become a
standard device in aireraft gas turbine engines, and are often used as retrofit elements in
process compressors to remedy rotordynamic problems.

Conceptually, a SFD consists of a thin film of lubricant filling the gap between a stationary
housing and a non-rotating journal. The fluid is squeezed out due to the journal whirling
motions thus generating hydrodynamic pressures and creating a viscous d'u'npmg force. Figure
I depicts a typical configuration of a squeeze film damper. A cylindrical journal is fitted to the
outer race of a ball bearing, whose inner race is mounted on a rotating shaft. The arrangement
forces the journal to follow the shaft lateral motions while spinning freely. An anti-rotation pin
prevents the journal rotation so that the journal whirls squeezing the lubricant film and without
the shear drag due to the journal rotation, as in typical hydrodynamic journal hearings. Tdeally,
the resulting hydrodynamic force acting on the journal is a pure damping force opposing the
whirling motion. 1.¢.. no stiffness is developed by the SFD. In other configurations, the anti-
rotation pin 18 replaced by an elastic structure, commonly referred as a sguirre! cage. which
provides an easily tunable structural stiffness. In many practical applications, some other type
of flurd film beaning. like a plain journal bearing or a tilting pad beanng, substitutes the ball
bearing (Zeidan et al., 1994),

The Reynolds lubrication equation for incompressible fluids is hitherto used to predict the
pressure field in hydrodynamic bearings, including SFDy (Vance, 1988). However. Childs
(1993}, Walton et al. (1987). Zeidan and Vance (198%, 1990a) establish that the correlation
between theory and experiment i1s considerably less compelling for dampers than for bearings
due to the appearance of dynamic lubricant cavitation, It is customanly assumed that. since an
ideal fluid is unable to sustain tension, the lubricant would undergo an instantancous phase
change once the fluid vapor pressure is reached. As a result, a vapor filled cavity interrupting
the continuity of the fluid film develops. Numerous physical models address the phenomenon
of vapor cavitation with different levels of complexity. Braun and Hendricks (1984), and Ku
and Tichy (1990) review these models as applied to the Revnolds equation with boundary
conditions defining the onset of cavitation and the full film reformation zone. The simplest
model, 1.¢. the half-Sommerfeld or 7-film condition., replaces with a uniform (cavitation)
pressure any negative pressure resulting from solution of the Reynolds equation, Next, the
Swift-Stieber (or Reynolds) condition enforces a null pressure gradient at the cavitation
meeption boundary to account for flow continuaty. The Floberg and Jakobsson-Floberg-Olsson
models account for mass transport across the cavitation zone and allow for the occurrence of
subambient pressures within the thin fluid film. These models differ from cach other in the
assumptions about the path followed by the fluid through the cavitation zone.

Zewdan and Vance (1989, 1990b.c). Walton. et al. (1987). and Hibner and Bansal (1979
report a different film rupture mechanism in open-ended squeeze film dampers, as it oceurs
when the relative movement between the SFI journal and housimg drags air into the film
eventually leading to a bubbly mixture, Many authors refer to this phenomenon as gascous
cavitation, However, this term is a misnomer strictly applicable to instances where diszolved
gases in the lubricant come out of solution at pressures below the saturation value for the non-
condensable gas (air). thus forming a single large bubble. In S#Ds. as well and 1in dynamically
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Fig. 1 Sketch of a typical squeeze film damper (SFD) configuration,

loaded journal bearings, the bubbly flow due to air entrammment forms a homogenesous mixture
with small bubbles well dispersed throughout the film and persisting even in the high pressure
zones. (Dowson and Taylor, 1979, Jacobson and Hamrock, 1983, Zzidan and Vance, 1989%ab.
Sun et al.. 1993). Foamy oil at the damper outlet evidences this pervasive operating condition

Zedan et al. (1996) review the state of the art in SFDs and remark about the importance of
the air entramment phenomenon, as it considerably reduces the dynamic film forces and the
overall damping capability of SFDs. There are no accurate models addressing to the effects of
air ingestion in dynamically loaded bearings and SFDs, nor are there relevant experimental
measurements that could aid in validating predictive analysis. Only recently, Diaz and San
Andres (1998a-c) provide expenimental results on a test SFD describing circular centered orbits
and correlate dynamic pressures and squeeze film forces to the volume concentration of air in a
controlled bubbly mixture, The experiments ¢vidence a dramatic reduction in film pressurcs
and forces as the air volume fraction increases in the mixture.

The experimental results hereby presented evidence the paramount effect of air entrainment
in the performance of $#Dy operating with an open-end to ambient discharge, the most
common configuration found in practical apphications. The measurements show the
fundamental differences in film pressure generation and forces for operation with a vented end
versus a fully flooded condition where lubricant vaporization prevails, The test results also
demonstrate the similanty between the dynamic pressure fields penerated by air entrainment
and those measured for operation with a controlled homogeneous bubbly mixture. The effect of
increased supply pressure and lubnicant through flow on the delay of air entrainment within the
fluid film is also investigated.

Physical reasoning aided by the praxis gained from the experiments lead to a simple model
based on the microscale analysis of the dynamies of a single bubble as deseribed by the
Rayleigh-Plesset equation. The mode! renders time-space averaged equations for description of
the motion of the lubncant mixture, The end result 15 a Revnolds-like equation with effective
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properties representing a fomogenous (no relative motion between the components) mixture
(Diaz, 1999) Hydrodvnamic pressures and forces predicted from the model show good
correlation to the experimental measurements of Diaz and San Andrés (1997, 1998a-c) in s
damper operating with controlled air in oil mixtures.

The major limitation for the application of the bubbly flow model to actual SFDs operating
with air entrainment is that the amount of air entrapped in the lubricant film needs to be known
a priort. The concentration of air is specified as a reference state for the homogeneous bubhly
muxture. A simple model based on the conservation of mass in a control volume is devised for
the estimation of the reference mixture volume fraction. The lubricant through flow rate, the
geometry of the damper and the kinematics of journal motion define a dimensionless parameter
which renders the amount of air entrained into a SFD operating with ane end open to ambient,
This mixture volume fraction model is applied in conjunction to the homogeneous bubbly
mixiure model to predict the hydrodynamic pressures and forces in a 850 operating with air
naturally entrained. The predicted pressures and forces are compared to the experimental
measurements and show a significant improvement n relation to prior models:




2. AN EXPERIMENTAL ASSESSMENT OF THE DIFFERENCES BETWEEN
LUBRICANT VAPOR CAVITATION AND AIR ENTRAPMENT IN SFDs'

2.1 Test Rig Description and Experimental Procedures

The expeniments are conducted in an open end damper operating with a circular centered
wharl orbit of amplitude equal to 50% of the film clearance. Diaz and San Andrés ( 1998a-c)
describe the test apparatus, measurement procedure and uncertainty analvsis. Figures 2 and 2
depict the damper test section. flow loop, instrumentation and relevant nomenclature. The
damper journal diameter (D) and axial length (L) are equal to 129.4 mm and 31.] mm.
respectively. The journal and its ball bearing are mounted eccentrically on a rigid shaft. A
variable speed DC motor and belt transmission drive the shaft supported on two precision ball
bearings. At a pressunized condition of 7.0 bar the nominal radial clearance (¢) and orbit radius
(¢) are equai to 0.343 mm and 0.2]16 mm, respectively. The left end of the damper is tightly
sealed with an O-ring. while its right end opens to an exat plenum at ambient pressure. The
fubricant enters the damper through two holes at the top (20) and bottom (270°) of the damper
left end.

The experiments are performed with an ISO VG 68 pure lubricant of density and viscosity
equal to 0,87 gr/em” and 77.5 centipoise at 28 °C, respectively. The lubricant is delivered to the
test section via a gear pump and removed from the discharge plenum with an auxiliary pump.
The lubricant flow rate and supply pressure are recorded at the inlet port with a gear flowmeter
and a Bourdon type pressure gauge. respectively. A K-type thermocouple detects the lubricant
film temperature. a photoclectric tachometer senses the drive shaft speed (equal to the journal
whirl frequency). and two eddy current displacement sensors record the motion of the journal.
Six piezoeleetric dynamic pressure sensors are flush mounted around the damper
circumference at two axial planes (Z; and Z;) as depicted in Figures 2and 3.

2.2 Experimental Procedure

The lubricant supply pressure and flow rate, film temperature and synchronous whirl
frequency are manually recorded in the experiments. The dynamic film pressure at the location
(180°, Z;). see Figure 2, is measured with a piezoelectric transducer and digitally recorded with
16 bits of resolution at a sampling rate of 2048 Hz for a total length of 2 sec.

Four types of experiments have been conducted to evaluate the performance of the test SFD
under different operating conditions. Measurements of the pressure field and film forces are
performed for fully flooded and open-end vented conditions and for increasing whirl
frequencies while maintaining the same supply pressure. In the first type of measurements, the
damper discharge plenum is fully flooded with lubricant at atmospheric pressure preventing the
ingestion of external air. In this case, the fhud m the damper film lands shows vapor cavitation
while the damper operates at a given whirl frequency. The second type of measurements
exemplifies a more realistic operating condition where the lubricant discharges to an open
plenum vented to atmosphenc conditions, In this case air ¢ntrains naturally into the squecze
film lands and the discharged lubricant has the appearance of a bubbly mixture resembling a
toamy flaid.

! Adapted from “Air Entrainment vs. Lubricant Cavitation in Squeeze Film Dampers” by Diaz and
San Andrés, 1999, 480K paper 99-GT-157.




12

REFERENCES
16 17
1.-HOUSING END PLATE !
2.- HOUSING 13 OIL EXIT
3.- JOURNAL = 185
4.- END PLATE 14 /
5.- ECCENTRIC 9 PRESS
G.- ECCENTRIC HOLDER = _GAUG'é
T.- BHAFT — B I
B.- KEY 1 I i ===
9.- HOUSING CAP =
10.-LIP SEAL } 6
11.- LEFT SEAL PLATE 10— L
12.- HOUSING SUPPORT 5
13.- SHAFT SUPPORT 11 0 4
14.- SHAFT BEARINGS = 3
15.- JOURNAL BEARING = Lr::iL EXIT
16.- FPRESSURE NUTS
17.- FROXIMITY PROBE ot
18.- BASE PLATE
1w~ 2
{a) General assembly
PF: displacement sansor
7o PT: pressurs transducer
TT: thermocoupla
Z3
it 2z PP| i
open end
discharge
plenum
dimensions
= 6.6 mm
= 16.T mm
=37.1 mm
L=31.1 mm
D=129.4 mm
C=0.343 mm
e=0.180 mm
L/D=0.24; R/C=189
e/C=0,53

(b} Squeeze film damper detail,
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Fig. 3 Schematic view of instrumentation and lubricant lines

In the measurements with increasing whirl frequencies. the supply pressure s setto a
constant value of 2.3 bar, which corresponds to a lubricant flow rate of 0.4 I/min. In the vented
to ambient condition tests the lubricant is evacuated from the plenum discharge chamber using
a small diaphragm pump suctioning at a bottom port. On the other hand, the whole damper test
section 15 submerged in a lubricant bath for the flooded condition tests. In this last case. the
lubricant is evacuated from a top port directly to the oil sump. The plenum pressure is at
atmospheric pressure for both test conditions. A transparent window on the damper housing
discharge section allows verifying that the plenum remains either fully flooded or cmpty,
depending on the type of test conducted. The SFD rig 13 brought rapidly to a maximum shaft
speed of 6,000 rpm (100 Hz), and the measurements are performed while reducing the speed
by steps of 500 rpm (8.33 Hz) each.

