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Measurements of pressure in a squeeze film damper with an
air/oil bubbly mixture

Abstract

An insight on the effects of air ingestion on the performance of
squeeze film dampers (SFDs) is presented. A test rig consisting on a circular
centered orbit squeeze film damper fed with a bubbly mixture of oil and air is
used, Measurements of the dynamic pressure field at a fixed speed and with
different air/oil volume ratios are obtained. The measurements allow to establish
some trends on the behavior of the peak to peak dynamic pressure developed
on the film and the power required to drive the damper when the amount of air
present in the fluid film is varied. The pressure fields are analyzed for
consecutive cycles of journal motion to capture the effect of the variations on the
amount of air present in the lubricant. The tests show the dynamic pressure
generation in the sgqueeze film decreases when the air/oil volume ratio is
increased. When the air amount in the lubricant is large enough, there occurs a
zone of no pressure variation referred to as gas cavitation. It is not a stable
phenomenon, varying from one cycle of journal motion to another. There is even
a transition zone in which, for certain amounts of air in the mixture, this zone
appears only in some of the journal motion cycles. Measurements of the driving
power on the SFD journal shaft were also taken and showed a trend to decrease
with increments on the air/oil ratio, and giving some evidence of lubricant mixture
viscosity reduction.
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Introduction

The two most commonly recurring problems in rotordynamics are
excessive steady-state state synchronous vibration levels, and subharmonic
rotor instabilities. Squeeze film dampers (SFDs) have been successfully used to
solve these problems, stabilizing otherwise unstable units (Childs, 1993).
Although SFDs are widely used in modem high speed turbomachinery, their
operation is yet not fully understood (Walton et al. 1987).

As with journal bearings, the incompressible-fluid Reynolds equation is
generally used to model squeeze film dampers. However, because of dynamic
lubricant cavitation phenomena, the correlation between theory and experiment
is considerably less compelling for dampers than bearings (Childs, 1393, Walton
et al., 1987, and Zeidan and Vance, 1989). In particular, the presence and extent
of cavitation or film rupture and its effects on damper performance are difficult to
predict. There is a lack of physical understanding of the phenomena of dynamic
film rupture. Several authors have reported the occurrence of two different
mechanisms of cavitation in squeeze film dampers, namely, vapor cavitation and
gaseous cavitation (Hibner and Bansal 1979, Zeidan and Vance 19839, Walton et
al. 1987).

Vapor cavitation occurs in an isothermal process when the fluid pressure
drops to its saturation value and a phase change (vaporization) follows. Gaseous
cavitation occurs when the relative movement between the two paris of the
damper drags air into the film or releases air dissolved in the oil leading to a two
phase lubricant mixture. This last mechanism is the most commeonly found in
commercial applications of squeeze film dampers. To this date there is no
accurate model for predicting gasecus cavitation effects on SFD performance.

Zeidan and Vance (1989) and Walton et al. (1987) have made
observations of SFD film flows with high speed mation pictures, and found that
the occurrence of gaseous cavitation leads to a two phase mixture within the
film. The air present in the mixture forms bubbles, persisting even in the high
pressure zone. In this way, the squeeze film damper becomes to be lubricated
with a bubbly mixture of cil and air.

The oil-air bubbly mixture is certainly non homogeneous within the film.
Undaunted by the complexity, Chamniprasart et al. (1993) have addressed to the
importance of air entrainment on bearing performance. These authors developed
a model for determining the pressure field on a squeeze film damper lubricated
with binary mixtures, in particular a bubbly oil. The model assumes the lubricant
to be a mixture of a Newtonian liquid (oil) and an ideal gas (air). Using mixture
theory the Reynolds equation is modified to account for a multi-phase continua.
Another way to include the presence of air in the lubricant could be to estimate
an effective viscosity. However, the available models (Einstein, 1906, Taylor,
1832, and Hayward, 1961) were developed for conditions in which the shear



force in the fluid remains small in comparison with the surface tension acting on
the oil-air interfaces. These models predict an increment on the viscosity when
small amounts of air are present. However, it is suspected that these models will
not be valid under typical lubrication conditions in SFDs, where the small
clearances cause shear stresses to be the most important factor, and the
bubbles can be very large in comparison to the film thickness.

