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ABSTRACT

Squeeze film dampers (SFDs) in high-performance turbomachinery reduce rotor motion
amplitudes when traversing a critical speed or a dynamic instability, thus ensuring
system reliability. To improve the damping capacity in aircraft engines within a limited
space, piston ring (PR) seals locate at the axial ends of a film land. Even though PRs
effectively seal a SFD, a significant amount of a lubricant exits through the gap at the
abutted ends of the PR (PR slit). However, when the squeeze-film pressure is lower than
ambient pressure, air ingests into the film and mixes with the lubricant. The advanced
turbomachines have a larger operating speed with a smaller lubricant supply than
traditional turbomachines; hence, air entrainment in a sealed ends SFD becomes
significant.

This report presents a computational physics model for a sealed ends SFD and open
to ambient, hence prone to air entrainment; and delivers predictions benchmarked
against experimental test results.

The first embodiment is a SFD with a PR and an O-ring (OR) sealing the film land.
In the tests, a known gas (air) volume fraction (GVF or ) in a mixture of air and ISO
VG2. The PR and the O-ring (OR) that seal the film land are located in the grooves at
the top and bottom of the journal, respectively. The supplied mixture discharges through
the PR slit, located at the top axial end, into a vessel submerged within a large volume of
lubricant. Another damper, which has same journal geometric parameters, is supplied
with a pure lubricant of a supply pressure. Both the top and bottom axial ends are sealed

with PRs and facing ambient conditions. Hence, the supplied lubricant exits through the



PR slits into ambient, and the air ingests through the PR slits when the film pressure is
below the ambient pressure.

There are two distinctive models evaluating the evolution of gas volume fraction in a
squeeze film land: (a) a volume of fluid (VOF) model and (b) a bubbly mixture. The
models predicting the pressure field in the squeeze film implement the Reynolds
equation, modified to include temporal fluid inertia effects, and uses physics-based inlet
and outlet lubricant conditions through a feed hole and PR slits, respectively

A parametric study produces the dynamic forced performance of the PR sealed ends
SFD. The predictions show the time-space average GVF increases as the squeeze
velocity (vs) increases. On the other hand, the GVF decreases as the supply pressure
increases. The damper physical geometry also affects its dynamic forced performance.
The GVF increases as the journal diameter increases; whereas the SFD axial length does
not significantly change the GVF. The GVF reduces as the damper clearance increases.
The GVF does not significantly change as the PR slit cross-sectional area varies.

An oil supply pressure large enough to prevent air ingestion varies with damper
geometry, lubricant inlet/outlet conditions, and the kinematics of the journal. The PR
slits allows air ingestion even as the squeeze velocity is small. As the damper diameter
to clearance ratio (D/c) increases, the GVF in the film increases. Most importantly, the
location of the PR slit relative to the feedhole significantly affects the amount of air
content in the film. When the PR slit faces to the feedhole, the film land is mostly filled
with a pure lubricant. The GVF increases as the arc distance from the PR slit to the

feedhole increases.
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NOMENCLATURE

Area of slit (opening) at PR ends [m2]
Damper radial clearance [m]

Damping coefficient[N-s/m], C =C/C* [-]
Structural damping coefficient [N-s/m]

Feed hole loss coefficient [-]

Piston ring loss coefficient [-]

Journal diameter [m]

Volume of liquid transferred across a cross-sectional area [m?]
Complex dynamic stiffness [N/m],

H=K- &M + i (w C+Ko); i =~/—1.

Film thickness [m]

Film velocity, z=dh/dt [m/s]

Stiffness coefficient [N/m], K =K/Ks+seals [-]
Quadrature stiffness [N/m] Ko =Ko/Ks+seals [-]
Structural stiffness coefficient [N/m]

Film axial length [m]
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Ps, Pa

Py

Qin, Qslit

Qi

Res

Us

Air mass flow at Ps delivered to sparger [kg/s]

Inlet and outlet mass flow rates [kg/s]

Added mass coefficients [kg], M =M/M* [-]

Mass of bearing cartridge [kg]

Structural added mass coefficient [kg]
Courant-Friedrichs-Levy number, Uedt/(RA®) or U.dt/(Az) [-]
Fluid film pressure [Pa]

Supply and ambient pressures [Pa]

Liquid (oil) vapor pressure [1 kPa]

Inlet and outlet orifice volumetric flow rate [m?/s]

Oil flow rate delivered to test system [m®/s]

Flow rate of mixture per a unit length [m?/s]

Orbit radius [m]

pac?

# . Squeeze film Reynolds number [-]
27 w . Period of circular whirl motion [s].

Bias uncertainty [-]
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Uncertainty due to variability [-]
rw. Squeeze film velocity [m/s]
Coordinate systems.

Axial coordinate [m]

Liquid volume fraction in mixture

(1-@). Gas volume fraction (GVF).
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Time-space average GVF, f,,, = LT
T

Gas volume fraction at inlet supply pressure
Circumferential coordinates [rad], =@ -wt)
Time and space average liquid volume fraction [-]
Oil and gas viscosities [Pa-s]

Mixture viscosity [Pa-s]

Diameter of feed orifice [m]
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Mixture density [kg/m3]

Vil



Gs

Excitation frequency [rad/s]

Structural damping ratio

Matrices and Vectors

absolute acceleration
Damping coefficients
Force

Complex dynamic stiffness
Stiffness coefficients
Inertia coefficients

BC displacements relative to journal

Abbreviations and subscripts

BC

CCO

GVF

JFO

LVF

OR

PR

Bearing cartridge

Circular centered orbit

Gas volume fraction
Jackobsson-Floberg-Olsson
Liquid volume fraction
O-ring seals
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CHAPTER I

INTRODUCTION

A modern rotating machine operates at a high rotor speed to achieve higher power
density and efficiency. High-performance turbomachine commonly experiences
significant dynamic loads that produce excessive amplitude rotor motions. A broad
range of operating speeds, including critical speeds, and a use of tighter clearances in
secondary flow passages help make vibration problems acute. Pertaining to aircraft
engines, squeeze film dampers (SFDs) add a significant damping to rigid ball bearings
that commonly lack this ability. SFDs isolate mechanical components of turbo machines,
reduce excessive amplitudes of rotor synchronous vibration, and aid to reduce non-
synchronous rotor instabilities. SFDs also decrease the transmission of forces to the
bearing supports for operation at supercritical speeds [1, 2].

Figure 1 depicts a schematic view of a sealed ends SFD in series with a ball bearing
supported rotor. An annular gap between a bearing cartridge and the outer race of a ball
bearing makes the lubricant film. An anti-rotation (dowel) pin or a centering spring
(squirrel cage) prevents rotation of the outer race of the ball bearing. SFDs whirl due to
rotor vibrations caused by rotor dynamic displacements squeezing the lubricant film and
thus generate a large hydrodynamic pressure field producing a dynamic reaction force.
End seals amplify the viscous damping within a limited space and operate with a small
amount of lubricant flow. Most dampers in practice are short in axial length (L/D < 0.5)

to save space [1].
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Figure 1. Schematic view of a hole-fed SFD with end seals.

Often simplified predictive models miss important physical phenomena observed in
actual application of SFDs [3, 4]. Understanding air ingestion in a sealed ends SFD is
particularly of note to accurately predict the force performance, as air contents in a film
greatly affect the SFD forced performance characteristics. There is no literature on a
predictive model considering fluid inertia in the film land and air ingestion through
piston ring slits.

According to the classical lubrication theory, squeeze film forces generated by a
journal whirl motion can be classified into both viscous type and inertial type. The
contribution of the fluid inertia effect to the film reaction force is quantified in terms of

the squeeze film Reynolds number (Res= pac?/ 1), where w is a journal whirl frequency,

c a radial film clearance, and p and x the lubricant density and viscosity, respectively.



Squeeze film forces are (typically) represented in linearized form as follows:
F=-M7-C2-Kz (1)

where (K, C, M) are the stiffness, damping, and inertia force coefficients, respectively,

and (Z,Z','Z') the instantaneous journal center displacement, velocity, and acceleration,

respectively. Noteworthy is SFDs do not generally produce a direct stiffness, K~0 [1];
thus, the squeeze film force is determined by the net force from the fluid viscous and
inertia effects. In many applications, Res < | due to a relatively small clearance (c) [3, 4].

When the fluid inertia effect is negligible (M ~ 0), the squeeze film reaction force is
proportional to the instantaneous velocity of the journal center. However, San Andrés
(1985) [5] experimentally shows the importance of fluid inertia effects in a sealed ends
SFD test rig and states that for Res > 10, the radial film force from fluid inertia is
comparable with the tangential force arising from fluid viscosity. An apparent added
mass (M) characterizes the fluid inertia effect generated by the acceleration of the
lubricant (not the journal) within the clearance.

A rotor-bearing system natural frequency can be affected significantly by the added
mass with respect to the journal mass. For a tightly sealed ends damper operating with a
centered circular orbit (CCO) under a full film condition, the damper force coefficients

(C, M) are as [5]:

3
C*=12nulL (2—2] (2a)
. _zL(DY
M*=r=-12 (20)



In particular, for a =-film (or half film) model, the damping and added mass
coefficients are %2 C* and ¥z M*, respectively. From Eq. (2), for a journal whirling with a
centered circular orbit, the ratio between the film inertia (radial) force and the viscous

(tangential) force is

F

r

F

t

:—M aS:i Ba)cz = 5Re 3)
Cv, 12\ u

where vs= row and as = re?. Res = pac?/ u is the squeeze film Reynolds number. Above,
|Fr|>|F¢ for Res > 12. The damping and added mass coefficients (C*, M*) are strictly
valid for SFDs that are fully submerged in a pool of lubricant. Hence, the force
coefficients in Eq. (3) are not adequate for SFDs that draw air into the film land, i.e., air
ingestion.

The presence of oil vapor or air in lubricant is generally acknowledged as the main
source of discrepancy between theory and practice of SFD [4]. Typically, with the help
of a sufficiently high oil flow rate, end seals effectively prevent air ingestion into a film
land. Thus, many sealed ends SFDs operating with a large squeeze velocity (vs=rw) are
most likely to operate with oil vapor cavitation rather than with air ingestion. However,
recent tests [6] show that a piston ring (PR) sealed ends damper lubricated with a low
supply pressure source (low flow rate) produce significant air ingestion when the
squeeze velocity (vs= rw) >30 mm/s. Dynamic film pressure measurements and visual
inspection show that air ingestion into the film of the sealed ends SFD increases with a

decrease in the supplied oil pressure.



The prediction of force coefficients in SFDs is useful for rotor-bearing designers
working in high-speed turbomachinery. However, the trend toward more stringent
operating conditions, such as with a low oil flow rate (a low supply pressure), with a
larger radial clearance, as tighter axial end seals. The low oil flow rate starves the film
and causes a significant amount of air ingestion. A more accurate predictive model that
accounts for air ingestion is needed. A large amount of research addressing two-phase
flows in SFDs is available [8-20]; however, none of these references presents a realistic
model for PR sealed ends SFDs operating with air ingestion.

This report investigates how the degree of air ingestion in a damper film land affects
its dynamic forced performance. The results will give engineers insight to better design

sealed ends SFDs and will assist their needs to engineer better rotor-bearing systems.

Literature review

Zeidan et al. (1996) [3] show practical designs of SFDs and their successful
application in aircraft engines and commercial turbomachinery. Adilleta and Della Pietra
(2002) [4] review the theoretical and experimental research on SFDs for over four
decades since the 1960’s. The rich history of the studies on SFDs emphasizes that oil
cavitation in a squeeze film strongly influences SFD forced performance and its dynamic
force coefficients.