The other two types of measurements illustrate the performance of the open-end vented
SED for different lubricant flow rates (pressure supplies) and operating at two whirl
frequencies. 8.33 Hz (500 rpm) and 16.67 Hz (1000 rpm). The measurements are performed
while the supply pressure (or oil through flow) is increased in discrete steps until the return
auxiliary pump is not able to evacuate all the lubnicant and the discharge plenum starts to
overflow,

The manufacturer values for the uncertainty of the measurement sensors have been verified.

The individual errors are 1% of measurement for the o1l flowmeter 3% of full scale (10.3 bar)
for the Bourdon pressure gauge, and 1% of full scale (100 "C) for the thermocouples. The
mstrumeniation uncertainty on the dynamic pressure measurements 1s mainly related to the
A/D conversion, which s on the order of hundredths of a bar. However, the large temporal
fluctuations of the pressures introduce a first-order uncertainty (Moffat, 1982} that overcomes

fy
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the istrumentation uncertainty by about two orders of magnitude. The discussion of test
results addresses at length this issue.

2.3 Experimental Results

Figure 4 depicts the measured squeeze film pressures for the fully flooded and vented
operating conditions. The solid lines represent the dynamic pressures and the dotted lines show
the variation of the film thickness at the location of measurement and for five periods of
journal whirl motion. In both experiments, the supply pressure is 1.43 bar and the discharge
plenum is nearly at atmospheric pressure (1 bar). The oil flow rate is (.12 liter/min and the film
temperature is 27°C. The SFD joumnal describes circular centered orbits with an orbit radius of
(1180 mm at a whirl frequency of 75 He,

Figurc 4a shows the typical pressure profile found when the pure lubricant undergoes
through a vapor cavitation process. The measurements correspond to a piezoelectric dvnamic




pressure transducer, thus the negative values in the pressure scale represent pressurcs below the
average pressure and do not mean negative absolute pressurcs. Note that the pressure profile 1s
smooth and shows nearly identical shapes for each period of motion. A (flat) constant pressure
zone develops at nearly zero absolute pressure, and it corresponds to the rupture of the film and
formation of a vapor filled cavity. The vapor cavity appears only during that portion of the
journal motion period where the film gap increases. The vapor bubble collapses immediately as
the local pressure raises above the lubricant vapor pressure. In general, correlations of
measured pressures and vapor cavitation extent with predictions based on traditional film
rupture models are satisfactory,

"The pressure profile shown in Figure 4b shows the effects of air entraimment for the vented
to ambient condition, The penodic motion of the journal not only squeezes the lubricant but it
also induces air ingestion and entrapment within the film. At the times when the local film eap
increases a suction pressure draws air into the thin film and leads to the formation of a bubbly
mixture of air in oil, with bubbles persisting even in the high pressure zones. Note that the
squeeze film pressures differ markedly for each period of journal motion and cven the peak
pressures undergo large variations. A pressure flat zone at nearly ambient pressure, typically
misnamed as gaseous cavitation zone, initiates when the film goes from its minimum to its
maximum values (negative squeeze action). The generation of subambient film pressures is
also unique during the negative squeeze portion of the journal motion eycle.

A period averaging scheme is applied to the measured pressures to filter random
fluctuations, thus generating smooth periodic pressure ficlds representative of the overall
behavior of the squeeze film pressures over many cycles of motion. Figures 5a and 5b compile
the period averaged dynamic pressures corresponding to measurements at different operating
whirl frequencies for the flooded and vented open end, respectively, The vertical axis
represents the pressure, the horizontal axis depiets the time normalized by the period of motion,
and the off-plane axis denotes the whirl frequency ranging from () to 100 Hz (0-6,000 rpm). For
the flooded condition and at low whirl frequencies the level of external supply pressure
prevents the onset of the fluid vapor cavitation zone. However, as the journal whirl frequency
increases, the dynamic film pressures are low enough and approach the vaporization pressurc,
thus mitiating the oil vapor cavitation zone. The extent of the vapor cavitation zone increases
lingarly with the journal whirl frequency.

On the other hand, the dynamic pressures corresponding to operation with a vented
discharge condition (Figure 5b) are most distinctive and resemble the pressures measured
earlier n the same test ng operating with a controlled homogencous bubbly mixture of air and
oil {Diaz and San Andres, 1998a-c. Diaz, 1999). A constant pressure zone that interrupts the
pressure evolution from the minimum to the maximum peak develops and with a magnitude
nearly equal to the ambient pressure. The extent of the flat pressure zone increases rapidly with
the journal whirl frequency for low frequencies. However as the operating frequency increases
further, the extent of the constant pressure zone appears nearly stationary. Diaz and San Andres
(1998a.c) have correlated the extent of the constant pressure zone with the concentration of air
in a test SFD operating with a controlled homogeneous bubbly mindure, Thus, the extent of the
flat pressure zone in the current measurements denotes increasing degrees of air entrainment as
the whirl frequency increases.

Figure 6 shows a quantitative comparison of the peak-to-peak (p-p) pressurcs generated by
the test SFD operating with vapor cavitation (flooded plenum) and with air entrapment (vented
open end). The magnitude of the p-p pressures for the vented condition represents an averaged
value from the many periods of measurement. The vertical bars represent the first-order




Pressure [1 bar/div]

time [0.2 T/div]
(a) flooded plenum.

Fressure [1 baridiv)

L,_-"_ pressure zone

L | wented il
plenum
e i L i i 1 I ! A
time [0.2 Tridiv]
{b) vented plenum.

Fig. 5 Development of the period averaged pressure field and
uniform pressure zone vs. whirl frequency
(looded and vented end conditions).

uncertainty as defined by Moffat (1982). i.¢. the bars correspond to the largest deviations
(above and below) from the average value for the entire length of the experiment. Figure 6 also
includes an analytical prediction of the p-p pressures and based on the simplest SFD model
available, the short length bearing with open ends. The pressure is given as
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(Mooded and vented end conditions and predictions).
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P = e

hart — :"33 B

sin(6)(2° - 1)+ P, (1)

and the lubricant vapor cavitation is accounted for with the simple relation,

= J. P'ﬂ“”‘r {f P-T.‘RJH' > O

‘i'J‘
[{] {’f P_'.'hc.lr." =0 (2)

Refer 1o the Nomenclature tor a proper definition of all variables.

The short length bearing model predicts a lincar growth of the p-p pressures with the journal
whirl frequency. The rate of p-p pressure raise reduces above the whirl frequency at which the
lubricant vapor cavitation initiates (~17 Hz). The experimental pressures for the flooded SFD
condition correlate very well with the predicted values. However, the p-p pressures for the
vented condition quickly reach a constant value, (nearly) independent of the whirl frequency
and much lower than for the flooded condition. The first order uncertainties for the flooded
condition are rather small indicating a stationary pressure field. On the other hand, the tests
with air ingestion and entrapment lead to p-p pressure fluctuations of up to 35%.

A SFD describing circular centered orbits and with a séattonary” pressure field
{(synchronous with the shaft) generates invariant forces in a radial and tangential coordinate
system rolating with the same speed as the shaft. A pure tangential force is distinctive of an
ideal viscous SFD since this force directly opposes any forward whirl motion. Radial forces
could be centening denoting a stiffness-like effect. or outwards implying a fluid inertia effect.
Dvnamic damper forces (£, ) in the radial and tangential directions arise from integration of
the pressure field around the journal surface. A kinematic relation between the stationary
(though rotating) pressure field and the dynamic pressure field at a fixed location is used to
transtorm the spatial integration around the joumnal circumterence into integration in time. The
relationship is,

* Here the stationary qualification means an invariant pressure field relative to an observer positioned
in the spinning shaft
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Fig. 7 Radial and tangential forces versus whirl frequency
{Mooded and vented end conditions and predictions),
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Refer to the Nomenclature for a proper defimition of all vanables.

Figure 7 depicts the radial and tangential forces per unit length at the axial location of
measurement (Z-) versus the journal whirl frequency, Circles and squares denote the measured
forces for the vented and flooded conditions, respectively, and solid lines represent the forces
predicted by the short length bearing model. Mote that the radial forces are much lower (about
25%) than the tangential (damping) forces and depicted with a different scale, The analytical
predictions show the damping force to increase linearly with the whirl frequency. although
with a reduced slope after vapor cavitation mitiates. The caleulated radial force is nil for a full
film condition, and increases linearly with the whid frequency afler vapor cavitation initiates,
The predictions agree well with the forces derived from the experimental pressures under a
flooded discharge operating condition (=10%). Conversely, for the vented plenum and where
arr entrains naturally into the fluid film, the damping (tangential) force actually decreases as
the whirl frequency increases and becomes a mere fraction (15%) of the damping force
obtained for the flooded SFD condition. At large whirl frequencies when air entrainment is
more severe; the radial force becomes larger than the tangential force. Note that for the
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computation of the forces it has been assumed that the pressure profile rotates synchronously
with the shaft independently of the amount of ingested air in the lubricant. This assumption
needs to be verified experimentally.

Figure 8 demonstrates the effects of the supply pressure (lubricant flow rate) on the
generation of film pressures and the onset of air entramment. Figure 8a compiles the period
averaged pressures at an operating frequency equal to 16.67 Hz (1000 rpm), and Figure &b
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Fig. 9 Peak-to-peak pressures versus oil flow rate and supply pressure
for two whirl frequencies.

depicts the pressures at 8.33 Hz (300 rpm), The SFD discharge plenum is vented to
atmospheric pressure. In the figures, the vertical axis represents the pressure, the horizontal
axis depicts the ime normalized by the period of motion, and the in-plane axis gives the
magnitude of supply pressure and lubricant flow rate. The experiments show that increasing the
lubricant through flow rate reduces the extent of the constant pressure zone where air is
entrapped. That 13, the seventy of air entrainment decreases allowing for the generation of
larger squeeze film pressures and fluid film forces. Note that in the experiments at 16.67 Hz, a
lubricant vapor cavitation zong starts to develop for the largest tlow rates.

Figure 9 depicts the period averaged p-p pressures corresponding to the dynamic pressures
shown in Figure Y versus the oil flow rate and the supply pressure. The figure also includes the
predicted theoretical values derived from the short length bearing model given by equation (1).
For both operating whirl frequencies. the p-p pressure grows rapidly with the supply pressure
For large flow rates the p-p pressures approach an asvmptotic value, and correlate well with the
simple analytical values, Note that the theoretical model does not predict fluid vaporization or
air entrainment at these low frequencies. The experiments also evidence that larger lubricant
tflow rates are needed to control mir entrainment as the whirl frequency increases.

Figure 10 depicts the test radial and tangential forces versus the oil flow rate and supply
pressure for the whirl frequencies equal to 8.33 and 16.67 Hz, respectively. Note that, since the
radial forces are smaller than the tanpential forces, the scales arc different on each figure. The
experiments at the lower whirl frequency reveal a rapid increase of the tangential film force
towards the analytical asymptotic value. However, at the whirl frequency of 16,67 Hz, the
tangential (damping) force grows continuously within the full range of test pressure supplies
Unfortunately, the current test facility does not allow for higher levels of pressurization so 1t is
not possible to confirm the asymptotic trend of the tangential force for large flow rates. The
radial forces are small and tend to decrease with the supply pressure for the higher test whirl
frequency (16.67 Hz). Mote that in practice, higher supply pressures are not readily available
nor are desired because of the increased operating cost and associated bulky hardware,




Supply pressure [bar]

1] 0.6 0.8 |2 1.6 2.0 24

6 I T T T T ——
e
E
-
=
=, 1 [o . S . 18.67 Hz .
@ pr =R S 11 [ o
E 3 B = |
g
o 2L .
i [ . — - 833 Hz =
m ; B H I =]
m .I_-'J £ o b--.. e £

Py o=
0L . . prediction, 8,33 and 16 67 Hz

prediction. 16.67 Hz

16867 Hz

Tangential force [kN/m]
|

=
=1
|

0.2 0.4 06 0.8 1.0 12
Oil flow [literfmin]

Fig. 10 Radial and tangential forces versus oil flow rate (supply pressure)
for two whirl frequencies.