Experimental Facility

The experimental apparatus is shown in Figure 1a. The test section
consists of a journal (L=2.4 cm, D=12.7 cm) mounted on an eccentric slesve
with a ball bearing to provide a controlled circular orbit. The eccentric is mounted
on a rigid shaft in an overhung configuration, driven by a variable speed
electrical motor through a toothed belt. The journal has four antirotation “ears”
that allows it to whirl but not to spin. The whirl frequency (equal to shaft speed) is
measured by an optical sensor. The nominal radial clearance (C) of the damper
is 0.343 mm (13.5 mils) and the nominal eccentricity (e) is 0.216 mm (8.5 mils).

The oil employed on the tests is an ISO VG 68 of density equal to 0.87
gfcma. and viscosity equal to 77.5 cPoise at 28 *C and 25.8 cPoise at 50.9 “°C.
The viscosity values were determined experimentally using a Model RIl:1:L
viscometer manufactured by Rheology International. The oil is stored ina 113.6
liters (30 gallons) reservoir and delivered to the SFD test section via a gear pump
(1800 RPM, 9.44 Liters/min., max. 2500 PSI, 0.2 KW). The damper is lubricated
with a bubbly mixture of oil and air, and the amount of air in the mixture can be
controlled by adjusting the air flow through a sparger element. A sketch of the
lubricant and air feeding system is depicted in Figure 2.

The flow rates of cil and air are regulated by setting the valves in the oil
ling, air line, and oil bypass. The mixture is produced at the sparger (mixer
element) in the junction of both lines. The static feeding pressures of oil and air
are read in the pressure gauges PG, and PGy, respectively. An additional gauge
(PGgz) allows to register the pressure of the air oil mixture just before its entrance
to the damper test section. To establish qualitatively the condition of the mixture,
there are two windows, made of transparent hoses, located at the inlet and outlet
ports of the SFD. The lubricant inlet and outlet temperatures, the film
temperature, and the air supply temperature, are measured with K-type
thermocouples (TT).

The lubricant is feed to the damper left end through two holes, one at the
top and one at the bottom. This left end is sealed with an O-ring so there is no
leakage in this direction (see Figure 1b). The right end is open, allowing all the
flow to go this way and maximizing the axial pressure variation.

The motion of the journal is registered with two non-contact eddy current
sensors (PPx and PPy) orthogonally located at the axial location £ (3.71 cm
from the left end). On the horizontal plane, where PPy is located, there are two
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dynamic pressure transducers (PTz¢, PTz:) installed at different axial positions.
The location Z41(0.56 cm from the left end) is nearer to the sealed end of the
SFD, and Z3(1.67 cm from the left end) is a location half way between Z; and the
open end of the damper (see Figure 1b).

The signals of the pressure transducers and displacement sensors are
monitored with oscilloscopes, conditioned with the aid of amplifiers, and recorded
with an analog-digital board in a computer.
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Fig. 2.- Sketch of Lubricant and Air Flow Lines




Experimental Procedure

To make evident the effect of the amount of air in the lubricant, all the
other parameters of operation (speed, supply pressures, temperatures etc.) were
set to fixed values. To this end, the shaft speed of was set to 1000 RPM (16.67
Hz). The valves on the oil lines were set to 3.1 bar (45 psi) of supply pressure
(PG1), and were maintained at the same position. The air pressure regulator was
set to have a constant supply pressure of 2.7 bar (40 psi) in the air line (PGa).
There are several reasons that could allow to have mixture even when the oil
pressure was higher than the air pressure. One possibility is that, because of a
diameter reduction in the sparger, the oil is accelerated and its pressure could be
locally decreased below that of the air allowing the mixture to occur. Of course,
there is always the possibility that the pressure gauges were giving erroneous
values. The air, oil, and mixture temperatures were kept constant with variations
of less than £1°C.