Zeidan et al. (1990) [8] and Braun and Hannon (2010) [9] summarize about studies
on SFDs operating under oil vapor cavitation and/or air ingestion/entrapment. The

appearance of either oil cavitation or air ingestion mainly depends on operation



conditions such as supply pressure/flow rate, squeeze film velocity (orbit radius x whirl
frequency), and the journal static eccentricity.

Oil vapor cavitation is characterized by phase transition (from liquid to gas) of a
lubricant boiling near zero absolute pressure. This phenomenon appears when a sealed
ends SFD operates with a supply pressure supplying an enough flow to prevent air
ingestion. [1, 8]. Jung and Vance [10, 11] analytically and experimentally investigated
the effects of oil vapor cavitation on the force coefficients of an SFD and used the Swift-
Stieber cavitation condition [12,13] to model oil vapor cavitation. The test SFD is a
short-length SFD (L/D~0.2) with a large clearance (c/D = 0.01). An O-ring tightly seals
one axial end of the damper; whereas a serrated piston ring (PR) seal with 72
semicircular holes seals another end. The serrated PR seal efficiently prevents air
ingestion in the SFD when operating with a low supply pressure (Ps= 0.7 bar(g)) and
squeeze film velocity ranging vs =(orbit amplitude r x whirl frequency ) = 0.15 m/s to
0.23 m/s.

Recently, Bayada, and Chupin (2013) [14] introduce a vaporous oil cavitation model
applied to a thin film and including lubricant compressibility. The authors compare their
results against those obtained with Jackobsson-Floberg-Olsson (JFO) and the Elrod-
Adam’s (EA) models [15, 16]. The JFO/EA models satisfy mass conservation under the
assumption of constant pressure in a cavitation zone and a film pressure above the
lubricant vapor pressure. The model by Bayada and Chupin treats a lubricant as a
homogeneous compressible mixture with a possible oil saturation pressure below the

pure lubricant cavitation pressure assumed in JFO/EA model. The saturation pressure



considers the density and the sound speed of both the liquid and the vapor. The vaporous
oil cavitation model can better predict for a lubricant starvation flow condition (an
insufficient inlet flow) compared to the JFO/EA models.

In sealed ends SFDs lubricant vapor cavitation frequently appears [4], but air
ingestion is commonly observed in open (to ambient) ends SFDs operating with a
squeeze film velocity (vs=rw) >10 mm/s and a low supply pressure (Ps< 1 bar(g)) (low
flow rate). Entrained air persists even in the film high pressure regions [1, 8].

Sun and Brewe [17] present equations to calculate the characteristic time for the
formation of either a void due to an oil vapor or that for a dissolved gas bubble to come
out. The authors show that the evaporation time, i.e., phase change from liquid to gas, is
much faster than the time taken by a dissolved gas to release from a lubricant. Hence, the
bubbles in the film are likely due to vapor cavitation and not dissolved gas. White [18]
and Zeidan and Vance [19] argue that persistent gas bubbles in a squeeze film damper
operating with a squeeze velocity vs =47 mm/s are not dissolved gas bubbles but
entrained air.

Later, Tao et al. [20] and Diaz and San Andrés [21] present the formulation of the
non-homogenous bubbly mixture due to air ingestion and entrapment within a
periodically moving film at high frequency. They advance a modified Reynolds equation
for SFDs operating with a bubbly mixture. The predicted peak film pressures and forces
compare well with measurements conducted in an open end SFD operating with a

bubbly mixture under a controlled (known) gas volume fraction. The authors also



introduce a flow parameter y = ( , Which represents the ratio of the lubricant

7zDLSra))
supplied flowrate (Qs) to the dynamic flow change in the film volume at any instant of
time. When »> 1 the supplied inlet flow rate is adequate; hence, the film is fully filled
by the lubricant. Whereas, when y< 1 air is ingested into the film land.

Diaz and San Andrés [21] validate an air entrainment predictive model with the flow
parameter () by comparing the predictions with the measurements of a SFD operating
under both natural air ingestion or with a controlled oil supplied flowrate to 1.2 LPM.
The open ends SFD has D = 129 mm, L = 31 mm, and ¢ = 0.343 mm. For a small to
large squeeze film velocity (vs= 20 mm/s to 110 mm/s), predictions of film pressure and
forces correlate well with the measurements. The amount of air in the film highly
depends on the test apparatus and operating conditions (Ps and vs).

Later, Mendez et al. [22] extend the work of Diaz and San Andrés [21] to consider a

finite length damper (L/D # 0). The amount of entrained air decreases as the slenderness

(L/D) ratio increases. The authors show that for an infinite long-length SFD (i.e. a sealed
ends SFD) there should be nearly no air ingestion. However, in practice, end seals
cannot perfectly prevent air ingestion due to PR slits or discharge holes open to ambient.

To model SFDs operating with air ingestion, Xing et al. [23, 24] use three-
dimensional Navier-Stokes equations (NSE) coupled with a model assuming the oil
cavitation zone is homogeneous in terms of pressure and gas volume fraction. In these
studies. The CFD predictions show that the film peak pressure decreases with an

increase in the gas volume fraction of the mixture. The predicted damping coefficient for



a low gas volume fraction is greater than that from the =-film assumption albeit it
decreases with an increase in gas volume fraction. The decrease in the direct damping
coefficient can cause an increase in the rotor vibration amplitude near the critical speed
as it reduces the system damping ratio. The authors also emphasize that both the gas
volume fraction and oil cavitation play an important role in rotor-bearing system
dynamics. Noteworthy is that the authors do not consider fluid inertia in their study as
the fluid density is set to ~0.0, i.e., the film flow is Stokes flow.

Younan et al. [25] analyze a rotordynamic system supported on an SFD operating
with air ingestion. At one axial end, a tight seal prevents the outward flow of a lubricant
while the other end allows a high pressure lubricant exiting to a reservoir. The paper
presents a new model using a bubbly mixture model adopted from Nikolajsen [26] to
derive a nonlinear Reynolds equation for SFDs that includes air entrainment. The density
of the mixture is a function of the air bubble diameter and the surface tension of the
bubble. As expected, an increase in air volume fraction decreases the peak film pressure
and the squeeze film force. In particular, at a large air volume fraction of the supplied
mixture, the model better agrees with the experimental results shown in Ref. [15] than
other predictions obtained with JFO model, which is shown in the same reference.

Gehannin et al. [27] use the volume of fluid (VOF) method to model air ingestion in
open ends SFDs. By adopting the VOF method originally proposed by Hirt and Nicholas
[7], the authors introduce a numerical model for SFDs operating with both oil vapor
cavitation and/or air ingestion. This method captures the free boundary of an

incompressible liquid, implying a non-contamination of an incompressible lubricant with



air bubbles, i.e., two separate fluid zones. It solves a single set of momentum equations
and tracks the volume fractions. The numerical results agree well with experimental data
by Adilletta and Pietra [28] and demonstrate the influence of vapor cavitation and air
ingestion on the performance of an open ends SFD. However, the predictions
underestimate the extent of the flat (constant) pressure zone due to air ingestion, i.e., the
air ingestion at the SFD is underestimated.

In general, tight end seals may prevent air entrainment into the film where supplied
with a sufficiently large flow rate. The film may experience lubricant vapor cavitation.
There are few technical papers discussing the effect of air entrainment on a sealed ends
SFD. In particular, a piston ring (PR) seal has abutted ends (slit) that allow air ingestion.
The flow through the PR slit is simply ignored in most predictive models until recently
[39].

Zeidan and Vance [29] obtain SFD fluid film force coefficients from the measured
responses of rotors supported on SFDs. For test conditions with loose end seals and
operation at a low pressure supply, the amount of entrained air increases with rotor
center squeeze velocity (vs). Under a high oil supply pressure or configured with tight
end seals, oil vapor cavitation appears only for operation with the journal orbiting with a
large amplitude orbit. The test results show that both oil vapor cavitation and air
ingestion lead to a nonlinear effect on the operation of SFDs. Oil vapor cavitation shows
a hardening effect of the film effective stiffness (Ket~ ), whereas air ingestion causes
a softening effect of the film effective stiffness under certain operating conditions (Kegf

<0).
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Dousti [30] presents a numerical analysis of SFDs using the extended Reynolds
equation considering temporal fluid inertia effects. This model is similar to that derived
by San Andrés and Delgado [31], but includes a second-order temporal fluid inertia term.
The dissertation proves this secondary term is not important in a SFD dynamic force
performance. Dousti states that tight axial end seals cannot fully prevent air ingestion;
hence, in most configurations, including sealed ends SFDs, a n-film model should be
adequate in a predictive analysis.

Recently, Jeung (2017) [6] measure film dynamic pressure profiles in a tightly sealed
ends SFD operating with a low pressure supply (< 1 bar(g)) and under moderate to large
orbit amplitude motions (vs = 43 mm/s — 86 mm/s). The pressure profiles show similar
shapes (flat pressure zone) observed as those in Refs. [5, 32], thus evidencing the
presence of both oil vapor cavitation and air ingestion. For a moderate oil supply
pressure (2.8 bar(g)), the dynamic pressure profile shows a flat pressure zone near zero
absolute pressure to evidence oil vapor cavitation; whereas, for a low oil supply pressure
(0.7 bar(g)), the dynamic pressure wave shows high frequency spikes and a flat pressure
zone near ambient pressure, thus indicating air ingestion.

Note that a tightly sealed damper with PRs only allows flow through the PR slits.
This configuration is different from those in Refs. [5, 32]. According to Jeung [6], oil
vapor cavitation is seen to occur for operation at a squeeze velocity (vs) of 86 mm/s and
with an oil supply pressure of 2.8 bar(g). On the other hand, air ingestion occurs for
operation with an oil supply pressure of 0.7 bar(g). Furthermore, for operation with

squeeze velocities (vs) ranging from 64 mm/s to 86 mm/s, and with an oil supply
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pressure of 0.7 bar(g), both air ingestion and vapor cavitation coexist with in the squeeze

film.

Objectives of work
In most cases, air ingestion appears in open ends SFDs. However, in recent research,

Jeung [6] shows pressure profiles evidencing presence of both oil vapor cavitation and

air ingestion in a tightly sealed ends SFD. San Andrés et al. [39] state the abutted ends

(slits) of a PR allow for air ingestion even with a tightly sealed ends SFD. The presence
of air causes large discrepancies between the measurements and predictions of a SFD
dynamic forced performance.

This report contemplates the following

1. Model PR sealed ends SFDs lubricated with a lubricant and air mixture to
quantify the effect of air content on the dynamic forced performance of a sealed
ends SFD.

2. Model PR sealed ends SFDs to quantify air ingestion thru PR slits using a VOF
method. The VOF method tracks the location of the interface between a lubricant
and air by solving a transport equation for the liquid volume fraction in the flow
field [7].

3. Compare predictions of film dynamic pressures and forces with corresponding
measurements. The tests include measurements with a piston ring (PR) sealed

ends damper with PR slits (abutted area) and a single lubricant feedhole.

12



4. Perform a parametric study to obtain the forced performance of a PR sealed ends
SFD with lubricant discharging to an open plenum ambient. The parametric
study shows the effects of journal kinematics, damper geometry, and lubricant

supply/discharge conditions on the dynamic forced performance of the SFD.
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CHAPTER IIt
NUMERICAL MODELS FOR A SEALED ENDS SFD OPERATING WITH OIL AND
GAS
Figure 2 gives a schematic view of a simple squeeze film with an off-centered
journal describing a circular motion with amplitude r and frequency @. The graph
includes a coordinate system (X, Y); ® denotes the circumferential coordinate with origin

at the —X axis. The journal kinematics superimposes a static off-centered eccentricity

(exo,eYO) and a dynamic motion(rx (t)'rY(t))' Hence, the instantaneous position of the

journal center (ex By ) is as follows:

et =€x, tTxtyr Gy =& Tl 4)
In the vector form, the journal eccentricity at a given time is ep=eo+r. For circular

centered orbits (CCO) with amplitude r, the vector rg with a whirl frequency wis

x| [cos(at+g)
{0 _[rY }_{sin(a)twﬁ)} ®)

! Portions of this section reprinted with permission from [41] Model and Experimental Verification of the
Dynamic Forced Performance of a Tightly Sealed Squeeze Film Damper Supplied with a Bubbly Mixture
by San Andrés, L., and Koo, B., 2019, ASME J. Eng. Gas Turb. Pwr., GTP-19-1415, Copyright 2019 by
ASME.
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cartridge

Figure 2. Schematic view of SFD with a whirling journal and a BC with its
coordinate system.