2.4 Summary

The foree response of squecze film dampers is affected by numerous factors, including
geometric charactenistics, lubricant type. whirl frequency. and supply and discharge
mechanisms. Ingestion and entrapment of air is pervasive in SFDs operating with vented open
ends at ambient pressure. The fluid film becomes a foamy-like mixture with air bubbles
persisting in the regions of pressure generation above ambient. Current models for the rupture
of thin films, gaseous and vapor cavitation, are strictly applicable for static loads, and their
extension to transient or periedic loads gives accurate predictions only for beanngs fully
submerged n a lubricant bath.

Experiments have been conducted on a controlled orbit test SFD operating with two end
conditions, one i fullv flooded with lubricant, and the other one is just an open vent 1o ambicnt
as most tvpical applications exemplify. Measurements of the dynamic film pressures and
estimated fluid film forces are performed for increasing whirl frequencies at a fixed value of
supply pressure. In the flooded SFD the film pressures are quasi-stationary and repetiive for
cach cycle of damper motion, and where the lubricant vapor cavitation zone increases linearly




with the journal whirl frequency. On the other hand, for the vented condition, and as soon as
air is ingested into the film lands, the film pressures show random varations and sudden
spikes, zone of subambient pressures, and a discharge fluid appearing as a bubbly mixture. A
constant pressure zone at ambient pressure also grows linearly with the whirl frequency.

Period averaged peak-to-peak (p-p) pressures and film forces are calculated from the
measured pressure fields. For the flooded condition, the p-p pressure increases linearly with the
journal whirl frequency, and its raise rate reduces at the frequency where lubricant vapor
cavitation imtiates. The damping (tangential) force shows a similar trend. A radial (centering)
force also appears when the fluid vaporizes (cavitation) and its magnitude is proportional to the
whirl frequency. In contrast, with a vented plenum condition, the p-p pressures quickly reach a
constant value, (nearly) independent of the journal whirl frequency and much lower than for
the flooded condition. The damping force actually decreases as the whirl frequency increases,
and becomes a mere fraction (~15%) of the tangential force obtained from the flooded
condition, At large whirl frequencies when air entrainment is more severe, the radial force
becomes larger than the tangential force. Thearetical predictions based on a classical model
predict well the pressures and forces for the flooded condition (vapor cavitation), but fail 1o
reproduce the test values for the vented condition which develops into a foamy-like mixture, It
15 important 1o note that further experiments should be performed to verify that operation with
air entrainment still results in & rotating pressure field.

Further experiments at low whirl frequencies demonstrate that increasing the supply
pressure reduces the extent of air entrainment and inereases the film p-p pressures and damping
forces. However, the beneficial effect of external pressunzation becomes less pronounced as
the frequency of operation increases. A sound theoretical model accounting for air entrainment
is needed for the reliable design of SFDs, thus reducing their costly trial and error tuning
process. The test results suggest that considering the squeeze film flow as a homogencous
continuous mixture could lead to an improved predictive analysis.
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3. THEORETICAL MODELING OF THE BUBBLY FLOW IN A S¥D

The previous sections discuss the propensity of squeeze film dampers to develop an
operating regime in which air entrapment persists. The measurements demonstrate the
paramount effect of air entrapment on the SFD force performance. The experimental results
also cvidence the limitations of the currently available models for prediction of hydrodynamic
forces in $FDs. These models assume, as in hydrodynamic journal bearings, that SFDs develop
erther vapor cavitation or a single steady bubble of gaseous cavitation, Tt becomes clear thata
reliable mathemancal model addressing the operation of SFDs with air entrapment is
imperative. In this case, the experimental results bolster the possibility of modeling the
lubricant as a homogencous mixture of small air bubbles dispersed in an oil matrix.
Furthermore, the experimental results of Diaz and San Andrés (1996, 1997, 1998 a-¢) provide a
dependable database for validation of models based on this premise.

Two general approaches to the theoretical formulation of bubbly flow in squeeze film
dampers are proposed, The first model, developed by Tao et al. (1998 1s based on the general
methodology of the Camtinnum Theory of Mixtures (CMT). The formulation considers the oil
as an incompressible Newtonian fluid and the air as an ideal gas, both occupying the whole
flow domain as a homegeneous field where each material point in space contains particles of
both components in a given (not necessarily constant) proportion (Principle of Equipresence).
The two components regarded in thermodynamic equilibrium at all times, move with the same
velocity field (i.e., no relative motion between the two components). The fluid film is
considered isothermal and the effects of the lubricant surface tension are neglected.

Averaged momentum and continuity cquations for cach component are developed to obtain
a differential equation akin to the Reynolds lubrication equation for the mixture pressure along
with a relation between the mixture pressure and the local air volume fraction (or mixture
density). Unlike the case of a pure lubricant where the specification of boundary conditions for
pressure is sufficient, boundary conditions on the volume fraction also need to be specified for
a mixture lubricated SFL). This additional boundary condition allows the stipulation of
different amounts of entraimed air or lubricant air volume fraction in the model.

The mixture effective viscosity is no longer a material property as in a pure Newtonian
fluid. It can be understood as a statistical parameter affected by the distobution of the two
components within the mixture and the characteristics of the flow, Therefore, a numerical
correlation to compute the mixture viscosity as a function of the local volume traction must be
determined from careful experimentation. A control-volume (finite difference) scheme is
employed to solve iteratively the flow equation for the pressure coupled to the volume fraction
and viscosity relations. Numerical integration of the caleulared pressures renders the dynamic
forces. radial and tangential. acting on the damper journal,

The second moedel hereby proposed assumes the bubbly mixture to be homogeneous, 1.¢. the
gaseous phase is so finely dispersed within the oil that no appreciable relative motion occurs
between the phases. Under this assumption, the flow equations for the mixture reduce to the
linear momentum equations of a single continuum with some effective physical properties.
Therefore, following the typical assumptions of classical lubrication (thin film. laminar flow
and no fluid inertia), a general form of the compressible-fluid Reynolds lubrication equation

* Concurrent research work at the TAMU Tribology Group.
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arises for computation of the squeeze film pressures, provided the effective density and
viscosity of the mixture are known.

The air/oil mass (quality) ratio is assumed to remain constant in both time and space.
Lubricant vaporization/condensation is taken into account by considering the bubbles to be
filled with a mixture of air and saturated oil vapor (both assumed as ideal zases). As a result. a
constant number of bubbles is fixed per unit mass of liquid (or unit volume if the mass of oil
vapor exchanged 1s considered negligible with respect to the total 0il mass). Since the diffusion
time required to dissolve an air bubble in oil is relatively high (Sun and Brewe, 1992). the mass
of air contained within ¢cach bubble is considered invariant and its partial pressure is related to
the bubble volume through the ideal gas law. On the other hand, oil vaporization and
condensation can be considered instantaneous, and thus the oil vapor 1s assumed to be in
thermodynamic equilibrium with the surrounding oil at all times and with a partial pressure
always equal to the vapor pressure of the oil at the mixture temperature.

The size of a single gas/vapor bubble immersed within an infinite incompressible liguid
depends on the pressure and temperature of the liquid medium and 15 governed by the
Rayleigh-Plesset equation (RPE), a sccond order non-limear differential equation that describes
the motion of the bubble surface (Brennen, 1995). The Rayleigh-Plesset model represents the
momentum equations in polar coordinates applied to the liquid surrounding the bubble
(regarded as infinite, incompressible and Newtonian) and coupled with the state equations of
the gases inside the bubble. If the interaction among adjacent bubbles 18 neglected. and further
it is assumed that the size of cach bubble in the mixture is governed by the RPE, then the liquid
pressure and temperature are identified at the local mixture conditions. That is, the local
density of the mixture can be determined by solving the RPE equation. A more complete
discussion on the limitations of this assumption follows later,

In its more general form, the Rayleigh-Plesset equation includes the effects of surface
tension, liquid viscosity, fluid inertia, non-spherical shapes. temperature, change of phase, and
many others. However, the model proposed here employs a quasi-static version of the RPE on
which the characteristic frequency of pressure variation is considered low with respect to the
bubble's natural frequency, The assumption produces negligible time derivatives and renders
equilibrium between the two phases at all times, The resulting model is a non-linear algebraic
equation that relates directly the bubble size to the local mixture pressure. The bubble size
distribution renders the volume fraction, which in turn viclds the density of the mixture. Note,
however, that even when the excitation frequencies are small with respect to the lineanized
bubble natural frequency for the mean bubble radius, the nonlinearitics of the RPE could lead
to conditions in which the dynamic terms are not negligible. On one side, the natural frequency
i5 a function of the bubble radius, which itself changes in time. On the other hand, when the
pressure drops the bubble could reach an unstable condition, te. the bubble could grow
indefinitely at a rate determined by the dynamic terms of the RPE. These possibilities are
excluded from the present model, vet it is acknowledged that further analysis is required on this
subject. One of the available empirical correlations (such as Cicitti’s or Isbin’s) is used to
evaluate the effective mixture viscosity as a function of the volume fraction. Hence, the
effective mixture density and viscosity are represented as functions of the mixture local
pressure, providing a closure to the Reynolds equation.

The Reynolds equation for the film pressure. coupled with the effective density and
viscosity correlations, is solved iteratively for air/oil mass fractions ranging from zero to one
{corresponding to the reference air volume fractions from the cxperiments). The results are
compared with the experimental measurements of Diaz and San Andrés (1997, 1998a-c) in




terms of pressure profiles, peak-to-peak pressures and dynamic forces as a function of the air
volume fraction in the mixture,

A final discussion addresses possible refinements to the models and alternative approaches
not contemplated in the present work. Expected results and difficulties are pointed out and
discussed in light of the expenimental results and developed models.

3.1 A Homogeneous Bubbly Mixture Model for SFDs

A large number of bubbles are well dispersed throughout the thin film in the presence of air
entrapment (Diaz and San Andrés. 1997 1998a-c). The air bubbles may be of sizes comparable
to the film thickness, vet small in comparison to the film axial length and its circumference.
The bubbles remain in the film for several cycles of journal motion and survive while passing
through high pressure zones. The persistence of these bubbles greatly affects the hydrodynamic
pressure generation in the squeeze film. Thus, it becomes necessary to account for the effect of
the bubbles in the flow of the lubricant. The observed characteristics of the flow suggest the
applicability of the homogenous mixture analysis to describe the hydrodynamics of the
lubricant within the film. As stated carlier, when the relative motion between the two phases of
the mixturs is negligible the governing equations take a form similar to that of a homogencous
single component thaid:

T4+V-(pv)=0 (4)

Z(pv)+V-(pw)=V-c+p-b ()

where p=(1- ,8] o, 1s the effective mixture density.