Several tests were conducted varying the air flow rate by setting the valve
in the air line. For each test, the values of lubricant temperature, speed and feed
pressures were recorded, as well as the voltage and current supplied to the
electric motor. The time signals of the pressure transducers and displacement
sensors were digitalized at a rate of 850 samples per second. With the digital
data, the values of maximum and minimum film thickness and dynamic
pressures, as well as the time records of each signal and the orbits of the journal
center were obtained.

The air to oil volume ratio was established gualitatively by observation of
the flow through the windows in the hoses. Thus, the values reported are not
accurate, and can only be used as a relative reference to differentiate one
condition to other within this study. Since there were no means to get
quantitative measurements due to the smallness of the flow rates achieved, the
values are given qualitatively based on visual observation as explained in the
next section. The limitant to the oil flow rate was found to be an extremely high
resistance across the piping.

Before taking measurements it was necessary to wait some time after
setting the air valve to achieve a uniform mixture condition. The power supply of
the motor needed to be reset to maintain a constant speed due to variations on
the power consumption in the damper.

Results

Two sets of measurements were made to assure the repeatability of the
data. They were made with one day of difference and found to show the same
trends. Table 1 shows the results for the first set taken, and Table 2 for the
second set. The tables present the values for all the parameters directly
controlled in the experiment, as well as the values obtained after processing the
data (dynamic pressures and film thickness).



It is necessary to explain the values given for Mixture Quality in Tables 1
and 2 before proceeding to the discussion of results. Due to a very high
resistance in the oil feed line, the flows achieved for oil and air were too small to
be registered with the flow meters available. The air to oil volume ratio values
were assigned by observation of the lubricant through the inlet window (a 1/2"
diameter transparent hose) giving a qualitative value for each studied condition.
These values are used to provide a relative scale to differentiate one condition
from others within this study, and may not represent effectively a ratio between
air volume and oil volume flowing through the SFD. However, they can be used
to establish a comparative scale to observe qualitatively the trends shown by the
measurements.

The value of zero Mixture Quality is given to the test in which the |lubricant
is pure oil’ , i.e. no air present. In this condition, both the inlet and the outlet
windows showed no evidence of air. In the second case, a Mixture Quality of 10,
the inlet window showed a pattern of very tiny bubbles (about 0.5 mm on
diameter) plus a few small bubbles of about 5 mm in diameter flowing at a
regular rate through the line, but very far away from each other (about 50 mm),
see Figure 3a. The outgoing mixture showed a very similar pattern, but the tiny
bubbles seemed to be more in quantity than in the inlet.
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Fig. 3 - Flow patterns observed across inlet window

The condition named Mixture Quality 30 was one with a pattern very
similar to the previous one, tiny bubbles uniformly distributed across the oil and
midsize bubbles (30 mm length) about 30 mm from each other, see Fig. 3b. The
outlet window showed a uniform foamy oil coming out from the SFD.

The condition of Mixture Quality 50 had a pattern of very large bubbles,
which in occasions took almost half of the window, plus the tiny bubbles

" Mote that most "pure” ail have at least 4 to 6% of air content.



uniformly distributed in the oil, see Figure 3c. The outlet window showed again a
foamy oil pattern coming out from the damper.

For trend analysis purposes, it is proper to affirm that a larger value of
Mixture Quality means more air within the film, giving a base for comparison.
Figures 4 to 8 show the measurements taken at a lubricant mixture temperature
of 28 °C and at a whirl speed of 1000 RPM (16.6 Hz). The top figures indicate
the time variation of pressures at the locations Z; and Z> and the film thickness
for several cycles of journal motion. Recall that the pressure and film thickness
measurements are taken at the horizontal plane. The bottom figures depict the
orbital pattern of the journal center motion for each of the tests.