The film thickness h
hey) =C+1cos(0—at-9¢) (6)

Note, the film thickness h does not vary along the axial direction. The time derivatives of

the film thickness equal to

%h=vs sSin(® — ot — @) (7)
o%h 2
P ~rw* cos(® — ot - ¢) (8)

where vs (= rw) is the squeeze film velocity.

The journal motion squeezes a mixture of lubricant and gas to generate a
hydrodynamic pressure field (P) that produces a fluid film reaction force acting on the
journal. Figure 3 depicts a schematic view of a film land of a sealed ends SFD with its

inlet and outlet mass flows.
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Figure 3. Schematic view of film land in a sealed ends SFD with inlet (hole)
and outlet mass (piston ring slits) flows.

The governing equation for the generation of squeeze-film pressure in an oil and gas

mixture is [21, 31] as follows:

3 3 2 A2 y
0 _{puh” 0P 1, 0 pph” P =£(pmh)+—pmh a—z(pmh)+2 M1 5@
ROO | 1244, RO® | oz|\ 1244, 67 | ot 124, ot =\ A ),

Above pm and um are the mixture (effective) density and viscosity; m_stands for a

local source or sink of mass flow. Note that Ms,k = pQy , where the subscript k is either

in for an inlet feedhole or slit for a PR slit; Qx denotes a volumetric flow rate and Axis
the area of a feedhole or a PR slit. At a feedhole or a PR slit, &= 1, whereas &= 0 at

other locations. Note that m,, >0 for an inlet feedhole, and m;, <ofor a PR slit. If
there is no squeeze film velocity vs = ro =0, then m;, =—2My;, as PRs are located at

both ends of a damper film land as shown in Fig. 3.

The mixture properties are a function of the gas(air) volume fraction S [12], i.e.
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Pm :(l_ﬂ(&z.t))poil +ﬂ(®,t),0air ~ il (10a)

Hm = (1_ﬂ(®,z,t))ﬂoil +ﬂ(®,z,t)/‘air = Ol (10b)
The LVF (a =1-£) ranges from one for pure oil content to zero for just air content. The
approximate expressions on the right side follow since i >> tair and Pgii >> Pair -

Clearly p<0.

Eq. (9) is applicable over a region containing two distinct components, liquid and/or
gas, and cannot account for vapor cavitation (phase change). Note, Eq. (9) is actually

derived from the mass flow conservation equation,

, , h /
o(m,) a(m,) o(py )+Z Ml =0 (11)
RO® oz at cUA )
h? oP
where My = pphUg Uy = - ROO e
0 e e T T ) RO® -
h* oP

m, = pphU, < U, =-

13
124, oz (13)

are mass flow rates per unit length and (Us, U;) are the mixture mean flow

circumferential and axial velocities.

Boundary conditions considering an inlet feedhole and piston ring abutted end
The pressure field needs to be continuous and periodic in the circumferential
direction, PgzH=Pe+«n,zt; and if the journal motion is periodic in time, the pressure field

must also show the same periodicity, i.e., P@zy=P(6.2t+21), Where T=27/w. At an inlet
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hole with area A = ”4¢.i located at {®in,z=0}, where ¢ is a diameter of the inlet hole,

the supply mass flow of lubricant is

M, = p,,Q,, =sgn ( P, - FE@in,o) )|:Cd An\/ 2,

Ps - P(®inro

Il (14)

where Ps is the lubricant supply pressure (well upstream of the hole) and Piny) is the
film pressure. Above Cq denotes an empirically determined orifice pressure loss
coefficient. Eq. (14) allows backward flow modeling an orifice feedhole without a check
valve. If a check valve is present, Min ~0.0 when Ps < P(@in0).

Conventional analyses [5, 33] typically model the outflow through end seals as
proportional to a local pressure drop (Pout-Pa) and an (empirical) end-seal coefficient. In
lieu of the profuse experimental evidence, this widespread model is presently abandoned
(see for example Ref. [34]). As early as in 1991, a photograph in Ref.[19] shows a jet-
like outflow through the PR slit. Thus, the mass flow through a PR slit with area Agiit IS

modeled as

-P
Oyt vi%'—) a

} (15)

M it = PaiQsie = 59N ( P.- P(esmi%L))|:Cslit Asnt\/ 2P P(

with P p

Yowe 5.0 as the film pressure just upstream of the PR slit; Qsiit denotes a local outlet

volume flow through the PR slit. psit= pesiit+4L) if Pa < Posiit, +141) Otherwise psit= pair.
The computational physics program implements a finite element method (FEM) to

iteratively solve the modified Reynolds Eq.(9) and which includes an update of the

mixture properties. The process simultaneously solves for the pressure field and updates

the gas volume fraction (f), its time derivatives, the mixture density, and viscosity at
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every time step (200 time steps in one period of whirl motion). A difference of a percent
or less between consecutive iteration pressure fields determines convergence.

Diaz and San Andrés [21] make predictions (vs. test data) about open end SFD
operating with a bubbly mixture. For example, the model considers the pressure to rotate
around the bearing circumference, P-«t, 2 without any distortion, and uses the

kinematic conditions [#= ®-at],

B _ B O’p_ 20°p (16)

ot 00’ o? 062

The kinematic relations above show that the film thickness and its temporal (time)
derivatives are time-invariant in the rotating coordinate system. This assumption can
cause a large error near feedholes or PR slits. The current transient response analysis
does not use Egs. (16) but will apply a “true” time derivative calculated from the (stored)
pressure field and LVF calculated in the previous time steps. The first iteration shows
the code assumes the film land is filled with just pure oil, and the whirl motion gradually
ingests air content within the film land through the PR slit. It takes a number of full

periods to obtain a dynamic pressure field evolving toward a steady condition.

Gas volume fraction in a SFD operating with a bubbly mixture
Diaz and San Andrés [21] introduce a simplified form of the Plesset equation for use
in SFDs to account for a bubbly mixture in an open ends SFD. The authors assume a

homogeneous bubbly mixture of air and lubricant and use a simple model for the GVF

(9):
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1
(P) (P) 1. P(@,Z,t) — Pv 1_ﬂs
Ps - F)v ﬁs

(17)

where Py is the lubricant vapor pressure (1 kPa) and f=(1-as) the gas volume fraction at
Ps (supply pressure).
A volume integration of Eq. (11) gives

oM,

a . .
m”[%ij'(me)}dv:O:Min"'ZMsm:F (18)

where U is the flow velocity vector and m, and M, are the inlet and outlet mass flow
rates, respectively. The mass in the film land is
My = PV (19)

where the volume of the film land is V and a spatial average of the mass density over the

whole domain is 5, = 1{&” PuixyandV - For a half volume on the side of the

Y
. 1dv . .
squeezing volume, EW=rco;rRL. Hence, the time derivative of the mass at half

volume is

1. 1. 1.
—M, ==p V+p |=V 20
2 \Y 2 m lom(2 j ( )

Over a time period, T = 21/ w, an averaged mass in the film is

1= = 1., = =
EMV zIOm (EVJ:pm(ra)ﬂ-RL)z%ooil (ra)ﬂ-RL)’ pm zypoil (21)

where » is a time and space average liquid volume fraction, i.e.,
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y=2 [ ] @ avat.

From Eqgs.(18, 21), the ratio of the supplied oil flow to the magnitude of the dynamic
squeeze film is

1 =+T . .
3 2T t M in + 2M intdt . %Qs,dyn _ Qs,dyn
- = = = (22)
Pol@RL v, rRL vs7DL

where Qsayn is @ dynamic flow rate, i.e., sum of the inlet flow thru the feedhole and the
outlet flow thru the PR slits. Air will be ingested into the film (y <1) if the dynamic flow

is insufficient to fill the film volume (Q, , . <v,~zDL). EQ.(22) shows that air ingestion

s,dyn
depends both on the lubricant supply condition and the kinematics of journal motion.
For an open ends SFD, the experimental results in Ref. [21] advance an empirical

correlation between yand g, i.e, f decreases as y increases. However, the flow parameter

yis yet to be fully quantified for a PR sealed ends SFD discharging to ambient.

Liquid volume fraction in a SFD operating with a flow of two separate phases
Several approaches assume the lubricant as a continuous homogeneous gas in liquid
mixture. However, for the case of two separate immiscible phases, a specific
computational fluid dynamics method known as the volume of fluid (VOF) method is
adopted. This method introduced by Hirt and Nichols [7] is one of the most popular
models for modeling two-phase flows. Here, a location of an interface between two
phases is calculated by a transport equation delivering the volume of fraction of liquid in

a computational cell. In application to SFD flow, this method must be adopted for thin
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film flows dominated by two different length scales, film thickness, and damper
circumference. Gehannin et al. [27] successfully adapted the VOF method to model an
open ends SFD.

The total mass of a mixture in a given volume is an integral of the mixture density;

mﬂ p,dV (23)
The mass per unit time flowing through the surface of the volume is
[Jj p,U-ndS (24)
where U is the flow velocity vector, and dS and n denote the surface element area and

the surface normal vector, respectively. The rate of mass change in a volume equals to

the mass flow thru the surface. Hence,

0

a[ﬁ” p,dV :—mme-ndS (25)
By Gauss theorem

f1p,U-nds =[[[[ [V-(p,U) v (26)
Hence,

0,

il {%+V-(me)}dV -0 27)
Since pm~ apil,

il {%+ V-(apoi,U)}dV =0 (28)

By using the product rule for partial differentiation of three variables («, poil, and U),
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op,; 0
[ﬂ” o po”"'v'(upon) +Poi|_a+Poi|Uv‘(0‘) dv =0 (29)
ot ot
The first term of the left hand side of EQ.(29) equals zero since
op..
%+ V- (Upoil ) =0 (continuity equation) and pvil is constant (incompressible). Hence,

Da oJa
7« ) —al(vV-U)= 30
ot - At +V-(aU)-a(V-U)=0 (30)

This equation states that (a =i ) is @ material constant in the flow domain. This means
the total oil mass in the film region is constant at any given time.
Assuming a constant volume fraction () across the film thickness, integration of Eq.

(30) across the gap gives [7]

@+V[(aq)=a(%h+vmj (31a)

where q=(q,,q,)=(hU,,hU, ), flow rates per unit length with (Us, U,) as the mean

flow circumferential and axial velocities.

Eqgn. (31a) is also written as

6(ah)+6(augh)+5(auzh):a(@ a(Ueh)ﬁ(Uzh)J (31b)
ot RO 0z o RoO® 017
3 3
Where gy =Ugh= h G_Pand q, =U;h= d s .
1244, ROO 124y Oz
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Figure 4. Schematic view of pressure around a control volume. Subscripts
e,w,n,s denote faces of a control volume towards east, west, north, and
south, respectively. This figure is adapted from Ref. [34].