According to the expenmental observations of Diaz and San Andrés (1997, 1998). the flow
in the SF) film lands can be considered isothermal. Thus. the energy transport equation does
not need to be included in the analysis since the lubricant material viscosity is fixed for a
constant temperature,

The pas volume fraction, £, is computed from the solution of the isothermal Rayleigh-
Plesser equation,

s
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Consider now the dynamic terms in the Kayleigh-Plesset equation. Any bubble in the
squeeze film lands is subjected to a pressure, p, composed of a constant value, 7, plus an
oscillating component, 7, of a fundamental frequency equal to the journal whirl frequency, m
If the frequency @ <<a, the bubble natural frequency, the contribution of the inertia terms will
be negligible and the bubble will behave as quasi-static. unless it is within an unstable region.
The natural frequency of the bubble extracted from the linear form of equation (6) is given by:
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where the equilibrium bubble radius corresponds to a bubble at the mean pressure value, p
For a typical test case (as discussed m the previous chapter), the mean pressure corresponds to
the exit plenum pressure (~2.1x10° Pa), where visual observation of the bubbles suggests
bubble radu similar to the damper clearance (R,,~0.3 mm). The surface tension coefficient, 5.
of the ISO VG68 oil employed in the tests is equal to (.035 N/m at the test temperature (7.=38
55 tiie vapor pressure, py: 1s 0,08 Pa at the same temperature. and the o1l density, ;. 1s 867
kg/m®

Substitution of these values into equation (8) results in a natural frequency estimate of
@,=14.300 Hz". which is much larger than the typical operating frequency of most SEDs, i.e
usually below 500 Hz. Furthermore, it seems more adequate to employ the liquid density for
the inertial terms in the BPE. Yet, it 15 noted that consideration of the reduction of the effective
mixture density due to the presence of the bubbles would lead to the prediction of even higher
bubble natural frequencies. Recall, however, that even when the excitation frequencies are
small with respect to the linearized bubble natural frequency for the mean bubble radius, the
nonlinearities of the RPE could lead to conditions in which the dynamic terms are not
negligible. Consequently, considering the bubbles as in quasi-static motion leads to a
simplification of the Rayleigh-Plesset equation (6) to:

R, \ 28
¥ fapi —_ - — = i
Pri = Pixs) + PGa R R (9)

Equation (Y) provides a direct relation between the mixture pressure and the bubble radius.
If the mixture pressure is known, the bubble radius can be directly computed and sef into
equation (7) to compute the gas volume fraction. Then, the effective density of the mixaure can
be estimated, providing closure to the continuity and momentum equations, (4) and (3).
respectively, if the mixture viscosity 1s known, Further analysis of the terms in equation (9)
leads to additional simplifications. While all the pressure terms on the left hand side are on the
order of 10” Pa (1 bar), a typical value of the surface tension term on the right hand side is
estimated as just 233,33 Pa (8=0.035 N/m, #=0.3 mm). Thus, the right hand side term is three
orders of magnitude smaller than those in the left hand side and can be safely neglected. The
Rayleigh-Flesset equation (9) can now be written in terms of the partial pressure of the gas. p,.
instead of the bubble radius as:

JI'r"p'[r_,] +-t‘r‘];' =1u{:.r'| (10)

which simply states that for a quasi-static bubbly mixture in the absence of surface tension the
liguid pressure is 1 balance with the sum of the partial pressures of the vapor and the gas

* Note that the equation for the bubble natural frequency is based on the assumption of an infinite
imcompressible fluid medium surrounding the bubble.




contained within the bubbles. Thus, solving equation (10) for p, and substituting into equation
(7) leads to the following barotropic formulae for the mixture volume fraction:

]
= ]
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Recapitulating, the motion of a quasi-statie, isothermal, homogeneous bubbly mixture
composed of an ideal gas (air) and a Newtonian incompressible liquid (oil) is fully determined
by equations (5), (9) and (11). It 1s certainly acknowledged that this set of equations could be
obtained in a shorter and apparently simpler way. However. the long path hereby followed to
denve the mixture equations evidences all the simplifications introduced and gives insight into
their effects on the expected results. It is also intended to provide a sound framework for more
complex formulations to come in the future.

It remains to adjust the mixture model to the geometry of typical squeeze film flows.
Descriptions of the classical lubrication theory for smgle component fluids are available in
lubrication textbooks and even some fluid mechanics texts (Szer. 1980, Chalds. 1993,
Schlichting, 1953). The characteristic film thickness. €. 15 much smaller than any other
dimension scale in the film, thus leading to a formulation where curvature effects are not
important. Furthermore, fluid mnertia terms and non-cross film velocity gradients are negligible

Consider a cylindrical SFD executing circular centered orbits (CCOs) as depicted in Figure
11. The journal does not spin, but it whirls at a frequency (@) descnibing a circular orbit of
radius (g} around the center of the housing. The attitude angle { 4) defines the direction of the
line of centers (connecting the center of the journal with the center of the housing). For circular
centered orbits. ¢=ar and (&) represents an angular coordinate relative to a frame that rotates
synchronously with the shaft whirling motion (attached to the line of centers). The relative
coordinate system (& } is related to the absolute angular coordinate (&) by

=E—w! (12)

Fig. 11 Cylindrical squeeze film damper geometry.
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The film thickness is given by:
h=C+ecos(0) (13)

The smallness of the film thickness (or radial clearance, ) allows the flaw o be described
with a local (unwrapped) Cartesian coordinate system as depicted m Figure 12, The y
coordinate lies across the film, z is aligned with the shaft axis. and x represents the
circumferential direction with

Fig. 12 Unwrapped SFD film land.

x=50 (14)
In the {x.y.z} coordinate svstem of Figure 12, equations (4) and (3) become
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Many correlations have been proposed for the effective viscosity of homogencous bubbly
mixtures, some of them contradicting cach other. Feng and Hahn (1986), Pinkus (1990} and
Cammniprasart et al. (1993) present a compilation of the most used correlations for the mixture
viscosity, namely:

Owens: M= Hp (19}
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Fig. 13 Different correlations for the effective mixture viscosity.
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where ¥, represents the mass fraction (quality) of the gaseous component.

Owens approximation, eqn. (19), is evidently valid only for small gas volume fractions.
Hayward’s equation, (23) limited to small gas volume fractions comes from experimental
measurements performed by Hayward (1961), and 1t 1s also based on Taylor's (1932)
approximation of a theoretical formula developed by Einstein (1906) to estimate the viscosity
of a fluid with a suspension of spherical particles.

The Isbin, Cicchitti, and Dukler relations predict an effective viscosity that varies smoothly
from the value of the liquid viscosity to that of the gas as the mass fraction of gas increases.
However, Isbin and Cicchitti predict constant mixture viscosity values for any homogencous
mixture, regardless of the volume fraction, because the mass fraction remains constant, On the
other hand, as Dukler’s relation ntroduces the phase densities. this equation does predict a
smooth change of the viscosity as the volume fraction changes. As a matter of fact, Dukler's
correlation can be rearranged to evidence the dependence of the viscosity on the volume
fraction as follows

w=pu, +(1-p) (24)
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Figure 13 shows the different viscosity correlations versus the mixture quality or mixture
volume fraction, depending on the case. Note that mixture qualities of zero and one correspond
to volume fractions of zero and one, respectively. However, any mixture quality between the
two extremes could correspond to any mixture volume fraction in the same ranpe and vice
VErsa.

For the air-oil mixture of interest, the viscosity of the liquid is several orders of magnitude
larger than the viscosity of the gas. Thus, an approximation of the mixture viscosity can be
obtained when the gas viscosity is neglected, -

w=1-p)y (25)

This viscosity correlation, the only one that relates the viscosity to the component volume
fractions for the whole range of compositions, is selected for estimation of the effective
viscosity of the mixture,

Consider now the scale factors D (journal diameter), C (radial clearance) and I (damper
axial length), in the x, y and z directions, respectively. and a chamactenistic frequency @ Non-
dimensional parameters can be defined as:

x=Dx v.=@DV, ]
3 L z
Y= C'], v}' = mf; 1"}. f=— {zﬁ}
- - il
=1z v, =@l
which, when introduced in the flow equations. render;
dp dpv, Epv, Fpi.
Continuity: —+ =+ Y 2P _ 6 (27)

g 8 dv @3

1dp o é( .:E'v) oD 2 ( &) wDd| ai
+ L ; —| 4 + —| U (28)
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Motice that the scale (C') in the cross film () direction 18 much smaller than any other, while
D and L might be of the same order of magnitude. Typical C/D (or O/L) ratios are in the order
of 1/500. Hence, the terms with the lower order in () dominate in equations (28) to (30). All
the higher order terms on (C) are neglected, and the momentum equations simplify to

Ap @D* c’[ ff"':'_.‘]
=== == (31)

Momentum in x: 5% ?E 75
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ap

Momentum n v; —=0
omen mny 25 (32)
_ dp ol* 8 a0,
Momentum in z: i s EE 5% (33)

Equation (32} states that the pressure is constant across the film thickness, a direct
consequence of the smallness of the film clearance. Consequently, neither the density nor the
viscosity of the mixture vary along the film thickness. This observation allows direct
integration of the remaining momentum equations across the film,

- | 5]5' 2 -3 e
Wy =—— ey —hC ;
e D a::-[ ’ i) G
1 8pf.a.a
V, = ——— Oy - h(C} s
2uwml’ r"':( ) (33)

where the following boundary (no slip) conditions have been enforced,

{ﬂf y=0 = V. = 0, Vo= 0, v, =0

at y=h == y_=U=0, v),=l-’=%_ W, =0 (36)

Note that the velocity components in the x and z directions are defined by a pressure
gradient (Poiseuille flow).

The flow velocities just derived are inserted into the continuity squation (27). An integral
form of this equation across the film lead to the well known Reynolds lubrication equation,

g o [ p? & 5 [ p#® ap
w2 fph)-1 2| P G| 101 PH 971 (37)
it Dox|(12uDax| LBz|12ul 0z

Rewriting equation (37) by introducing the geometric relation (14). the Reynolds Equation
becomes:

(1) 2l ()

—ate = F L .

Loloh) 4 2 ph op| 1 4| ph'or| ~3
i D*é@|12u 00| P az| 12u o2 (38)

Analysis of the dimensions L and D renders two common simplifications to the general
Revnolds equation for lubrication, the infinitely long and the infinitely short length bearing
models, The long bearing model considers L>>D and accordingly negleets the third term of
the Revnolds equation (38), rendering a pressure field independent of the axial coordinate =
The short length bearing model considers L=< and drops the second term in the Reynolds
equation. The mfinitely long bearing model predicts well the pressure field in SFDs with sealed
ends or with large L/D ratios, where the axial flow is negligible in comparison to the
circumferential flow. The infinttely short length bearing has proven useful for the prediction of




pressure in open ends bearings with L/D ratios smaller than 0.5, where the axial flow is
dominant. The L/D ratio of the SFD employed in the experimental measurements is equal to
(0.24_ thus the short length bearing model will be adopted hereafier for simplicity, i.c.

(39)

o i\ 12u o7

ph) 1 ¢ [ph] AP |

bt i

Mote that the short length bearing model. unlike the long bearing model does predict
pressure gradients on the x and z dircctions. Thus equation (39) must be solved ina 2-
dimensional domain.

The kinematic relation (12) allows rewriting the Revnolds equation in terms of the moving
coordinate ( £). where the pressure profile appears stationary in time. Thus, the Reynolds
equation for a short lentgh SFD performing CCOs and operating with a quasi-static,
isothermal. homogencous bubbly mixture is written as:

oLt LA ],
where the effective mixture density, p. is given by the relation
p=(1-B)p.. (41)
1

R ]J
pl.'?r.l \.;Bu
and the effective mixture viscosity. 4 1s estimated with the Dukler's model

u=(1-pu, @25)

Mote that the dependence on the bubble radius has been removed from the simplified
Rayleigh-Plesset equation, Therefore. the reference state 1s fully defined by the volume fraction
at a certain known pressure. There is no need (o estimate the size of the bubbles or the number
of bubbles per unit volume of liquid. This certainly represents an advantage since the bubble
size and concentration are difficult to measure with accuracy.

The solution of the Reynolds differential equation requires the definition of boundary
conditions, These boundary conditions depend on the particular geometry studied. In general,
the boundary conditions surrounding the flow domain correspond to:

(a) periodicity in the circumferential direction.