Figure 4a shows the pressure profile for the case 1 of set #1 as a function
of time. This condition (Mixture Quality 0) shows a typical behavior, with very
similar pressure waves in the locations Z; and Z;, but having higher values at Z,.
The pressure field shape agrees with those reported by Zeidan and Vance
(1989) for SFD with vapor cavitation. The dynamic pressure varies as expected,
being negative when the film thickness increases and positive when the journal
is approaching the bearing. Note that journal motion in the X direction (film
thickness) is at the same circumferential location as the pressure
measurements. In this figure it can be seen that the film cavitates at the axial
location Z; for a few seconds every cycle (a zone of constant pressure
corresponding to a value close to zero absolute), while at Z; there is no evidence
of cavitation. The pressure waves in this case are very stable and repetitive for
every cycle of journal motion.

Figure 5a shows the pressure profile for the Mixture Quality 10, case 2 of
set #1. Although the orbit radius has grown, the dynamic pressures are very
similar to the ones of the previous case, but they have smaller amplitudes and
are less stable in time. It can also be seen a small pressure perturbation right
after finishing the cavitation region that fluctuates in time.

As the air/oil volume ratio is increased (see Figure 6a), there appears a
zone in which the pressure stops increasing and remains more or less constant
for a while (between points "a" and "b" of Figure 6a), and then begins increasing
again. This phenomenon is described by Zeidan and Vance (1989) as gaseous
cavitation. Figure 6a shows clearly that for the operating condition named Quality
Mixture 30, this zone is unstable and does not appear in all the cycles. This
condition seems to be a transition between the stable condition when there is no
air and the very unstable condition shown in Figure 7a for Mixture Quality 50.

In the condition of Mixture Quality 50, case 4, Figure 7a, the pressure
wave is very unstable, it presents the zone of no pressure increase (i.e. gas
cavitation) in all cycles, but it is not repeatable in time (both, shape and size vary
from one cycle to another). By observing the waves, it seems to be a condition in
which there is free air enough to provide compressibility to the mixture and avoid



the pressure variation due to the squeeze effect. However, before the zone of no
pressure variation, the pressure drops below this point for a while. It seems that
when the film thickness is increasing (i.e. negative squeeze) the pressure
decreases and the air-vapor bubbles increase in number and size until they
collapse. At this point, depending on the amount of air or the size of the cavity
that follows the bubbles collapse, the pressure sets to approximately the
atmospheric pressure and remains more or less constant for the rest of the
negative squeeze motion and part of the positive squeeze of the cycle. During
this time, the work done by the motion is related to a volume variation of the
lubricant instead of a pressure variation and that is why the dynamic pressures
are smaller in this case. The first portion of the positive squeeze motion
compresses the free air until the bubbles collapse or are expelled of the film. As
the approaching motion continues the dynamic pressure increases until the
positive squeeze finishes and then the pressure cycle is repeated.

Figures 4b to 7b provide information on the variation of the dimensionless
orbit radius (e/c). The orbit radius is larger with larger amounts of air, and
between the values of the case when there is no oil (Figure 8b) and when there
is no air (Figure 4b). The test case of an SFD without oil (Figure 8) is included to
provide some reference for the shape and size of the orbit, which is the same
than for the static condition. The power required to drive the system in the
absence of lubricant film is 352.8 Watts at 1,000 rpm.

Figures 4b to 7b also provide information about the fluctuation in the
conditions where there is gas cavitation. It can be seen how in the condition of
pure oil lubrication the orbit is very stable and repetitive during the five cycles
represented. While when the air amount is increased the orbits become
fluctuating and non repetitive for each cycle.

Figure 8, shows that the power required to drive the journal at constant
speed is reduced when the air content is increased in the mixture. This can be
explained because the air has lower viscosity than the oil, so the power required
to drag the mixture within the squeeze film is lower. In both sets of
measurements the data shows the same trend.