Take a control volume with its east and west faces along the circumferential

direction (R A® ) and north and south faces along the axial direction (AZ). Integration of
Eq. (31a) in a control volume gives, using Green’s Theorem,

Dj :a(;h) +V[(aq)} dA= D] a(%h+v[qj_dA_>

D]' _%} .dA+maqnds = m]. a(g—?]-dAJr a[ﬁqnds

(32)

The terms [ﬁ f ds denote the flow of variable f across the boundary (= faces) of a control

o(ah d(ah
volume. An approximation of the volume integral [ﬂ{%}.d/ﬁ"%RA@AZ;

then, Eq. (32) becomes
@ RAGAZ +([0,a, — 0,a, ] Az +[d,a, — 0,2, |RAG)

oh (33)
= 0{5) RA®AZ +a([q, -, ]Az +[q, — 0, ]RAG)
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where ge=(Uche) is the flow of mixture through the east face, (e ge ) is the flow of liquid
through the same face, gn=(Unhn) is the flow of mixture through the north face of the

control volume, etc.

. . ... Olah
Introduce a forward difference for the time-derivative (; )above. Hence, Eq. (33)

becomes

[(ah),,, —(ah) |RAGAZ + ([0, —q,a,] Az +[0,a, — 0,0, |RA®) At

(34)
=a[(h),, —(h), |RA®AZ +a([q, - q,]Az+[q, -0, ]RAG®) At
Let the transferred or displaced fluid volumes (mixture and liquid) be
Mixture Liquid
Q, =g,AZ At f,=(aQ),
Q, =0,Az At f,=(aQ),
Q,=0,RA®At | f =(aQ)
Q, =,RAG At f,=(aQ),
Then,
o, AV -, AV, +(f,—f,+f —f
(e AV, ) (v, ) ) -
=a[AVh AV, t]+a(qe —Q, +0, — )
(at+At AVh At )_ Oy at [AVh At —AVh t]_ Oy at (qe -0, +t0, -0 )t (36)

=(@AV, )=(f,-f,+f,— 1),

Cancelling like terms give the following:

. {[Av% ] —(Zq)t} =(@av, )-(Z 1), (37)
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In the VOF method [7], a special equation known as the donor-acceptor flux

approximation evaluates the volume of liquid f, =(aQ), transferred across the faces | =

w, e, n, or s of a control volume (AVyx) during a one-time step At. Figure 5 displays a

graphical explanation the volume of the transferred liquid.

(@)
Az AZ .
@ ] UAt
m—
Donor Q Acceptor

AX

Fig. 5a on the left shows two
control volumes for the transfer of
fluid across a cell face (in the axial
direction); D and A denote the
donor cell and the acceptor cell,

both of the fixed volume

AV, =(hRA®AZ); aap denotes the

liquid volume fraction of the
transferred volume, represented
by either aan or ap. The arrow
denotes the flow direction. The
area—color violet—between the
dashed line and a face between two
cells is the volume of mixture fluid
transferred from one donor cell to

the acceptor cell.
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Figure 5. Schematic views of free surface shapes used in the advection of
fluid: (a) Donor-acceptor arrangement and (b-e) examples. This figure is

adapted from Ref. [7].

(b)

(b) — U,At

Donor f=aQ

Acceptor

The yellow, green, and blue areas
denote the liquid volume in a
donor cell, the amount of liquid
transferred, and the liquid in the
acceptor cell, respectively. The
white area indicates the gas
volume content (1-«) in each of
the cells. In Fig. 5b (left), the
transferred liquid volume fraction

a4,0 = op and, hence, f = ap |Q|.

(c)

(c)

Acceptor

When  ap[Q[>ap 4V, the
transferred liquid volume equals to
the total liquid volume in the
donor cell, f=0!DAth . Note,

(U; At) >Az, i.e., the flow velocity

is fast or the time step is long.

Figure 5. (continued)
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(d) The volume fraction a4 in the

(d) — U,At— acceptor cell defines the volume
fraction aap of the transferred
volume across the cell face, i.e.

Donor Acceptor oap = aa When all the fluid in the

donor cell is transferred and the
liquid lying in the transition area is

transferred to the acceptor cell.

Note, f =a; AV, <aalQ]

(e) When aap = aa, more liquid
) needs to be transferred than the
amount aa|Q|. The extra fluid in

the transition area (box with red

Donor Acceptor sides) is known as an additional

volume of liquid (CF).

Figure 5. (continued)

Ref. [7] present equations for the fraction of liquid () across the i-face of a control

volume and during one time step At:
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o |Q[+CF if (O‘A,D|Qi|+CF)<(aDAVWt>)

fi= (38)
(O!D AV ) if (aAVD |Qi|+CF) > (aD Avhm)
where CF :{(1_GA'D)|Qi|_(1_aD)(aD AV, ) if (12,0 )[Q|> (1-ap ) (a5 AV,)
otherwise 0

A split operator as used in Ref. [27], helps compute the liquid fraction (<) even for
the case of an empty cell (o= 0 with just air) having two neighbors completely filled
with liquid. The split operator has two steps for its calculation: the first involves

calculating the volume fraction along the horizontal (circumferential) direction.

) (aD Ath)—feJrfW
C Tl (ay, e, >

t
Similarly, the second step involves calculating of the volume fraction along the axial

direction:

* (fn_fs) +a (QH_QS)t

t+At
® t+At Y t+At

Note, f» and fs are intermediate fluxes (along the north and south faces after

(40)

calculating the intermediate volume fraction «*) calculated from Eq. (39).

Refs. [6, 19] show a jet (air/oil) mixture quickly entering a film land through a PR
slit, see Fig. 6. The jet flow has a large velocity. In the VOF method, this large velocity
can be modeled using a very large GVF (f), i.e., nearly pure air with an extremely small
viscosity compared to an oil viscosity. However, the jet flow through a PR slit is

difficult to model with the simple VOF method and can cause convergence problems due
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to the complex flow nature. To avoid the convergence problems and save the

computation time, the range of GVF () for analysis is limited from 0.01 to 0.99.

“‘

Negative dynamic pressure portion of a cycle

K L

Figure 6. Air is drawn into the damper during the negative dynamic
pressure portion of a whirl cycle (d)-(i), and is swept away during the high
pressure portion of the wave (a), (b), (c), (k), (I). This figure is adapted from

Ref.[19].
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CHAPTER III?
DESCRIPTION OF THE EXPERIMENTAL FACILITY AND TEST DAMPER
This section describes the test facility and the test squeeze film damper, and included

the test procedure.

Test rig description

Figure 7 depicts a photo of the SFD test rig and its major components for generating
and measuring dynamic motions. The rig consists of four elastic rods supporting a
bearing cartridge (BC), and a journal is rigidly amounted to a test bed. The rods provide
structural stiffness (Ks) replicating a squirrel cage. Two electromagnetic shakers
orthogonally mounted shake the BC with controlled dynamic loads. A computer
algorithm iteratively searches magnitudes of dynamic loads to produce a specified orbit
radius (r). When the damper whirls with the orbit radius (r), pairs of displacement
sensors, acceleration sensors, and dynamic force sensors measure the dynamic responses
along X and Y axes. Simultaneously, piezoelectric dynamic pressure sensors record
dynamic pressure at the film land.

This test rig is modified to test sealed ends SFDs operating (a) first with a bubbly
mixture, and (b) next with PR slits open to ambient (described in Ch. VI).

In experiments with the controlled bubbly mixture, the influence of the GVF on the

SFD dynamic forced performance is readily quantified. The GVF for the SFD operating

2 Portions of this section reprinted with permission from [41] Model and Experimental Verification of the
Dynamic Forced Performance of a Tightly Sealed Squeeze Film Damper Supplied with a Bubbly Mixture
by San Andrés, L., and Koo, B., 2019, ASME J. Eng. Gas Turb. Pwr., GTP-19-1415, Copyright 2019 by
ASME.
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with PR slits open to ambient is quantified by comparing its dynamic forced

performance against that of the SFD operating with a bubbly mixture.

Static

loader
—~

Bearing
cartridge

Pressure
b transducer
\ e Y

Discharge
TV — @ Eddy current
/ . jn| sensor (Y)

line
_.'f'- o T
. Support

rods

/l
©@ur A

Top view
-0 4 a121szncm

Static loader
hake //E’b
Figure 7. Photograph of SFD test rig with shakers and sensors adapted
from Ref.[34].

Bubbly mixture tests. The computational analysis aims to model accurately the
physical behavior of (sealed ends) SFDs operating with a bubbly mixture and hence, it is
vital to produce experimental data appropriate for the model validation. If the validation
succeeds, the model could be extended to predict the performance of SFDs operating
with natural air ingestion. To this end, the following describes a test rig and operating

procedure to deliver the test data necessary for validation.
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Two important aspects are relevant to the design and realization of the experiments.
One is to establish the means and procedure for making bubbly mixtures of quantifiable
(known) gas content, and the other aspect is a practical implementation, while in
operation, that prevents (any) ambient air be drawn into the film, and so that it could
alter the composition of the supplied mixture. To prevent air ingestion, the first
configuration has the damper submerged in an oil bath.

Figure 8 depicts a photograph of the SFD test rig and its major components for tests
with bubbly mixture. Table 1 lists the damper dimensions and lubricant properties. The
journal diameter D = 127 mm. The film land length L = 25.4 mm and the radial

clearance ¢ = 373 um (c/D~0.0029).

L

Mixture in |- I

|
§ iy
Sparger

RNV EEeesge
Retum
line

Bubble
eliminator

Figure 8. Photograph of SFD test rig as lubricated with a controlled bubbly
mixture.
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Table 1. Dimensions of SFD test section and lubricant properties.3

Journal diameter, D 127 mm
Axial film land length, L 25.4 mm
Radial clearance, ¢ 373 um
Feedhole orifice diameter, ¢in 25mm
Angle location, ®in 45°
- - - 2
Piston ring slit area, ASIit 0.2 mm
Angle location, O 135°
ISO VG 2 ol
Lubricant viscosity, u 2.6 mPa-s
Lubricant density, p 799 kg/m3
Total structure mass Ms 24.3 kg
Bearing cartridge mass, Mgc 15.2 kg
Structural stiffness, Ks 3 MN/m
(4MN/m with seals)
Structural damping, Cs 900 N-s/m
Structural quadrature stiffnes, Ko 0.5 MN/m

Figure 9 shows a cross-section view of the test rig with the flow path into the film
land and out of it. There are two distinctive axil end grooves at the top and bottom of the
film land. The top groove hosts a PR, while the one at the bottom hosts an O-ring (OR).
A 3.8 kW hydraulic pump delivers 1ISO VG2 oil from an oil tank. The measured
lubricant viscosity is # = 2.6 cP and density is p = 799 kg/m? at supply temperature Ts
= 23°C. The physical properties of the used lubricant are similar to those of the oil in
aircraft engines operating at a high temperature of T~200°C). An air supply line draws
dry air from a large pressurized tank with a regulated constant pressure. An air

flowmeter measures the air volumetric flowrate at a standard condition. An oil turbine

3 The sponsor selected the damper radial clearance. The loss coefficients for both the feed orifice and the
PR slit are empirically estimated from static flow measurements conducted with the system lubricated
with just oil.
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flowmeter records oil volumetric flowrate. Two needle valves at each supply line control

the inlet flow rates to determine a set inlet GVF (),

Qg(PS)

Bs = Q +Qg(PS)

(43)

where Q is the liquid volume flow rate and Qup) = r% | is the gas (air) volume flow
S Ps

rate extracted from the recorded mass flow rate () and the air density at the supply
pressure pp) -

The two fluid streams merge into a larger component with a pore size of 2 mm to
mix the fluids in homogenous form. The mixed bubbly mixture flows thru one feed hole
(én = 2.5 mm) at the bottom of the film land and ®in = 45°. The mixture lubricates the
film land and exits thru a PR slit, abutted end of PR and located at ®sjit = 135°. Note the
OR effectively seals the film land and hence, there is artificially no leakage. A plastic
reservoir with its volume of 4.4 liter accumulates the exit flow above the journal. A 750
watt return pump sucks the mixture from the top plenum while a pressure regulator
maintains the pressure inside of the plenum as ambient. A bubble eliminator removes air
content in the mixture, and then a pure oil returns to the oil tank.