{b) known pressure at and open end,

(¢) zero flow at a tightly sealed end or at a symmetry plane. or

(d) arelation between pressure and flow rate for a partially sealed (not tightly sealed) end

(in this casc the short length bearing model 1s no longer valid).




3.2 Predicted Forced Response of a SFD Operating with a Bubbly Mixture

The theoretical model developed is employed to estimate hydrodynamic pressures for the
test S/'D) and the experiments conducted with controlled air-in-oil lubricant mixtures, depicted
in Figure 2. The joumal, of length L=31.1 mm and diameter D=129 4 mm, whirls describing
circular orbits about the center of the housing. The radial clearance (gap) between the joumnal
and the housing is C'=0.343 mm. As previously discussed, the orbit radius measured in the
expeniments presents minute varations both in time and with the mixture volume fraction.
However, rather than using the measured (different) orbit radius on each case, an average orbit
radius (e=0.18 mm) is employed for the numerical calculations so that only the effects of the
varylng mixture composition are apparent in the results. For the same reason, the discharge
plenum pressure is also set to the average value from the experimental measurements (P.=1 %
bar). The reference state is taken as the pressure and mixture volume fraction at the exit
plenum. These are available directly from the measurements,

A standard central differences scheme is devised for integration of the differential cquation
(67) and applying. as boundary conditions, periodicity in the circumferential direction, zero
axial flow at the sealed ¢nd and a constant pressure value at the open end, 1.¢..

JLEIZI.:I . FEE!:.:I
By =P, (2)
15, =0

For a given reference state (Po, £}, an initial pressure profile is taken as a constant value and
egual to the plenum pressure (Frg=F.). Then, equations (41) and (10) are used to compute the
corresponding density field (p45) and equation (23) to caleulate the corresponding viscosity
field (g 4). With this density and viscosity profiles, an improved pressure field is computed by
solving the differential equation (40). Next, a corrected pressure profile is computed with an
under-relaxation factor (o=0.1) such that

P

ol f.z)

=(1-a)P

aldifz)

+al (43)

new[ .5

The corrected pressure field 1s employed to compute improved density and viscosity
profiles, which in turn are used to compute film pressures in the iterative process, Converge
criteria s based on a maximum difference of 2% between the old and new pressures

Mote that for the numerical implementation, equation (11) is rewritten as;

N A _ (44)

)

]

to eliminate the singularity at A=0 (i.e.. pure liquid lubricant). Note that the difference
:P.-,, A Pr.-} equals the pressure of the non-condensable gas within the bubble, which shall be

greater than zero at all times. However, since an iterative method 1s emploved. 1t 1s possible for




the corrected pressure to take zero or negative values at some step during the calculations.
Therefore, an additional condition is implemented which sets to a minimum value of 1 Pa any
computed pressure below this value. This condition does not affect the final result for the
practical cases in which an air-oil mixture is emploved, since the absolute pressures are always
above this value. Yet, for =0 1t allows the integration scheme to include the short length
bearing model with lubricant vapor cavitation (i.e., for the pure oil condition all negative
pressures are discarded),

Figure 14 depicts the computed circumferential pressure profiles for a whirl frequency of
8.33 Hz at the axial locations Z; and Z;. The vertical axis represents the absolute film pressure
and the horizontal axis corresponds to the angular location measured in the negative dircction
of the rotating reference frame. This representation i1s more appropriate for comparison with the
experimental results since it corresponds to what a fixed observer would record during one
period of journal motion, The horizontal axis depicts the time multiplied by the whirl
frequency. The pressures are computed at equally spaced values of the reference mixture
volume fraction (4.=0, 0.1.....1).

The hydrodynamic pressures computed for a pure oil condition are verified to replicate the
analytical solution of cquations (1) and (2). The solution for pure oil predicts vapor cavitation
al the axial location Z; However, recall that according to the model emploved for the pure oil
condition the pressure generation outside of the vapor cavitation zong is identical to that of an
uncavitated film (i.e., the effect of the occurrence of vapor cavitation on the pressures outside
the cavitation zone is neglected). This fact might justify the large difference on the pressure
fields when the volume fraction is increased from () to 0.1. Yet, it is also clear from the
experimental results of Diaz and San Andrés (1997, 1998 a-c) that precisely in this range of
volume fractions the pressures are more sensitive to changes in the mixture composition than in
any other,

As in the experimental results. the pressure at the maximum film thickness (8= () 1s equal
to the side pressure regardless of the mixture composition. In all cazes the positive
hydrodynamic pressure peak is larger than the minimum, and as the mixture volume fraction
increases, the location of the maximum peak moves towards the location of minimum film
thickness,

The uniform pressure zone observed in the experimental pressure profiles 1s not readily
apparent from the predicted pressure profiles. Figure 15 provides a waterfall-like representation
of the pressure profiles similar to that used in the experimental cases of Diaz and San Andrés
(1997, 1948a-c). The vertical axis represents the squeeze film pressure, the horizontal axis
depicts the time multiplied by the whitl frequency, and the in-plane axis denotes the mixture
volume fraction. The computed results of Figure 15a correspond to the axial location £, and
those in Figure 15b to the axial location 2. both predicted at a whirl frequency of 8.33 Hz. The
extent of the zone of uniform pressure is depicted, showing that ¢ven though the pressure is not
constant, the pressure changes are small within that zone. Figure 16 reproduces the results of
Figure 15 as 3D surfaces. The uniform pressure zone is depicted, increasing its extents as the
mixture volume fraction increases and with a pressure independent of the mixture composition.

Figure 17 shows contour plots of the above-desenibed 3D pressure surfaces on the time-
mixture volume fraction plane along with the local film thickness depicted on the same time
scale. This representation allows the correlation of the pressure fields with the local film
thickness and the mixture volume fraction at the same time. Positive hydrodynamic pressures
are generated during the positive squeeze portion of the cycle (decreasing film thickness).
Nepative hydrodyvnamic pressures occur during the negative squecze (increasing film




28

thickness). The maximum pressure peak moves towards the point of minimum film thickness
as the volume fraction increascs from zero. Two lines denote the area corresponding to the
uniform pressure zone of the experiments to lic on a zone of small pressure changes that
develops around the zone of maximum film thickness and covering the last part of the negative
squeeze motion and the first part of the positive squeeze. Further analysis is required to rdentify
the mechanism that leads to the formation of the uniform pressure zone and to include this
phenomenon in the theoretical models,

It 1s possible that a large air bubble develops interrupting the continuity of the homaogenous
bubbly mixture in the film, as in the case of vapor cavitation, and preventing the hydrodynamic
pressure build up. Another possibility is that the dynamic terms of the Rayleigh-Plesser
equation, neglected in this model, could lead to unstable growth of the bubbles when the
pressurc is small enough and thus affect the squecze film pressure gencration. An experimental
mvestigation including film flow visualization is required to clucidate this important issue.

Figurc 18 shows a comparison of the peak-to-peak amplitude of the predicted pressures with
the measurements previously descnbed, The continuous lines depict the computed peak-to-
peak pressures, the dotted lines represent the experimental measurements, In Figure 1%a the
experimental values correspond directly to the measurements on the transducer located at 330°,
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Fig. 17 Contour plots of the computed pressure fields versus the mixture volume

fraction for a whirl frequency of 8.33 Hz at two different axial locations.

Z, (the only one available at this axial location). The vertical bars correspond to the first order
uncertainty in those measurements.

In Figure 18b the experimental values correspond to the average of the measurements from
all the transducers located at the axial plane of Z-. In this case the vertical bars represent the
variations both temporal and spatial by taking the maximum and minimum values ever,
anywhere. The computed pressures present a fast drop in peak-to-peak amplitude for small
increments of the mixture volume fraction from 8.=0. After the initial drop, the peak-to-peak
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Fig. 18 Predicted and experimental peak-to-peak pressure amplitude for a whirl
frequency of 8.33 Hz versus the mixture volume fraction at two different axial
locations.

pressures decrease lingarly with the mixture volume fraction to a null value when the volume
fraction equals one. The peak-to-peak hydrodynamic pressure amplitudes are alwavs larger at
the axial location Z5,

For low volume fractions the theoretical predictions present good agreement with the
experimental measurements, but for mid to high concentrations of air the predictions diverge
rapidly from the measurements. On the limit case of operation with pure air, both experimental
and theoretical results render null values.

Fisure 19 compiles the radial and tangential forees per unit length at the axial Tecations Z;
and Z;, for a whirl frequency of 8.33 Hz. The continuous lines represent the theoretical
predictions, the dotted lines depict the experimental measurements. Squares and circles denote
radial and tangential forces respectively. At the axial plane Z;, the predicted radial force for the
pure oil condition 15 null. However, at the plane Z, the model predicts a small radial component
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Fig. 19 Predicted and experimental hydrodynamic forces per unit length for a
whirl frequency of 8.33 Hz at two different axial locations.

of the force due to the presence of vapor cavitation. None of the experimental measurements at
either axial location shows null radial forces for pure o1l lubricant operation. Nevertheless,
recall that this component of the force has been related to a hydrostatic pressure drop due to the
axial flow through the damper and the oil supply mechanism in the experimental rig, which is
not considered in the present model,

For an incompressible lubricant the Reynolds equation 1s a linear operator, thus superposition
of the hydrodynamic and hydrostatic pressure fields, as previouslv described in the

Lad
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experimental results section, is possible. Consequently. superposition of the two pressure fields
at 7=\ (pure oil) can be assumed for the experimental and model predictions.

The hydrodynamic pressure and its associated forces can be estimated as the difference of
the dynamic measurements minus the hydrostatic values. As a result, the measured
hydrodynamic pressure profile and tangential force would remain virtually unchanged. Yet. the
radial forces would become almost zero, as predicted by the model Unfortunately. when the
density and the viscosity are functions of the pressure, as it happens for volume fractions other
than zero. the Reynolds equation is not a linear operator and superposition is no longer
possible. It is suspected that the consideration of the axial flow would improve the agreement
between predicted and measured radial forces. but this will imply modifications to the
boundary cenditions used in the model. However, note that the axial flow in the experiments
was set to an unusually high value in order to assure a uniform lubricant mixture. In practical
applications the contribution of the hydrostatic pressure ficld would be negligible.

The tangential foree presents a similar behavior to that of the peak-to-peak pressures in hoth
axial planes, It presents a sharp descent for small gas volume fractions and a linear relation to
the volume fraction with a smaller reduction rate as it decreases to a null value at f=1.
Theoretical predictions and experimental measurements present excellent agresment for low 1o
medium values of mixture volume fractions, For volume fractions above 0.5, the measured
forces deviate from a straight line and the theoretical predictions do not follow them well.
Similar trends are observed for the forces and peak-to-peak-pressures for operation at 16.67 Hz
(1,000 rpm)

Figure 20 shows the radial and tangential forces at the plane of Z, The bars, denoting the
highest and lowest values obtained from integration of the pressures measured at different
circumferential locations on the damper, give a measure of the variation in the forces due to the
(lack of} journal centering, the deviation from an actual circle of the journal orbit, and/or the
local conditions in the bubbly mixture.
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Fig. 20 Predicted and expenmental hydrodynamic forces (radial and tangental)
for a whirl frequency of 8.33 Hz at the axial location Z,, including experimental
uncertainty.




4. AMODEL FOR AIR ENTRAINMENT IN SQUEEZE FILM DAMPERS

4.1 Prediction of the Average Volume Fraction in an Open End Squeeze Film

Many factors affect the amount of air ingested into the squeeze film lands and trapped as a
bubbly mixture with the lubricant, Among these factors are the supply and discharge pressures,
the lubricant axial flow rate, the whirl frequency, the journal vibration amplitude, and the
iua.rti{.:ular geometry of the damper. A quantification of the air/oil mixture composition is of
iterest for the accurate prediction of the dynamic performance of SFDs,

A simple analysis based on the balance of axial flows follows to compute the average air
volume fraction of the lubricant mixture generated in a squeeze film damper operating with an
end open to ambient conditions.