As it was discussed, the pressure waves are not stationary in time for the
various cycles measured (see Figure 6a) and so are the peak-to-peak pressures.
It was necessary to find an average value for the peak-to-peak pressure on each
case. Figure 10 show the trend followed by the average peak-to-peak pressures
at location Z2 for both sets of measuremenis. The average peak to peak
pressure is shown to decrease with the amount of air in the damper. Figure 10
also shows the variations of the measured peak-to-peak pressure, including the
maximum and minimum values for each case of set #1. Table 3 shows numerical
values of this variation for the set #1 of measurements. For small amounts of air
in the film, the pressure waves are almost stationary every cycle and the
variations are small. When the air/oil ratio is increased, the variations are larger,
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up to B.77% above and 14.84% below the average value. This condition
determines that, even when the average values are decreasing, the maximum
peak to peak pressure increased from Mixture Quality 30 to Mixture Quality 50.
That is, it was found at least one peak to peak pressure value for Mixture Quality
50 higher than the highest of Mixture Quality 30 and Mixture Quality 10.

Figure 11 shows the orbit radius to be affected by the presence of air in
the lubricant. Though the journal is supposed to be rigid, tests made with pure oil
and in the complete absence of oil, demonstrated that the dynamic pressure in
the oil film produces a centering force large enough to produce appreciable
variations on the dynamic eccentricity of the damper. The orbit radius increases
when the air to oil ratio is augmented and approaches that of the no oil condition.
This fact can be related to a decrement in the centering force, which is
consistent with the reduction of the pressures. Figure 11 shows the average
values of the dimensionless orbit radius (e/c) for each set of measurements. It
also shows how the variations of the measured orbit radius in time also
increased with the air/oil volume ratio for set #1.

It is known that the pressure in a squeeze film damper is proportional to
the instantaneous eccentricity or orbit radius. For this reason it is introduced a
parameter noted as Normalized peak-to-peak Pressure as the ratio of the peak-
to-peak pressure to the dimensionless orbit radius. Figure 12, shows that if the
orbit radius remains constant, the pressure keeps decreasing when the air
volume in the mixture is increased. The points representing the variations for set
#1 show that even the maximum peak-to-peak pressure follows this trend when
normalized by the orbit radius.

Conclusions and Recommendations

An insight on the effect of air entrainment on the performance of squeeze
film dampers is presented. A test rig consisting on a circular centered orbit
squeeze film damper fed with a bubbly mixture of oil and air is used.
Measurements of the dynamic pressure field at a fixed speed and with different
airfoil volume ratios are obtained. The measurements allow to establish some
trends on the behavior of the peak to peak pressure developed on the film and
the power required to drive the damper when the amount of air present in the
fluid film is varied. Finally, the pressure fields are analyzed to describe the effect
of the variations on the amount of air present in the lubricant.

The power required to drive the damper at a constant speed was found to

decrease with the amount of air on the lubricant mixture. This is an evidence of
lower viscosity for the mixture with increasing amounts of air.
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The maximum dynamic pressures within the squeeze film also decrease
with the amount of air in the lubricant mixture. The orbit radius or eccentricity
increases when the amount of air increases. This effect could be related to
variations on the SFD centering force.

The presence of air on the lubricant mixture produces a zone where the
squeeze film pressure remains uniform. However, this phenomenon appears
only for high values of air to oil volume ratio (i.e. Mixture Quality). There is even a
range of air to oil ratio where it does not appear in all the journal motion cycles. It
seems to be a transition zone between one in which the no pressure variation
Zzone never appears and one in which it appears once per cycle of journal
motion.

Due to excessive pressure losses in the oil piping and instrumentation, the
flow rates achieved in the tests were unmeasurable with the available
instrumentation. For the same reason, it was very difficult to produce a good
mixture. [t is recommended to modify the test rig to obtain larger flow rates. In
this way the study can be done with a guantitative evaluation of the air to oil
volume ratio in order to get more reliable results, and to establish firmly the
trends that appear to be present in the data obtained in this work.
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Dec. 1995 Squeeze Film Damper Test with Oil-Air Mixture Lubrication Sergio Diaz

Fig. 9- Driving Power
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Dec. 1985

| 600

Squeeze Film Damper Test with Qil-Air Mixture Lubrication

Sergio Diaz

Fig. 11- Dimensioniess Orbit Radius
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