The experiments called for dynamic load measurements to be conducted over a range
of lubricant supply pressures (Ps), from 2.1 to 6.2 bar(g), with a constant increment of
0.7 bar, and with air in oil mixtures of increasing gas content to GVF = 0.5, in steps of

0.1. Table 2 sums for various test conditions, the supply pressure and the exit bubbly
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mixture GVF as well as the gas mass fraction, GMF =

m, _ Py
mg +poiIQI pm

B, . Notice that

the GVF at ambient pressure nearly doubles that at the supply condition, whereas the gas

mass fraction remains minute since pg < pm < poil.

QOutlet

Mixture
returns to
bubble
eliminator
and oil tank

Film land
(D=127 mm, L= 25.4 mm,
¢=0.373 mm)

REBAM®

sensar_

Journal with

Air in oil mixture

Cover (tightly sealed)

—

=

\

feed orifice
(check valve)
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Top plenum
(oil filled)

End with leakage thru
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Piston ring
(with slit)
] Pressure

sensor

— 0O-ring
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K End w/o any
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rod

et

Figure 9. Schematic cross-section view of SFD test rig with flow path for
supplied bubbly mixture (not to scale).
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Table 2. Representative gas volume fraction (GVF) in mixture and gas
mass fraction (GMF) vs. supply pressure.

Ps, bar(g) GVFatPs | GVFatP, | GMF x 103
6.2 0.1 0.43 1.1
0.2 0.62 2.4
0.3 0.74 4.2
0.4 0.81 6.3
0.5 0.86 9.1
4.8 0.1 0.36 0.83
0.2 0.53 1.7
0.3 0.67 3.1
0.4 0.77 5.0
0.5 0.83 7.2
2.1 0.1 0.19 0.36
0.2 0.34 0.78
0.3 0.46 1.3
0.4 0.59 2.1
0.5 0.68 3.2
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CHAPTER IV*

TEST PROCEDURE AND FORCE COEFFICIENT IDENTIFICATION

Estimation of force coefficients from measurements of force displacements
In the experiments, the shakers deliver single frequency (w) forces to produce circular

orbits with amplitude® r=0.2 c. The shaker forces vector is written as
Fuo = Fy[L£i] € =Fe'™ (44)

with i as the imaginary unit. The whirl frequency varies discretely from «=10Hz to 60
Hz. Hence, the maximum squeeze velocity vs=ro ~ 28 mm/s, and the maximum squeeze

Reynolds number Res= [(p/) w ¢?] ~ 16.

The damper reaction force is modeled, in linear form, with matrices of damping and

inertia force coefficients,

—Fgep = CSFDZ +MgepZ (45a)

_{FX} =[CXXCXY:| {rx}+|:MXXMXY:| {rx} (45b)
I:Y SFD CYX CYY SFD I:-Y MYX MYY SFD r-Y

where z=[r, r,|" =ze'"is a vector of BC displacements. For circular centered orbits, the

matrices of coefficients are not isotropic, i.e., Cxx= Cyy and Mxx = Myy, due to the

presence of feed holes and the PR slits.

4 Portions of this section reprinted with permission from [41] Model and Experimental Verification of the
Dynamic Forced Performance of a Tightly Sealed Squeeze Film Damper Supplied with a Bubbly Mixture
by San Andrés, L., and Koo, B., 2019, ASME J. Eng. Gas Turb. Pwr., GTP-19-1415, Copyright 2019 by
ASME.

5 A peak load capacity of ~ 4.5 kN limits the range of applied dynamic load. The amplitude of BC motion
(20%oc) is dictated by the sponsor application. The current system is excessively stiff due to the end seals,
O-ring and PR. Hence, the test excitation frequency range is small.
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Figure 10 depicts an idealized schematic view of the SFD test rig with lumped
parameters such as the bearing cartridge mass (Mgc), and springs (K’s) and dashpots
(C’s) representing the support structure and the SFD. The dynamic loads generated by
the shakers produce BC relative motions to the fixed journal. The equation of motion for

the bearing with mass M;s is

M S a= I:d + [FS + I:seals + I:SFD] (46)

where the acceleration vector is a = [aX a, ]T =ae'”. In the experiments, the excitation

forces, the BC displacements relative to the journal, and the BC accelerations are
measured. That is, at frequency w, there are complete time records of Fq, z and a.

The reaction forces from the structure and the end seals (O-ring and PR) are:

F.=K z+(C + KO'S]z
s —M\g S (47)
w
KO seals | .
_Fseals - Kseals Z+ Cseals + Y VA (48)
0]

with (K, C)s, (K, C)seais as matrices of stiffness and damping force coefficients for the
structure and for the combined effect of both end seals (O-ring and PR), respectively.
Above Ko is a quadrature stiffness that appears in elements showcasing either structural
damping and/or dry-friction behavior, as will be evident later. For example, upon
dynamic operation, one face of the piston rig slides against the groove in the journal to
create a dissipative force (that is a function of the static pressure within the film).

In the frequency domain, Eq. (45) becomes
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F-M, 3= K, -&’M, +i(o C+K,) |z=H, 7

' \ 1 _ (49)
( KS +Kseals )_0)2 MSFD —l{CSFD +CS +Cseals +— Ko,seals j o |Z
(4]

Above define a lubricated system complex dynamic stiffness

H =[K -o’M_+i(0 C+K,), ] (50)
where
KL:KS+KseaIs; CL:CS+CSFD+(C+1 KO) ; ML:MSFD (51)
@ seals

(K, C, M)Lare matrices containing the stiffness, damping and added mass coefficients of
the lubricated test system.

A first set of tests without any lubricant delivers the (dry) structure force
coefficients (K, C)s, listed in Table 1 and Appendix A, and the quadrature stiffness
Ko,seals, representative of the PR sliding friction. Next, multiple tests over a range of whirl
frequencies, clockwise (+w) and counter clockwise (-w), produce enough data to
determine the complex dynamic stiffness of the lubricated system.

In the identification procedure, the instrumental variable filter method [36] finds the
best parameters fitting the model, Re(HL)>(KL-«* ML) and Im(HL)=> (@ CL+KoL)
within a specific frequency range.

The SFD squeeze film force coefficients follow from

Ksrp = KL - Ks - Kseals, Csrp = CL - Cs - Cseals, (52a)

Msep = ML, Ko,srp = Kos - Ko seals (52b)
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Note Ksrp~0 whereas Kosrp roughly represents both a viscoelastic behavior from

the O-ring and the sliding friction from the PR, a function of the supplied pressure.
Note the identified SFD cross-coupled force coefficients, (Cxy, Cvx) and (Mxy, Myx)

show magnitudes lower than 10% of the direct force coefficients magnitudes, and thus

not discussed.

KXX,seaI

\2{\\% XX,seal? KX O\

» ) 2 ] 7 it | .

_ X
Z={€g x*HIy, €5y Iy}

Kxx.s

Cxx.s

Kxx,sFp
% Cxx'sFp
L|J K

Kyy.seo XSFD SFD

YX,SFD
Cyvseo  Kyys J_ Kyy,seal
Cyvs vv.seal, + Kvvo
'/

Figure 10. Idealization of mechanical system as a point mass (bearing
cartridge) and force coefficients for squeeze film, structure, and end seals.

Analytical force coefficients. For a tightly sealed ends damper operating with small

amplitude CCO, the SFD viscous damping (C*) and added mass (M*) coefficients are
[35]

3 3
D
C*leﬂﬂL(zj = 13 kN-s/m: M*zp%(%) = 44 kg 2)
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These coefficients (C*, M*) are strictly valid for operation without liquid cavitation
and in a physical configuration not allowing any lubricant leakage, and worse yet any air
ingestion and entrapment.

In the following, the experimentally identified SFD force coefficients are normalized
as C = C/C*, M = M/M*. Note that C and M ~ 1.0 reveal an experimentally derived
coefficient perfectly agreeing with the magnitudes in Eq. (2). Normalized stiffnesses are
K = K/Ks+seats and Ko = Ko/Ks+seais Where Ks+seais = 4 MN/m. See Appendix. A for details

of the identified system dry force coefficients.
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CHAPTER V°®
DYNAMIC FORCED PERFORMANCE OF A SEALED ENDS SFD SUPPLIED
WITH A BUBBLY MIXTURE TEST DATA AND PREDICTION

This section delivers predictions of sealed ends SFD operating with a film filled by a
bubbly mixture, benchmarked against profuse laboratory test data. The predictive
models implement a Reynolds equation adapted for a bubbly mixture with a known gas
volume fraction at a reference condition, namely the supply upstream of an orifice. The
models include temporal fluid inertia effects, and uses physics based inlet and outlet
lubricant conditions through feed holes and PR slit, respectively. The identified cross-
coupled force coefficients are smaller than 10% of the direct force coefficients

magnitude and thus not discussed in this report.

A sample of the measured complex dynamic stiffnesses for the lubricated test
system of the PR-OR sealed ends SFD

Recall Table 2 stating representative magnitudes for the mixture supply pressure and
inlet GVF (fs). For the tests with Ps = 6.2 bar(g), Figure 11 depicts the real and
imaginary parts of the direct complex dynamic stiffnesses (H) operating with either pure
oil or with a bubbly mixture with g5 = 0.5. Similarly, Figure 12 displays the direct
complex dynamic stiffnesses (H) for operation with a low supply pressure, Ps = 2.1
bar(g). The symbols denote the measured test system complex stiffness, and the solid

and dashed lines display the physical model best curve fit to the measurements. The inset

® Portions of this section reprinted with permission from [41] Model and Experimental Verification of the
Dynamic Forced Performance of a Tightly Sealed Squeeze Film Damper Supplied with a Bubbly Mixture
by San Andrés, L., and Koo, B., 2019, ASME J. Eng. Gas Turb. Pwr., GTP-19-1415, Copyright 2019 by
ASME.
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tables list the normalized damping and inertia (C,M). coefficients and the correlation
coefficients (R?).

For both Ps, the correlation factors R?> 0.9 show that the physical model fits well the
test data. The real parts of the complex dynamic stiffness, Re(HL) = (KL-&’ML), show a
significant quadratic coefficient indicating a large inertia coefficient (ML >>0). The
intercept of the real part shows the lubricated system stiffness (K.), and which is almost
identical to the one for the dry structure; that is KL.~Ks~ 4 MN/m; thus Ksrp~0. Recall,
in classical lubrication theory, a SFD does not produce a film reaction force to a static
journal displacement.

The imaginary parts of the complex dynamic stiffness, Im(HL) = «#C+Ko, evidence
that viscous type damping is dominant. The intercept (Ko)L increases from ~1 MN/m to
> 2MN/m as the supply pressure increases from 2.1 bar(g) to 6.2 bar(g). (Ko)L > 1 MN/m
(~0.25Kary) shows a significant contribution of the end seals.

For pure oil (GVF = 0.0) with a large supply pressure, the normalized damping
coefficient Csrp is ~1.0 indicating the prediction correlates well with the measurement.
The damping coefficient significantly decreases (Csrp <0.7) as the GVF increases from
0.0 to 0.5 (from pure oil to 50% of gas volume in the mixture). Note Csrp for either a
pure oil condition or a bubbly mixture (GVF = 0.5) does not change as the supply
pressure decreases. The unexpected finding points out to the mixture effective viscosity
not decreasing linearly with the gas content (as theory assumes).