1L L .|
T av=-ew sinfwi)

LT

Fig. 21. Control volume in a squeeze film.

Consider the control volume shown in Figure 21. The top surface moves vertically with a
harmonic velocity, v=-ewsin(wt), squeezing the fluid contained within the control volume
(per unit depth), ¥V =hL=L(C+e cos(wr)). A constant oil in-flow rate, s, . flows from the lefi
end of the film, while the right side of the film is open to ambient, i.¢., vented to an air or

gascous cnvironment. The conservation of mass. per unit depth of film, over the control
volume is

(ol

nrzau' —m= % mrcr} H‘SJ
The ambient discharge plenum is regarded both as a sink of 0il and a source of air (gas)
simultaneously. Any oil poured out of the end plane will be immediately drained awayv. Any

flow entering from the ambient mto the film will contain only air. Therefore, the flow through
the end side, #1, is defined as:

|-y, i m<0
m=y o 5
i if m=0 (46)
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where the instantaneous air flow (?ﬁw) and mixture flow (?i?mu_) are defined as:
i Puir Gair = 0 ’f < . 0 'r-'Ir n <0
Wi, = Sk Coom = .
olo i m=z0 ; T P, G 20 1120

Assume that a periodic steady state condition has been reached. Thus. integrating equation
(43) over one full period of motion of the moving top surface renders

(47)

f, L t+AE 43 f, +2E
-[ p.;.-:‘fq:.-f{dr + Ipa.lru '@'mr‘ﬂ in J‘men ffmu.df = J‘ Eit (pmu.V}ﬂrf (48)
f £ fo 1,

where "ﬁf.-'.'f = Poil Yait
At steady state”. all flow variables have a fundamental period equal to that of the excitation
frequency (27 /w). Thus, the right hand side of equation (48) reduces to

4
B[y

. ¢yln
é‘_ (’D’"fly )d} = {pnurp-l:-‘- "=V {49}

1e., the overall change in mass over a full peried of motion cquals zero.

Air enters the film at ambient conditions. Hence, the air density, Pair, - 1 the second term of
equation (48) 15 a constant and can be taken out of the integral. The o1l density is also constant,
because the pure lubricant is considered incompressible. The effective density of the mixture
leaving the film is substituted by an average density, Py - Equation (48) is then expressed as

Pt ?EJ.I' + 'ﬂ""".r Eﬂ]’r = .I':‘:"ml'ru ﬁmu =8 (jﬂ}

where

T iF 2
I, +5E [ AL =

é'-r,-r'f = ér;_—' J- Dol dt = Hait . Ea.'r = % I‘Eau‘ dt . and I?.urf.r = % J-qmr'x dr are the are
2 £ E

the average flow rates of oil supplied, of air entering, and of mixture leaving the film per unit

depth, respectively. Note that the 7, correspond to flow rates averaged over a sufficiently long

period of time which includes many fundamental periods of motion.

The mixture exits the film at ambient pressure and the entire process is regarded as
isothermal. Thus. the air density in the discharge mixture is also equal to g, Therefore, by
definition the average mixture density is

P, = B + 1= B, Yo 51)

¥ Steady state here means after many periods of journal motion.
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where /£, is the average volume fraction of the mixture leaving the film at ambient pressure, p..

Applying conservation of mass independently for each component (air and oil) and integrating
cach equation over one period of motion, as performed earlier (o obtain the continuity equation
(50), vields the following two equations,

| — o
pru'r, Qair = pa.'?ﬂ ;ﬁa Yope = 0

Poit Tont — Paf.f(l = }'-r}a) e =0 {32)

Solving the system of equations (52) for the mixture flow and its volume fraction gives

?ﬂ]]‘.‘l’ = g-u.u' r El;m'r (53}
0 — E‘I‘mr S
=TT (34)

Equation (53) states that the mixture that exits the film during one period contains the same
volume of air and o1l that enters the film in one period. This is, of course, a consequence of
having the same inlet and outlet pressures and temperatures. and thus, the same inlet and outlet
densities for the compressible phase (air). In consequence, equation (54) provides not only the
volume fraction of the mixture leaving the film. but also the proportion of the air and oil flows
entering the film,

Consider now the portion of fluid within the control volume before a period of motion
starts, and the one that remains in afier a full period 1s completed. Since the flow is periodic,
the fluid inherited from the preceding period has to be equivalent to that left for the succeeding
one, i.g., it has to occupy the same volume and must have the same composition. Analytically,
the “residing” fluid could be pure air, pure oil or a mixture of the two materials. However. the
fluid transferred from one period to another does not necessanly have to contain the same
material particles of the one inherited from the previous cycle. On the contrary, it is speculated
that the fluid contained in the film mixcs with the air and o1l flows entering from different
locations and. after a number of cycles, reaches a steady state composition, This equilibrium
composition has to be necessanly equal to the composition of the mixture flowing through the
film (recall that the mixture entering has the same composition than the one leaving),

As a result, the mixture leaving the film can be considered as representative of the whale
mixture contained in the control volume and can be regarded as a reference state.
Consequently. the mixture density becomes only a function of the local pressure, and the
average density can then be approximated as the density at the average pressure. The
experiments Diaz and San Andrés (1997, 1998 a-c) show that when operating with a bubbly
muxture the average or mean pressure in the film is equal to the pressure at the open end
boundary (p,) (Diaz and San Andrés, 1997, 1998a-c). Thus, the average mixture density can be
approximated as

-ﬁmlx = -'r::'mr.t = ?EEJ‘IJG?F,_, + (]' - J‘Ea)pﬂ.'n' {35)

)

From equation (54), it only remains to determine 7, to fully define the reference state
volume fraction. Integration of the continuitv equations over the part of the period in which air




34

1§ bemg drawn into the film (¢.,~0). and emploving the average mixture density of equation
(33). results in the following equations for the mass conservation of the air and oil components,

f
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3 a¥F
o j 4 dar = ,BFPQ,,.’ J- ?Eﬂ
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y y (56)
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where the interval [t..¢,] corresponds to the time interval in which g.,,>0. Canceling the
densities and adding equations (56) renders
I r

qu., dt = j(féfr— — g )df (37)

f f

or, evaluating the integrals,
= A1 [ =
Quir = i‘; [{p{ﬁ ﬁ!n })_ Y ait {'rl =1, :}] (58)

In words, equation (38) states that when the film volume grows fast enough, g..=0. the
volume not filled by the lubricant is filled by air. In the interval [£,.1;] the integrand of equation
(37) 1s always positive

ar 5 -
Har = Br Hor = lem -S'J'H(fd IJ‘— i = 0 {:‘I{}}

Thus. ¢, and ; can bs computed for the time values making equation (39) equal to zero (see
Figure 22);

(60)

Substituting these values into equation (38) renders:

IR 0 T T Gt |
qmr=2—x{%(2 sin %)—.u)-i-ﬂ,e\l [_%) } (61)
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Fig. 22 Flow out of the end plane vs. ime.

Finally, the average mixture volume fraction, or the reference state volume fraction. can be
computed from equation (54) as

Gau ;1 g " ’ 4 )
'Efr {2 Sin (L-mid]~ rr). 2Leql— (ﬁ)

Bi= - (62)
2= Faid e Tt
qﬂffrT-i_T(z X (m)— .rT]+ ELE ]_(LL_N)
Define the dimensionless parameter. y, as:
¥ = gr_-n"
Lew &3)

to represent the ratio of the supplied oil flow to the magnitude of the squesze flow required to
fill immediately any instantaneous (dynamic) variation of the film volume. As Figure 22
shows, air entrainment occurs only when () is less than one and will increase as ()
approaches zero. Combiming equations (62) and (63) shows that the reference volume fraction
1s only a function of (), i.e.,
-1
2y

"d W T .
Fo ) }’(2 .'-r.fn"{y)—;'r)+2m L

Figure 23 shows the air volume fraction of the mixture trapped in the film, 4, at the
reference pressure, p,, as a [unction of the dimensionless parameter (). The air volume
fraction 15 equal to oneg for () equal zero, 1.¢., n the steady state the control volume is filled
only with air it oil is not continuously fed. As () increases. i.e., the oil flow rate increases in
relation to the dynamic volume change, the amount of air ingested into the film reduces and so
does the air/oil volume fraction. When () reaches ong, the oil flow is just enough to
completely fill the increasing volume and no air 1s drawn into the film. The air volume fraction
is zero. For () larger than one, the o1l flow exceeds the required flow to fill the growing
volume and the flow through the right end of the control volume (Figure 21} is always
outwards, completely preventing air entrainment to the film. In the later case. the air valume
fraction 15 2qual to zero, and equation (64) is undefined.
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Fig. 23 Average air volume fraction vs. y.

In the short length bearing model, the lubricant flow in the circnimferential direction 18
negligible with respect to the flow in the axial direction. Thus, equation (64) is applicable to
short length cylindrical SFDy executing circular orbits (CCO), and where L corresponds to the
axial length of the damper, ¢ 1s the orbit radius. wis the whirl frequency. and g4 15 the axial
lubricant flow rate per unit arc length. 1.e.

Jaa
ot = {- I
wD

where D is the journal diameter and O, 1s the total oil flow rate fed to the SFD. The equations
are valid whether the SFD presents a configuration with an open end on one side and sealed on
the other or with both sides open. In this last case both the journal length and the oil flow rate

must be divided by two. Note that the one-half factors cancel each other in the definition of the

(63)

(7 ) parameter.

Applied to a cylindrical SFD, equation (43) represents a local balance of mass at a fixed
circumferential location. The cylindrical symmetry of the SFD results in a stationary pressure
ficld in a rotating coordinate system synchronous with the journal whirl motion, This allows
the definition of a kinematic relation between the variation of the flow at a fixed location over
one period and the variation of the flow along the damper circumference at a fixed time.
Consequently, integration of the flows over time is equivalent to integration of the flows in the
circumferential direction. Therefore, the flow rates in equation {50) not only refer to the total
Now that enters or exits certain location of the film over one motion period but are also
representative of the flows going in or out of the whole 5/ at any mstant in time. Thus,
equation (64) renders the time average of the volume fraction at one location as well as the
spatial average at any time. The () parameter for SFDs executing CCOs is redefined as:




Equations (64) and (66) explicitly show that the air volume fraction of the mixture trapped
within the SFD lands depends on the supplied oil flow rate ((,;). the damper geometry (1., 1).
and the kinematics of the journal motion (e, ).

Some other factors that affect the air entrainment are also implicit i this relationship. The
oil flow rate is dircetly related to the supply and discharge pressurcs through the characteristic
pressure losses in the supply and discharge devices as well as throngh the damper lands.
Therefore, the () number is also related to the damper clearance (C). supply and discharge
pressures (£, .}, o1l viscosity (). and the o1l supply configuration (injection holes, feeding
grove, ete.) through the value of the oil flow (@), In summary, as noted in the literature, air
entrammment 15 device dependent, mereases with the amplitude and frequency of motion, and
can be prevented by providing enough external pressurization to ensure a sufficiently large oil
flow rate. This condition, of course, may not be readily available in practice.