On the other hand, for both pressure condition (Ps = 6.2 bar(g) or 2.1 bar(g)), the

normalized inertia coefficient Msrp for the SFD lubricated with pure oil is ~1.0. For tests
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with a bubbly mixture (5 = 0.5), Msep is lower than 0.5, likely due to the lower mixture

density, since pm ~ (1- £) poil.
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Figure 11. SFD operating with a bubbly mixture (£=0.0 and 0.5): Lubricated
test system supplied with Ps = 6.2 bar(g): real and imaginary parts of
complex dynamic stiffnesses (Hxx, Hyv)L vs. whirl frequency
(w).Circular centered orbits with amplitude r = 0.2c and frequency @
= 10-60 Hz. One feedhole at (®in = 225°, z = -%4L) and PR slit at @siit =
(315°, z = v4L).
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Figure 12. SFD operating with a bubbly mixture (£=0.0 and 0.5): Lubricated
test system supplied with Ps = 2.1 bar(g): real and imaginary parts
of complex dynamic stiffnesses (Hxx, Hyy)L vs. whirl frequency (@).
Circular centered orbits with amplitude r = 0.2c and frequency o =
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(315°, z =v4L).
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Force coefficients for PR-OR sealed ends SFD supplied with a bubbly mixture

The single frequency dynamic loads produced BC orbital displacements equal to 20%
of the damper radial clearance. The comprehensive test data sets were processed to
deliver the SFD force coefficients, damping and inertia, as functions of the feed pressure
and fs. Do note the coefficients shown below are representative of the test damper
dynamic performance over a certain frequency range (10 Hz-60 Hz).

Figures 13 and 14 depict as ribbon plots the experimentally derived damping Csrp and
inertia Msrp coefficients versus supply pressure (Ps) along one axis, and versus inlet
GVF (fs) depicted along an orthogonal axes. The reference GVF (f) is known
(measured) and representative of the overall GVF in the film. Recall that the GVF
(B) varies with both time and spatial location, see Eq.(17).

Note the experimentally derived force coefficients (K, C, M) have a total uncertainty
(bias uncertainty + variability) of Uyk= 6.9 %, Utc = 8.3 %, and Uim =17 %, respectively;
see Appendix B for details. Once again, do realize the force coefficients depicted, test
and model derived, are representative of operation within a certain whirl frequency range,
from 10 Hz to 60 Hz.

Note that Figures 13 and 14 show the force coefficients along the X and Y directions
(top and bottom). See inset graphs for a depiction of the coordinate system and the
physical location of the inlet hole and PR slit. The force coefficients are expectedly not
isotropic, i.e., Cxx # Cyy, although the BC describes circular centered orbits.

In general, the predicted damping (Csrp) (Fig. 13) agrees well with the test result for

either a GVF (f) < 0.1 or a GVF (%) >0.4. However, the experimental damping
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coefficient remains nearly uconstant for GVF () < 0.4; whereas the predicted Csrp
gradually decreases as the GVF increases. That is, the model underpredicts (~10%) the
damping coefficients for operation with a moderate GVF. As the oil supply pressure
increases, the predicted damping and inertia coefficients slightly increase showing a
decrease in vapor cavitation region in the film land [39-40].

Interestingly enough, the damping coefficients for the current sealed ends SFD differ
in trend from those for an open ends SFD in Ref.[21] which shows Csrp linearly
decreases with GVF () to ~0.5. Note, however, that both the current tests and
predictions produce a damping coefficient that decreases only ~20% as the inlet GVF
increases to 0.5. Thus, a sealed ends SFD is more impervious to damping reduction,
likely due to the substantial magnitude of the oil supply pressure (Ps= 2.1 bar(g) to 6.2
bar(g)) administered during the tests.

In Fig. 14, the added mass coefficients (Msrp) decrease quickly as the GVF (/%)
increases and are independent of supply pressure Ps. Recall the density of the mixture is
proportional to the GVF (%), i.e. pm ~ (1-fs) x poir; hence then the quick reduction in
Msrp magnitude as the gas content increases.

When GVF=0.0 (pure liquid) and Ps= 6.2 bar(g), both non-dimensionalized damping
and inertia coefficients experimentally derived and predicted (C, M) are nearly one, i.e.,
the results are close to the solution from the lubrication theory, see Eq.(2).

Note that the predictions rely on the input of empirical loss coefficients for both the
lubricant feed orifice (Cq=1.0) and the PR slit (Csit=0.5). These coefficients, Cq and Csi,

are taken as constant for the whole set of experiments, including those with the air in oil
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mixtures. However, one must realize the named loss coefficients are a function of the
flow condition, the Reynolds number, mixture composition, as well as the journal
kinematics, i.e., the amplitude and frequency of whirl motion. Considering the apparent
shortcomings, the agreement of the model predictions against the experimental

coefficient is remarkable.
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Figure 13. SFD operating with a bubbly mixture: Experimentally derived
and predicted damping coefficients (Csrp) vs. supply pressure (Ps) and vs.
inlet gas volume fraction (Bs) at Ps. Top graphs show the XX-coefficient,
and bottom graphs show the YY-coefficient.
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Figure 14. SFD operating with a bubbly mixture: Experimentally derived
and predicted added mass coefficients (Msrp) vs. supply pressure (Ps) and
vs. inlet gas volume fraction (fs) at Ps. Top graphs show the XX-coefficient,
and bottom graphs show the YY-coefficient.

Figure 15 shows the test derived quadrature stiffness coefficients (Ko)sep vs supply
pressure and vs. GVF (f%). Note (Ko)srp increases as the supply pressure Ps increases.
The feed pressure pushes on the PR to increase the dry sliding frictional force between
the ring side face and the groove in the journal. Interestingly, (Ko)srp also increases as
the GVF increases. When air bubbles collapse, sharp pressure peaks with large
magnitude appear in the squeeze film [39]. These large pressure peaks increase the

frictional force between the ring side face and the groove. Ref. [39] presents the pressure
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profile with the sharp pressure peaks. The normalized quadrature stiffness (Ko) is large,
as high as 50% of the structure stiffness. Incidentally, the large (Ko)srp (due to sliding
friction) makes the system excessively stiff and demands more energy for the squeezing
motion to take place. The fluid film model does not predict (Ko)srp as this coefficient is

not related to the generation of squeeze-film pressure.
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Figure 15. SFD operating with a bubbly mixture: Experimentally derived
quadrature stiffnesses (Kosrp) vs. supply pressure (Ps) and vs. inlet gas
volume fraction (5) at Ps.
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Figure 16 depicts the direct stiffness coefficients Ksrp derived from the dynamic load
tests and predictions. Although the identified coefficients appear to increase as the
supply pressure increases, Ksep is very small compared to the structure stiffness Ks. Both

the test data and predictions show Ksrp does not vary with the GVF ().
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Figure 16. Experimentally derived and predicted direct stiffnesses (K_srp)
vs. supply pressure (Ps) and vs. inlet gas volume fraction (f5s) at Ps. Top

graphs show the XX-coefficient, and bottom graphs show the YY-
coefficient.
As a closure, the tests for the sealed ends SFD operating with a bubbly mixture (and
submerged in an oil bath) show the effects of GVF on the damper dynamic forced

performance. In general, the force coefficients (K, C, M) decrease slightly as the GVF

increases and/or the supply pressure decreases. In particular, the damping coefficient
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(Cxx, Cyy) decreases only 20% while the GVF increases from 0.0 to 0.5 The results show
that classical lubrication theory predicts well only if the film is lubricated with a pure
liquid supplied with a large supply pressure (> 5 bar(g)). As fs increases from 0.0 to 0.5,

the damping magnitude of an open ends SFD decreases ~50%. [21].
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CHAPTER VI
DYNAMIC PERFORMANCE OF A SFD SEALED WITH PISTON RINGS AND
SLITS OPEN TO AMBIENT (NATURAL AIR INGESTION)

Next in the experimented program, both axial ends of the damper film land are
sealed with (identical) PRs and dynamic load tests follow. Note the PR slits being open
to ambient (not a plenum) allow for natural air ingestion to occur. The PRs are fitted into
the journal grooves bounding the film land. Hence, the lubricant exists through the PR
slits and air can entrain (into the film land) when the squeeze-film pressure is lower than
ambient.

In the experiments, pure lubricant is supplied through a feed hole (gn = 2.5 mm) at
the middle of the film land (z = 0, ®in = 45°). The PR slits with a measured cross-
sectional area measured (Agit) of 2 mm? are 90° away from the feedhole (@it = 135°).
Both the feedhole and PR slit sizes are measured by a caliper with a bias uncertainty of
+0.01 mm. Lubricant exiting thru the bottom of the damper falls by gravity into a
collection bucket and immediately removed to a collection sump. On the other hand, the
lubricant exiting to the top side is not allowed to accumulate since a suction line
immediately routes this fluid (or bubbly fluid) to a bubble eliminator and main oil sump,

as shown in Figure 17 and the photograph in Figure 18.
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Figure 17.Schematic view of SFD test rig configuration for tests with air
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PR slit
(exiting liquid)

Figure 18. Photograph of a PR sealed ends SFD operating with PR slits
open to ambient.

The single frequency dynamic load test procedure described in Ch. IV is here
repeated for tests with the PR sealed ends SFD and the PR slits open to ambient. The
dynamic shakers provide loads to generate a centered circular motion with an orbital
displacement r=0.2c. The lubricant supply pressure Ps= 0.7 bar(g)-6.2 bar(g). The
identified force coefficients identified are representative of the dynamic forced
performance of the test damper operating with PR slits open to ambient over a certain

frequency range (40 Hz-70 Hz).
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Complex dynamic stiffness measurements of lubricated system

For tests with a sealed SFD, two PRs seal the axial ends of the journal and the PR
slits open to ambient. The PR slits locate at ®sit = 315° and open to ambient. The
lubricant supplies thru a feedhole located at ®in = 225° and z = 0 (mid-plane).

For the tests with Ps = 0.7 bar(g), Figure 19 depicts the lubricated system real and
imaginary parts of the direct complex dynamic stiffnesses (H)L versus whirl frequency
(w). The symbols denote the measured test system complex stiffness; whereas the solid
lines represent the physical model best curve fit to the test data. Similarly, for tests with
Ps= 4.1 bar(g), Figure 20 shows both components of (H)L. The inset tables list the
correlation factors (R?) of the measured data to the curve fit. The test data correspond to
the experiments with an orbit radius r=0.2c.

The intercepts of the real parts of H. show the system static stiffness coefficients. For
both pressure conditions, 0.7 bar(g) and 4.1 bar(g), the static stiffness is ~3.0 MN/m.
Recall the structural stiffness (Ks) is ~3.0 MN/m. Hence, the PR sealed ends SFD does
not add to the test rig system direct stiffness. The correlation factor of Im(Hp)=(@&C+Ko)
is RZ>0.9 although the quadrature stiffness (Ko)v is negligible for tests of both pressure

conditions. Hence, the imaginary parts of H. evidence that a viscous type damping is

dominant, i.e., Im(HL) /o - C.
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Figure 19. PR sealed SFD with PR slits open to ambient. Real and
imaginary parts of complex dynamic stiffnesses (Hxx, Hyv)L vs. whirl
frequency (). Lubricant supplied at Ps = 0.7 bar(g). Circular
centered orbits with amplitude r = 0.2c and frequency @ = 40-70 Hz.
One feedhole at (®in = 225°, z = 0.0) and PR slits at ®siit = (315°, z
=tYL).
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Figure 20. PR sealed SFD with PR slits open to ambient. Real and
imaginary parts of complex dynamic stiffnesses (Hxx, Hyv)L vs. whirl
frequency (). Lubricant supplied at Ps = 4.1 bar(g). Circular
centered orbits with amplitude r = 0.2c and frequency @ = 40-70 Hz.
One feedhole at (®in = 225°, z = 0.0) and PR slits at @siit = (315°, z
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PR sealed SFD damping and inertia force coefficients: measurements and
predictions

Over one period of whirl motion and the entire flow area, an average GVF (favg) is

J‘J.J.ﬂ((a,z,t)d@ dz dt
(27zL)T

Bag = (53)

where T=27/w is one period of whirl motion.

From the predictions using the SFD VOF model with natural air, Figure 21 displays
as a surface plot of the time-space average GVF (favg) versus oil supply pressure (Ps)
and whirl frequency ().

Figure 21 shows the space-time average GVF (favg) increases as the whirl frequency
increases. The average GVF is nearly zero when the supply pressure Ps > 3 bar(g), i.e., a
large supply pressure effectively prevents air ingestion into the SFD film land. For
Ps=0.7 bar(g), the GVF increases from 0.1 to 0.35 as the whirl frequency increases from

20 Hz to 70 Hz (the squeeze velocity increases from 9 mm/s to 33 mm/s).
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Figure 21. PR sealed SFD with PR slits open to ambient: Predicted average
GVF (Bavg) vs. supply pressure (Ps) and whirl frequency (w) Orbit

radius r =0.2c 40=0siit - Oin=90°.

Figures 22 depicts the experimentally derived and predicted (a) damping (C)srp and
(b) added mass (M) skp coefficients versus supply pressure (Ps). The results correspond
to circular orbits with a radius r=0.2c. The physical model uses the frequency range of
40-70 Hz for parameter identification. The maximum squeeze velocity is 33 mm/s, and
the maximum Reynolds number equals 19.

The experimentally derived force coefficients include the total uncertainties of Uik=

5.9 %, Uic= 8.3 %, and Uim =17 %, respectively, see Appendix B. Note also the direct
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stiffness and quadrature stiffness (Ko) of the test SFD are small in comparison to the
structural stiffness Ks= 3.0 MN/m. Hence, the damper stiffness coefficients are not

worthy of showing.

Over a period of whirl motion the feedhole and PR slits produce local pressure
distortions that effect the generation of the instantaneous fluid film reaction force. The
predictions shown correspond to time averages over a whole period of motion and with
error bars denoting the maximum and minimum values. Note that force coefficients at

one instant of time do not represent the whole dynamic performance of the SFD.

In Figure 22, the predicted damping coefficients (C)xxyy agree well with those
experimentally derived, the maximum difference of ~10%. The predictions show the
damping coefficient (C) increases as the supply pressure increases from 0.7 bar(g) to 2.7
bar(g) due to the decrease in GVF, see Fig. 21. Similarly, the experimentally derived
normalized damping coefficient also increases from ~0.7 to ~1.0 as the supply pressure
(Ps) increases from 1.4 bar(g) to 6.2 bar(g).

Note the damping coefficients are not isotropic, i.e., Cxx # Cyy, although the BC
describes circular centered orbits, Cxx is ~10% larger than the Cyy. The locations of the
feedhole and PR slits largely affect the dynamic forced performance of the test sealed
ends SFD. The coefficients orthotropy is more pronounced than the one for the SFD
lubricated with a bubbly mixture, see Fig. 13 since air content in the film land is more
concentrated in the PR slit area compared to the one with a bubbly mixture.

The model under-predicts the inertia coefficients (Msrp) when compared to those

experimentally derived. The maximum discrepancy is up to ~30%. The predicted
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dimensionless inertia coefficients (Mxx, Myy) increase from 0.7 to ~1.0 as the supply
pressure (Ps) increases since the average GVF (fag) decreases. However, the
experimentally identified inertia coefficient is nearly constant as the Ps increases. Recall
the identified mass parameters have an uncertainty of 17 %.

Note a normalized force coefficient (C or M) ~1.0 means the lubrication formula in
Eq. (2) delivers a sound estimate of the named coefficient. For Ps< 3 bar(g), C predicted
by the VOF model shows a better agreement with the measurements than the one
produced by the formulas in Eq. (2). The simple formula predicts accurately the inertia
coefficient M when Ps < 3bar(g) since the measured inertia coefficient is nearly constant
as the supply pressure increases. For Ps> 3 bar(g), the magnitudes of both experimental

C and M agree with the simple formulas’ predictions.

For completeness in this section, Table 3 lists the measured and predicted supplied
flow rate into the sealed ends SFD for operation with supply pressure Ps from 0.7 bar(g)
to 6.2 bar(g). The flow rate is representative of a static condition, i.e. without any journal
whirl motion. Dynamic flow rates could not be recorded as the existing instrumentation

was limited to steady state conditions.

Table 3. Measured and predicted flowrates supplied to test SFD.

Supply Flowrate (LPM)
pressure Measurement Prediction
(bar(g))
0.7 0.31 0.27
1.4 0.42 0.38
2.8 0.62 0.53
3.4 0.66 0.59
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Figure 22. PR sealed SFD with PR slits open to ambient: Experimentally
derived and predicted (a) damping (C) and (b) inertia (M) coefficients
vs. supply pressure (Ps). Orbit radius r =0.2c and whirl frequency o =
40-70 Hz. A@=0siit - Oin=90°.
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CHAPTER VII
COMPARISONS OF MODEL PREDICTIONS FOR A SEALED ENDS SFD
SUPPLIED WITH A BUBBLY MIXTURE AND A PR SEALED SFD WITH PR
SLITS OPEN TO AMBIENT

The model for a SFD with a bubbly mixture requires of a known GVF at a reference
condition. The bubbly mixture model takes the known GVF at the supply pressure and
calculates the GVF at each film location. Thus, within the damper, the GVF
decreases/increases as the film pressure increases/decreases.

On the other hand, the VOF model for a SFD (with natural ingestion) does not
require of a known GVF. The damper physical geometry parameters, operating
conditions (kinematics of journal), and lubricant properties determine the GVF.

Note on the computational time

Figure 23 shows a flowchart of the SFD computational model using the VOF method.
First, the program iteratively calculates the pressure field by the modified Reynolds
equation, Eq. (9), with given initial values (the journal location and the LVF) until the
pressures at the feedhole and the PR slits are converged within 1% while satisfying the
inlet/outlet orifice-like flowrates, Eqgs. (14-15). From the updated pressure field, the
transport, Eq. (40), produces a new LVF in the film land. The new LVF requires that the
pressure field should be recalculated. The pressure and LVF repeatedly update each
other until the updated pressure and LVF are within 1% as those of calculated in
previous iteration. The computational code calculates the pressure field and the LVF for

one period of motion and checks the inlet liquid flow thru the feedhole is equal to the
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liquid flow in the mixture exit flow thru the feedhole and the PR slits. If the amounts of
inlet flow and outlet liquid flow are not balanced, the algorithm repeats the calculations
for one more period of whirl motion until the flows are balanced. For numerical stability,
the Courant-Friedrichs-Levy number (CFL), Ncri=UeAt/(RA®) or U At/Az should be

smaller than 1 [7]. Note At is the discrete time step used in the numerical analysis.

Initial values

_ ;
’ Solve modified Reynolds Eq., Eq. (9)
I

Calculate orifice-like flowrates
thru feedhole and PR slits, Egs. (14-15)

o film pressures satis
he orifice-like flowrates?

No

Repeat for
one period of whirl motion

Calculate velocity distribution, Eq.(31)
I
Calculate LVF, Eqg. (40)

onvergence of
pressure and LVE

Change the journal position

Are~rilet/outlet liquid flowra
tea|_for one period of metion? 4

Final results

Figure 23. Flowchart of the SFD computational model using VOF method.
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In a computer installed with an Intel i7-6700 HQ central processing unit (CPU) at 2.6
GHz and 32 GB random-access memory (RAM), the computational time to obtain a
solution for either the bubbly mixture model or the VOF model is ~ 10 s/period of whirl
motion. However, actual convergence time for the VOF model is longer than the one for
the bubbly mixture since the VOF model requires many periods of whirl motion to find a
GVF condition.

As an example, the SFD case operating with Ps= 0.7 bar(g), r =0.2c, and @ = 60 Hz
demands of numerical integration with no less than 50 time steps per one period of whirl
motion. The overall computation time to obtain a complete solution is ~15 min for a full

period of whirl motion.

Comparisons of model predictions

A PR sealed ends SFD operating with Ps=0.7 bar(g) and whirling with frequency
@=60 Hz is used as an example to compare the predictions from a bubbly mixture model
against those from the VOF model allowing natural air ingestion. The orbit radius r =
0.2c, hence the squeeze velocity vs = (rw) =28 mm/s at » =60 Hz. The arc distance
between the feedhole and the PR slit is 90°. The PR slit cross-sectional area is 2 mm?,
whereas the feedhole cross-sectional area is 4.9 mm?,

Figure 24 shows the dynamic film pressure field, gas volume fraction (GVF), and the
film thickness predicted (a) by the VOF model and (b) the bubbly mixture model. The

graph only shows half length of the film land (z =0 to z=%2 L ). As an example, the
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results are for a particular instant of time t =3/8T (when the film thickness at the
feedhole location is the largest. Recall T=27/ @ is one time period of the whirl motion.

For the results from the VOF model, the GVF (p) is a field variable varying with
location and time. As expected, £ is relatively low near the feedhole and large near the
PR slit. Note the model assumes the PR slits are open to ambient and the feedhole
supplies a pure lubricant.

The time-space average GVF (favg), see Eqg. 53, predicted from the VOF model is
used as the reference GVF in the bubbly mixture model at the supply pressure condition,

1., B, 101) = Pavg - IN the SFD model with a bubbly mixture, the GVF increases as the

film pressure decreases, recall Eq. (17). The data in Fig. 24 clearly reveals the GVF
directly relates to the dynamic pressure in the film land.

For the VOF model, Figure 25 displays the mid-plane (z =0) film pressure, mid-plane
GVF, film thickness, and the film velocity att=0, %4 T, % T, and % T where T=2n/w is a
period of whirl motion. The plot displays the pressure, film thickness and the film
velocity in normalized form as P=P/(3 bar(g)), h=(h-c)/hmax, and A=dh/d(et),
respectively. The red solid line shows the film pressure, and the blue solid line shows the
GVF. The purple solid and dashed lines display the film thickness (h) and velocity (%),
respectively.

In general, although the film pressure and the film velocity show a phase-lag, the
film dynamic pressure increases where the film thickness decreases. Note the feedhole
causes a large distortion in the film pressure. As an example, at t= % T, the maximum

film pressure is nearly in-phase with the maximum film thickness. The peak-to-peak (pk-
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pk) film pressure at the feedhole location is much lower than those at other film
circumference location as discussed in Ref. [39].

The GVF significantly fluctuates near the feedhole; whereas the GVF is nearly
constant over the rest of the land area, see Fig. 25. The GVF at the feedhole is also
relatively smaller than the GVF at other locations (£~0.3). The minimum GVF at the

feedhole is < 0.2.
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Figure 24. Predicted film pressure field, gas volume fraction, and film
thickness vs. circumferential coordinate and axial coordinate
produced by (a) VOF model and (b) bubbly mixture model with
S<=0.3. Supply pressure Ps=0.7 bar(g). Orbit radius r=0.2c. Whirl
frequency @ =60Hz. t= 3/8T when the film thickness is the largest at
the feedhole.