4.2 Experimental Quantification of the Volume of Air Entrapped

Direct measurement of the amount of air entrapped in a SFD's lubnicant film due to free air
cntrainment 15 a virtually impossible task. Quantification of the volume of air entrapped in the
film can only be attained by measurement of its effects on casily measured variables. Diaz and
San Andres (1997, 1998a-c) describe in detail the effects of the introduction of controlled
amounts of air in the lubricant on the hydrodynamic pressure gencration and its associated
forces in a SED, thus evidencing the relation between the pressures and forces and the mixture
volume fraction. Peak-to-peak pressure amplitudes and radial and tangential forces are
presented versus the mixture volume fraction. Thus, the knowledge of the damper forces or the
peak-to-peak pressures could help to determine the volume of air entrapped. However, this
procedure requires knowledge of the particular squeeze film damper. operating at an identical
speed and with the same orbit radius. This 1s certainly not an efficient procedure,

Recall that the experimental results demonstrate the occurrence of a zone of uniform or
constant pressure that develops around the zone of maximum film thickness and whose extent
1s related to the amount of air in the lubricant mixture. This constant pressure zone is unique to
the operation of SFDs with air in oil mixtures and has been observed for both operations with
controlled bubbly mixtures as well as with air freely entramed.

An algorithm to measure the extent of this uniform pressure zone is applied to all the
pressure profiles for the tests with controlled mixtures of air and oil. The algorithm sets a
threshold band around the pressure corresponding to the time of maximum film thickness.
Then the first pressure value that lies outside this threshold band when moving away from the
point of maximum film thickness to either side is considered as the limit of the uniform
pressure zone, a; and ag in Figure 24 give the extent of the uniform pressure zone to the left
and right of the time of maximum film thickness. The total extent of the uniform pressure zone
is denoted as A=a; —ay. A threshold band that 1s too small results in inaccurate measurement of
the extent uniform pressure zone because of noise in the measurements. However, for threshold
bands between 3% and 15% of the peak-to-peak pressure the measured values of 4, a; and a,
are insensitive to the band widih,
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Fig. 24 Determination of the uniform pressure zone extent.

Figure 25 shows typical values of the uniform pressure zone extent normalized with respect
to the period of journal motion (7) versus the reference mixture volume fraction, 1.2, it
provides A, a; and ay, in terms of the fraction of the period of motion that they cover. The
figure shows the results corresponding to the averaged pressure fields at 8 33 Hz (180°, Z5).
which are representative of the measurements at all locations and at the two test operating
specds (8.33 Hz and 16.67 Hz). The threshold band is fixed to 10% of the peak-to-peak
pressure amplitude. The vertical bars represent the uncertamty mn the measurement of the
uniform pressure zone due to the discrete nature of the time domain. Tt is clear that the uniform
pressure zone centers around the location of the maximum film thickness (a,=a5). This result
applies to all the locations and speeds studied.

Figure 26 shows the average of the uniform pressure zone extent measurements around the
damper at two different journal whirl frequencies. The dots represent the spatial average (from
transducers at different locations) and the vertical bars include the spatial variation plus the
uncertainty due to the discretization of the time scale. The fraction of the period covered by the
uniform pressure zone does not change with the operating speed or the location of
measurement. It seems to be only a function of the mixture volume fraction, at least for the
range of speeds studied. More tests should be performed to corroborate this fact and extend 1ts
implications to higher speeds. This is an enterprise worthy to pursue since it will provide a
simple way to experimentally quantify the amount of air entrained into a SFD.

It appears that the fraction of the journal motion period covered by the uniform pressure
zone is independent of the operating speed. Thus, the empirical relation of Figure 26 can be
used to estimate the volume fraction by measuring the extent of the uniform pressure zone.
Even more, the simple relation =18 . depicted with a dashed line in the figure, scems to
provide a good approximation that could be useful in engineering applications for #<0.6, which
probably covers most practical applications.
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Fig. 26 Averaged extent of the uniform pressure zong versus the mixture volume
fraction for whirl frequencies of 8.33 and 16.67 Hz.

4.3 Predicted Forced Response of a SFD Operating with Air Entrainment
In this section the theoretical models developed in the previous sections are emploved to
predict the performance of the test squeeze film damper with free air entrainment. Equation
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Fig. 27 Reference mixture volume fraction versus oil through flow rate for operation at
#.33 He with one open cnd to ambient.
" estimated from measured pressure waves.

(64) 1s employed to estimate the volume fraction at the reference state (selected as the pressure
at the exit plenum). This reference state is then input to the theoretical model (o calculate the
pressure fields and the hyvdrodynamic forces.

4.3.1 8FD hydrodynamic pressures and forces versus oil flow rate

The first case studied corresponds to operation at a fixed whirl frequency (@ =8.33 Hz) with
variable supply pressure (oil through flow). The test SFD is depicted in Figure 2. The journal
diameter is =129 4 mm, the length is 1=31.1, and the radial clearance is =0.343 mm, The
average of the measured orbit radius 15 e=0.18 mm over the whole range of supply pressures
studied. The pure oil viscosity at the operating temperature is 77.5 centipoise and its density is
870 ke/m’. The discharge plenum is full of air at a pressure P,=1 bar.

Figure 27 shows the predicted reference volume fraction with a continuous lineasa
function of the oil flow rate, The eireles denote the mixture volume fraction estimated from the
cxperimental measurement of the uniform pressure zone extent and using linear interpolation to
the relation of Figure 26 (4/T'=1f5,). The vertical bars represent the uncertamty due to the
discretization of the time domain, Note that the smaller the volume fraction, the larger the
uncertainty, Both predictions and measurements show operation with pure air (f=0) when a
continuous oil supply is not present (0= 0). Also, predictions and measurements show that an
oil flow rate of about 0.8 liter/min is enough to prevent air entrainment. Above this value the
damper operates with a pure ol lubricant film.

The experimental measurements show a peculiar increase in the volume fraction for oil flow
rates between 0.3 and 0.6 liter/min. This is probably related to the measurement procedure
implemented for the uniform pressure zone extent. However, since a similar trend is observed,
though m a much smaller scale, in the results for peak-to-peak pressures and tangential forces




46

presented later, no further attempt to tune the estimation of the uniform pressure zone extent is
sought.

Figure 28 compiles the computed pressure profiles as a function of time at the axial location
Z;=16,7 mm. An increase in the generation of hvdrodynamic pressure is evidenced as the oil
flow inereases, Note that the film pressure fluctuates about a mean value equal to the discharge
plenum pressure. The results also evidence the displacement of the maximum pressure peak
towards the point of minimum film thickness as the o1l flow rate is decreased (i.e.. as the air
entrainment increases). Figure 29 shows the theoretical predictions in the same format as for
the corresponding experimental pressure profiles (Diaz and San Andrés, 1997). The graph
depicts the pressure profiles in a waterfall-like plot, with pressure in the vertical direction, time
{angular location) m the horizontal axis, and oil flow rate in the in-plane axis. The uniform
pressure zone 1s outlined according to the expenimental observations. The theoretically
predicted pressure fields do not reproduce the constant pressure zone identified in the

18 |

14

= 1.2 =
o
& ul:l“
o]
5 1.0 \
w
n
2
o
0.8 -
06 |
0.4 | | | | |
| [ | |
'E‘ 0.6
E | .
Lz 0.0 i i
0 1 2 3 4 5 6

-8=wt [rad]

Fig. 28 Predicted pressure profiles for increasing oil through flow rate and operation at
8.33 Hz with one open end to ambient (axial plane Z).
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Fig. 29 Development of predicted pressure profiles with the oil through flow
rate for operation at 8.33 Hz. One open end to ambient, axial plane Z-.

experiments. However. in the predicted pressure fields. the zone corresponding to the
experimentally determined uniform pressure zone corresponds to an area where the pressure
generation is significantly smaller than elsewhere. As previously discussed, further study is
required to identify the nature of this zone to improve the analysis.

Figure 30 compiles the peak-to-peak pressure amplitudes as a function of the oil flow rate.
The continuous line depicts the predicted values and the dotted line represents the experimental
measurements. The vertical bars denote the first order uncertainty from the measurements. The
p-p pressure has a nil value for zero oil flow rate and approaches the value corresponding to the
incompressible lubricant as the oil flow rates increases. For ol flow rates above 0.8 liter/min.
both predictions and measurements show operation with a pure liquid lubricant film, 1.e., where
the effects of air entrainment have been suppressed. In the range of o1l flow rates between ()
and 0.8 liter/min, predictions and measurements show reduced hydrodynamic pressure
magnitudes indicating the occurrence of air entrainment. However, the predicted peak-to-peak
pressure amplitudes are always lower than the expenmentally measured ones.

Figure 31 shows the radial and tangential forces obtamned by integration of the measured
and predicted pressure fields. Solid lines represent theoretical predictions and dotted lines
depict experimental measurements, Squares denote the (<) tangential (damping) force and
circles denote the (<) radial (centering) force. The tangential force starts from a zero value, (null




3 T T =T e
n —
o — —n—&
e
—) —_
@
1
=]
T
]
@ =
-
o
&
o
I | | 1
i] 02 4 0.6 0.8 1.0 L.z

Oil flow [liter/min]
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Fig. 31 Predicted radial and tangential forces versus oil through flow rate for operation at
8 33 Hz with one open end to ambient at the axial plane Z,.

oil flow rate), and increases asvmptotically to the value of force corresponding to operation
with pure oil as the oil flow rate increases to (1.8 liter/min. The correlation of the analytical
predictions of tangential force with the experimental measurements is very good. Yet, the
expenmentally measured tangential force, as well as the peak-to-peak pressure, presenta
peculiar behavior for il flow rate around 0.4 liter/min that seems to resemble the one
described for the reference mixture volume fraction.

The predicted radial centering force starts from a null value and increases with the oil flow
rate up to about 0.3 liter/min where it reaches a maximum. The radial force decreases slowly

45
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Fig. 32 Reference mixture volume fraction versus whirl frequency for operation with
one open end to ambient and oil through flow rate equal to 0.12 liter/min.
' estimated from measured pressures

unti] vanishing for oil flow rates above 0.8 liter/min, The experimental radial force also starts
from zero and increases with the oil flow rate in a similar form as in the predictions. Yet, above
an oil flow rate of (.4 liter/min the experimental radial force varies at random and shows
different values than those predicted. These random variations may be related to the fact that,
when the tangential force 15 much larger than the radial force, this is highly sensitivity to the
journal motion phase angle (which is used to project the total force into the radial and
tangential directions). Recall that the experimental journal motion phase angle is estimated by
a curve fitting of the local film thickness.

4.3.2 8FD hydrodynamic pressures and forces versus whirl frequency

The second case studied corresponds to operation of the test SFD with a constant oil
through flow rate of 0.12 liter/min and increasing whirl frequencies to 100 Hz. Recall that the
journal diameter is O=129.4 mm, the length 1z .=31.1. and the radial clearance 15 C=0.343 mm.
The average of the measured orbit radius 15 e=(0. 18 mm over the whole range of supply
pressures studied. The oil viscosity at the operating temperature is 77.3 centipoise and its
density is 870 ke/m’. The discharge plenum pressure is P.=1 bar. The experimental results are
described in Section 2.

Figure 32 gives the reference mixture volume fraction as a function of the whirl frequency.
The continuous ling depicts the analytical prediction and the circles denote the estimates basad
on the measurement of the uniform pressure zone extent on the experimental pressure waves.
The vertical bars give the uncertainty in the measurements of the uniform pressure zone extent
propagated to the estimated (from the experimental measurements) mixture volume fraction.
The experimental and analytical results present satisfactory agreement. The analytical results
show that for very small whirl speeds no air entramment occurs. Unfortunately. there is not test
data available below 8.33 Hz to confirm this trend.
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Fig. 33 Predicted pressure profiles for increasing whirl frequency and operation with
one open cnd to ambient; axial plane Z; (0= 012 liter/min).

Figure 33 compiles the predicted pressure fields versus ime (angular location) for
increasing shaft speed at steps of 300 rpm (8.33 Hz). The magnitude to the maximum peak
pressure increases with the journal whirl frequency, while the minimum pressure peak remains
of about the same magnitude. The maximum pressure peak moves towards the location of
maximum film thickness (¢ =7) and the transition from the maximum to the minimum pressure
peaks becomes steeper. Figure 34 presents the predicted pressure fields in the same format
cmployed for the experimental results shown in Diaz and San Andrés (1997). The pressure and
time (angular location) are depicted in the vertical and horizontal axis, respectively. The whirl
frequency is represented in the in-plane axis. The area corresponding to the uniform pressure
zone identified in the experimental measurements 1s shown in the figure, but 1t is clear that the
predicted pressure profiles do not reproduce this unigque characteristic of the measured pressure
profiles.
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Fig. 34 Development of the predicted pressure profiles with the wharl frequency for
operation with one open end to ambicnt and oil through flow rate equal to 0.12
liter/min, Axial plane Z,,

' uniform pressure zone estimated from experimental pressures

Figure 35 displays the peak-to-peak amplitude of the pressure as a function of the whirl
frequency. The continuous line represents the analytical predictions of the hydrodynamic
pressure amplitude and the dotted line denotes the experimental values. The vertical bars give
the first order uncertainty, or temporal fluctuations, of the expenimental measurements, The
hydrodvoamic pressure generation increases rapidly for small increments of the journal wharl
frequency from zero. As the whirl frequency increases, the rate of increment of the peak-to-
peak pressure is reduced. Note that classical lubrication theory for incompressible lubricants
predicts a linear increase of the peak-to-peak pressure with the whirl frequency. At the
maximum whirl frequency studied, the peak-to-peak pressure is still slowly increasing with the
wharl frequency. Fair agreement between predicted and measured peak-to-peak pressures 1s
observed.

Figure 36 shows the radial (centering) and tangential (damping) force components per unit
length as a function of the whirl frequency, Both forces are obtained from numerical
mntegration of the pressure profiles according to equation (3). Theoretical values are depieted
with continuous lines and experimental measurements are represented by dotted lines, Squares
denate (-) tangential forces while circles denote (-) radial forces. The predicted tangential
forces show a similar behavior to that of the peak-to-peak pressures. However, the measured
tangential force increases only for small whirl frequencies and monotonically decreases for
whirl frequencies above 20 Hz. Good agreement between theory and experiments is achieved
for small whirl frequencies, but above 20 Hz the predictions diverge from the measurements
predicting a tangential force of approximately 2.3 times the measured value for a whirl
frequency of 100 Hz. The radial (centering) force increases monotonically with the whirl




L
B

T8

R SEEsEE

P-p pressure [bar]

| | |
40 60 80 100
Whirl frequency [Hz]

Fig. 35 Peak-to-peak pressure versus whirl frequency for operation with one open end
to ambient and oil through flow rate equal to (.12 liter/min. Axial plane Z,.
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Fig. 36 Radial and tangential forces per unit length versus whirl frequency for
operation with one open ¢nd to ambient and oil through flow rate equal to 0.12
liter/min, Axial plane Z.

frequency. The predicted radial force presents fair agreement with the experimentally derived
values, though the difference between predictions and measurements 1s large for the higher
whirl frequencies.

Figure 37 provides an alternative representation of the hydrodynamic force in terms of its
total magnitude and the angle with the radial direction. For low speeds the model predictions
render very good agreement with the measurements, As the whirl frequency increases, the total
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foree is still satisfactorily predicted. Both, measured and predicted total force follow the same
trend of the peak-to-peak pressures, increasing rapidly for low whir frequencies and
progressively slower as the whirl frequency increases. The foree starts as a purely tangential
(damping} force for whirl frequency close to zero, but 1t rapidly departs from the tangential
direction as the frequency increases. The model predictions follow the measurements up to a
whirl frequency of 20 Hz. Yet. for higher whirl frequencies the measured force displaces faster
towards the radial direction than the model predictions. This difference could be related to the
oceurrence of the uniform pressure zone, which the model is unable to predict. Thus, further
research to include this effect is desirable.
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Fig. 37 Total force versus whirl frequency for operation with one open end to ambient
and oil through flow rate equal to 0.12 liter/min,
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5. CONCLUSIONS AND RECOMMENDATIONS

Most squeeze film dampers in practice show the phenomenon of air entrapment. It is
generally accepted that the presence of air reduces the damping capability of the SFD,
especially at large amplitudes and high frequencies of vibration. At a first glance. this may
seem a serous problem whose obvious solution points out to an increase in the oil flow rate.
Yet, the cost and bulky equipment required to insure that no air enters the film renders this
option impractical. Furthermore, years of practice have demonstrated that SFDs are able to
generate the required damping ¢ven when operating with air entrapment. Indeed, 1t is
speculated that the reduction of damping at high frequencics is beneficial in rotor-bearing
systems operating at supercritical speeds, Thus. 1t has been imperative for some time the
definition of a reliable model to allow for the analysis and design of SFDs operating with air
entrapment, by far the most common operating condition and —at the same time— the less
understood of them all. The present research presents an important contribution towards this
direction, by providing a novel compilation of experimental and theoretical analyses on the
subject.

A comprehensive experimental study of the operation of squeeze film dampers with air
entrapment (both freely entrained and forced into the lubricant) is presented. The experimental
results advance the state of the art in the current knowledge of the phenomenon by comparing —
for the first time— the performance of a SFD with freely entrained air and that of a SED
operating with a controlled bubbly mixture. The experiments show that both operating
conditions lead to a dynamic force performance that deviates considerably from the operation
without air entrainment (with or without lubricant vapor cavitation). Therefore, all models
currently available (and based on the assumption that the lubricant does not contain air) render
predictions that are, at most, of reduced practical use for the analysis of SF 0,

It is qualitatively established that both regimes (freely entrained air and operation with a
controlled bubbly mixture) lead to the same type of pressure profiles. This fact bolsters the
possibility of devising mathematical models based on the operation with bubbly mixtures to
predict the performance of a damper with natural air entrainment. The experiments with
controlled bubbly mixtures provide quantitative description of different characteristics of the
phenomena, and including the reduction of hvdrodynamic pressures and forces with the
amount of air present in the lubricant. the occurrence of a uniform pressure zone whose extent
is proportional to the mixture air volume fraction, the shift from a tangential (damping) force to
a radial (stiffness-like) force as the air entrapment increases, ete. Thus, a reliable data base to
benchmark the performance of theoretical models has been made available,

A mathematical model considering the lubricant as a homogeneous mixture of air bubbles
finely dispersed within an oil matrix is developed. The air is modeled as an ideal gas while the
oil is regarded as an incompressible fluid. The homogeneity assumption —which means that the
two components of the mixture are so well mixed that no relative motion occurs— scems to be
confirmed by the experiments. Under these conditions, the averaged momentum and continuity
equations for both components are combined to obtain a single generalized Reynolds equation
for the damper film pressure in which the mixture is represented by effective properties.
Dukler's correlation is employed to estimate the mixture effective viscosity, A simplified form
of the Rayleigh-Plesset differential equation —which describes the bubble size as a function of
the pressure of the liquid surrounding it~ is introduced to estimate the mixture air volume
fraction (and thus its effective density) as a function of the local pressure. Further




simplification is attained by assuming the bubbles in quasi-static equilibrium and by adopting
the infinitely short length model assumptions, The resulting model comprises a differential
equation for the pressure (the Reynolds equation) coupled to two algebraic equations for the
effective mixture properties (Dukler's viscosity correlation and the quasi-static Rayeigh-Plesser
equation). The amount of air entrapped is specified by fixing the air/oil mass ratio in the form
of a reference volume fraction at certain given mixture conditions.

Comparison of the model predictions with the experimental results for controlled bubbly
mixtures is pronusing and the model already provides results of immediate engineering ;
applicability. Yet. some refinements are required to address certain phenomena that the present
model is unable to predict.

Among these unpredicted phenomena the most relevant is the oceurrence of the uniform
pressure zong around the pomt of maximum film thickness. It is speculated that this constant
pressure zone can be related either to the presence of a large bubble moving synchronously
with the journal whirl, or to unstable growth of the bubbles under certain conditions {Tow
pressure or large bubble radii). To consider unstable growth of the bubbles. the dynamic terms
of the Rayleigh-Plesset equation should be retained in the analysis and the resulting model
would require the simultancous solution of two coupled differential equations. To consider a
single large bubble (or group of bubbles) moving around the damper synchronously with the
journal whirl motion, a set of boundary conditions similar to those applied for vapor or single
bubble gaseous cavitation should be implemented mto the model hereby developed. Tt is
anticipated that both approaches could render similar results since the set of boundary
conditions could be identified as defining the zone in which the bubbles are unstable, The
mtroduction of boundary conditions scems easier to implement numerically into the solution.
Yet, the definition of adequate and physically sound boundary conditions may not be an easy
task. Another important factor not predicted by the present model 1s related to the hydrostatic
pressure field given by the axial through flow, In most practical cases the through flow 15 small
and the hydrostatic pressure 1s not relevant. Yet, it 1s expected that consideration of the axial
flow would render forces even closer to those measured in the current experiments —where the
axial flow 1s unusually large- thus improving the predictions to measurements correlation, This
can be easily achieved by specifving the through flow as a boundary condition on the damper
sealed end.

In addition, a simple model based on the balance of mass in the axial direction is presented
for estimation of the amount of air trapped within the film. This model neglects the
circumferential flow (as it is done in the mfinitely short length model) and uses an average
density for the air. Time averaged flow rates are obtained by integration over one period of
journal motion. Then, assuming that the lubricant and air within the film are uniformly mixed,
a reference mixture air volume fraction is computed as the ratio of the averaged air flow
entering the film to the averaged total flow (air+oil) entering the damper lands, The reference
mixture air volume fraction (£.) is written as a function of a single dimensionless parameter
hereby introduced. This dimensionless parameter represents the ratio of the oil flow supplied to
the damper and the Aow required to completely fill the growing film volume (given by the
maximum rate of volume change). For a 551 executing circular center orbits, the
dimensionless parameter depends on the physical parameters: oil through flow rate, journal
length and diameter. and whirl orbit radius and frequency. This means. as experiments and
previous investigators suggest. that the severity of air entramment 1s related to the particular
damper geometry, characteristics of the journal motion, and the supply flow rate (or supply
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pressurc), Lower oil flow rates (lower supply pressures), larger amplitudes of motion or higher
speeds all translate into increased air entrainment.

An empirical correlation between the amount of air present in the lubricant mixture
{expressed m terms of the reference mixture air volume fraction, f.) and the extent of the
uniform pressure zone is constructed using the experimental data from the tests with controlled
mixtures. Thus, an cmpirical formula to estimate experimentally the volume of air trapped
within the damper is made available. The air volume fraction in the experiments with freely
entrained air 1s estimated using this empirical correlation and the results compare extremely
well with those predicted by the analytical model. Furthermore, the theoretical model for
cstimation of the reference volume fraction is combined with the quasi-static homogeneous
bubbly mixture model for the computation of the pressure field, The predictions of this
combined model are compared to experimental measurements of the performance of the test
SFD operating with freely entrained air at different speeds and supply pressures. The good
correlation between predictions and measurements reinforces the possibility of using this
model for practical applications in SFDs design and analysis. However, the assumption of
neghgible circumferential flow and the use of an average density for the air linit the
applicability of the analytical model for the estimation of f.. Yet, these assumptions are only
used 1o estimate local axial flows. It seems plausible to use a similar approach to define the
reference air volume fraction using flow rates numerically caleulated from the solution of the
bubbly mixture SFID maodel,
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