69



P=0.7bar(g) r=0.2c ®w=60Hz v, ~28 mm/s Re; ~ 16

1 ~ Feedhole PR slit 1
7’ S N Velocity

Feedhole
(B=225°)

0.8

06 /
0
0.4
0.2 05
Pressure
- -1
0 90 180 270 360
1 Feedhole PR slit
~ T 1 =
\ Velocity s t=,T
0.8
0.5 S| Feedhole
0.6 > PR slit Y (=225
[T . 0 -g (©=3157 &
> —_—
© 04 g i
e}
5 o5 £ 9/ X
g ’ B
> < —+
ﬁ 0 -1 =
s 0 90 180 270 360 Té
E . Feedhole  PRslit 9
- 1 Film 2 TN i 1 Z t=1,T
4] \ £
= 0.8 1 hs Feedhole
2 :\ 0.5 % PR slit (6=2257)
£ 06 : \ g (0315
£ I 0 %
O 04 ave / ! S
\ f | 05 &
0.2 (/elocity £
N / e
0 -7 -1
0 90 180 270 360
1 ) Feedhole PR slit 1
Film PR | t=3/ 4T
08 thigkness AY, !
. Feedhole
: 0.5 PR slit Y (=225
0.6 1 (©=315°
: 0
04
-0.5
0.2 A/elocity
/
0~ -1
0 90 180 270 360

Circumferential coordinate (°)
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For Ps=0.7 bar(g), Figure 26 displays the film dynamic pressure and the film
thickness at ®=45° versus time, dimensionless relative to T. The orbit radius r = 0.2c,
and the whirl frequency @ = 30 Hz (vs= 14 mm/s). The red dots show the measured
dynamic pressure; whereas the blue solid line shows predictions from the SFD VOF
model, and the purple dashed line shows predictions from the bubbly mixture model
with £=0.18. The predicted film dynamic pressures from both models agree well with
the measured ones. Similarly, Figure 27 shows the dynamic film pressure and the film
thickness at ®=45° and for whirl frequency at @ = 60 Hz. As expected, the peak-to-peak
(pk-pk) film dynamic pressure increases as the whirl frequency increases. The measured
peak film pressure is ~0.5 bar larger than those predicted by the two models. The
predictions from the VOF model are in better agreement with the measurement when
compared to the ones from the bubbly mixture model with 3=0.24.

The measurements at @ = 30 Hz (Fig. 26) do not show a clear indication of air
ingestion. However, for @ = 60 Hz (vs = 28 mm/s), there are a few evidences indicating
the presence of air content in the film land. These are high frequency pressure spikes at
the peak of the dynamic pressure profile. The sealed ends SFD shows a dynamic
pressure profile such that the magnitude of the positive pressure peak is larger than the
one of the negative pressure peak (flat pressure zone near pressure ambient). Both the
high frequency pressure spikes and the smaller negative film peak pressure at near the
pressure ambient indicate the presence of air in the film land. The pressure profiles in
Figs. 26 and 27 show that air content in the SFD increases as the whirl frequency (w)

increases.
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Figure 26. Dynamic film pressure and film thickness at ®=45° vs. time (t
IT ). Supply pressure Ps= 0.8 bar(g). Orbit radius r = 0.2c. Whirl
frequency w = 30 Hz. Squeeze velocity vs ~14 mm/s. Reynolds # Res=
8. Graphs include measured data and predictions from (a) VOF
model and (b) bubbly mixture model.
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Figure 27. Dynamic film pressure and film thickness at ®=45° vs. time (t
/T ). Supply pressure Ps= 0.7 bar(g). Orbit radius r = 0.2c. Whirl
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16. Graphs include measured data and predictions from (a) VOF
model and (b) bubbly mixture model.
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CHAPTER VIII
PARAMETERIC STUDY OF A SEALED SFD WITH ENDS OPEN TO AMBIENT.

PREDICTIONS FROM A VOF MODEL AND A BUBBLY MIXTURE MODEL

This chapter presents a parametric study obtaining predictions from two SFD models,
namely (a) the VOF model and (b) the bubbly mixture model, and compares them. The
parametric study shows the effect of damper geometry (D, L, ¢, AO=Gxit-Oin, Asiit) and
operating conditions (Ps, r, @) on the film dynamic pressure and squeeze film reaction
forces. The results provide a reference for engineers wishing to implement a sealed ends
SFD. Table 4 lists the parameters and their range. Note the numbers in bold are the
nominal operating conditions (similar to test SFD in Chapter VI).

Table 4. SFD physical geometry parameters and operating conditions.
Nominal condition in bold face (from test SFD in Ch. VI).

Parameter Range
Journal diameter, D (mm) 76,127,178
SFD axial length, L (mm) 13,19, 25
Film clearance, ¢ (um) 184, 373, 737
Angular distance from feedhole to PR slits, A® (°) 0, 90, 180, 270
PR slit cross-section area, Agit (mm?) 1,2, 4
Supply pressure, Ps (bar(g)) 04,0.7,14,28
Orbit radius, r/c (-) 0.2,0.3,0.4
Whirl frequency, o (Hz) 20, 30, 40, 50, 60, 80, 100
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Figure 28 shows a schematic view of a SFD operating with circular centered orbits
of amplitude r and whirl frequency . The figure also depicts the tangential and radial

forces.

\ 4

Fro | [ cos(wt) sin(wt)] Fx,
{Ft(‘)]{—sin(a)t) cos(a)t)} Ry, (54)

Figure 28. SFD operating with a
circular centered orbit.

The SFD reaction force (without any cross-coupling) components are customarily
expressed in terms of a damping (C) and inertia (M) coefficients as

F=-Cv,F=-Ma, (55)
where vs =rw is the squeeze velocity and as = - re? is the radial acceleration. Note the
tangential and radial forces oppose the journal center velocity and acceleration,
respectively, as shown in Fig. 28.

Figure 29 shows an example of the predicted film reaction forces |Fi| and |F| versus

time covering a whole period of journal whirl motion. The figure also includes the

Fdt
period average of the reaction forces (F :I I%, i=r, t) as dashed lines. For a

centered circular orbit, the film reaction forces are generally constant. However, the
reaction forces show a large distortion due to the feedhole and PR slits. When the journal

is close to the feedhole location, the reaction forces are low. The bubbly mixture model
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shows a larger fluctuation in the reaction forces. Recall from Fig.25 that the pressure

fluctuation in the feedhole location is much smaller than those of other locations.

Feedhole

PR slit (©=225°)
(©=315°
P,=0.7 bar(g)
6, r=0.2c ©=60 Hz
Vs ~ 28 mm/s Res ~ 16
Feedhole
g 350 X 350 Feedlhole
i 300 | % 300 |
@ 250 L5 VOE Model
S oy
£ 200 © 200
] (=]
-g 150 % 150 T T . — — — —<= Average forces
) k=]
D 100 @ 100
IS
E 50 Bubbly mixture model = 50 Bubbly mixture rhodel
T o ! 0 I
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Time period (Y/T) Time period (/T)
(a) Tangential force (b) radial force

Figure 29. Predicted film reaction forces in tangential and radial directions
vs. time. Supply pressure Ps= 0.7 bar(g). Orbit radius r = 0.2c. Whirl
frequency @w = 60 Hz. Squeeze velocity vs ~28 mm/s. Reynolds # Res=
16.

Figures 30-37 show the pk-pk film dynamic pressure’, period-space average GVF
(Pavg), and the average damping and inertia (Ci, M) coefficients predicted by the (a)

VOF model and (b) controlled bubbly mixture model. Recall from a previous chapter the

Ijjﬂ(G,z,t)d Odzdt
27LT

period-space average GVF, f,,, = , EQ. (53). The average damping

and inertia coefficients (Ct, My) are

F F
Ct:_ t,avg; M = __"a (56)

" The pk-pk (peak-to-peak) film dynamic pressure is the pressure difference between maximum and
minimum film dynamic pressures.
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The force coefficients are normalized by Eq. (2), i.e., Ci= C{/C* and M, = M;/M*,
The bars for each parameter shown represent the maximum and minimum magnitudes
for -Fivs and -Fr/as during a period of motion. Although the film reaction forces vary
over one cycle of whirl motion, mechanical energy dissipates over a whole period of
motion. Note however that the average force coefficients are an equivalent
representation that produces the same amount of energy dissipation during a period of

whirl.
The model with a bubbly mixture uses [, o = fay . the average GVF estimated

from a prediction obtained with the VOF model. Through all predictions shown in Figs.
30-37, the favyg predicted from the SFD bubbly mixture model are ~0.05 higher than
those one from the VOF model. However, in general, the forces coefficients predicted
from the VOF model are slightly larger than those predicted by the bubbly mixture

model.

Effect of squeeze velocity (vs= r@) on the SFD dynamic forced performance

To check the effect of the squeeze velocity on the SFD dynamic forced performance,
the whirl frequency (w) and the orbit radius (r) are varied. The range of the squeeze
velocity considered (vs=rw) is from 9 mm/s to 56 mm/s.

The data in Figs. 30-31 corresponds to orbit radius r=0.2c. The damper lubricant
supply pressure Ps= 0.7 bar(g). Figure 30 shows that the film pk-pk pressure, time-space

average GVF (favg), and the dynamic force coefficients (Ci, My) increase as the whirl
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frequency increases. From 20 Hz to 100 Hz (vs varies from 9 mm/s to 48 mm/s), blue
square symbols present the predictions from the VOF model, and red circles display the
predictions from the bubbly mixture model. The plots also include the measured film pk-
pk pressures shown as purple triangles. The predicted film pk-pk pressures from both
models agree well with the measurements.

Figure 31 displays the film pk-pk pressure, Savg, and the dynamic force coefficients
(Ct, My) versus orbit radius (r) varying from 10% (0.1c) to 40% of the nominal clearance
(0.4c, ¢ =373 um). For @ =60 Hz, the squeeze velocity ranges from 14 mm/s to 56 mm/s.
At the nominal condition (r =0.2c), the average GVF (fSav) is 0.3.

When vs< ~40 mm/s, the GVF linearly increases with squeeze velocity vs. As vs
increases, the magnitude of the pk-pk pressure increases and thus air easily enters thru
the PR slits. However, when vs > 40 mm/s, fayg becomes nearly constant at 0.4. When
Pavg ~ 0.4, a large amount of air content (40% air volume content) escapes thru the
feedhole and PR slits and which must be equal to the inlet air flow thru the PR slits.

In Figs. 30-31, both dynamic force coefficients (Ci, Mr) decrease from 0.9 to 0.3 as
the squeeze velocity (vs) increases from 9 mm/s to 48 mm/s due to the increase in Sayg
from 0.1 to 0.4.

Shown as error bars in Figs. 30-31, both dynamic force coefficients (Ct, M) include
variations that increase as the frequency (@) or as the amplitude (r) decreases (or as the
GVF decreases). Recall the damping and inertia coefficients vary (max and min) due to
the pressure distortion introduced by the feedhole and PR slits; as shown by the error

bars in the graphs.
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Figure 30. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. whirl frequency: Predictions from (a)
VOF model and (b) bubbly mixture model. Ps=0.7 bar(g), D=127 mm,
L=25.4 mm, c= 373mm, A® =@sijit— @in =90°, r=0.2c, Asiit=2 mm?2.
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Figure 31. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. orbit radius (r /c): Predictions from (a)
VOF model and (b) bubbly mixture model. Ps=0.7 bar(g), D=127 mm,
L=25.4 mm, c= 373mm, A®=90°, @ =60 Hz, Asiit=2 mm?.

Effect of location of feedhole and PR slits on SFD dynamic forced performance
Figure 32 shows the effect of the arc distance (A®=0s)it-Oin) between the PR slit and
the feedhole on the GVF, the film pk-pk pressure, and the dynamic force coefficients (C;,
My). The squeeze velocity vs=28 mm/s and the Reynolds number Res=16. favg increases
from 0.05 to 0.5 as the arc distance from the feedhole to PR slits (4®) increases from 0°
to 180°. When the PR slit and the feedhole are opposite to each other, SBavyg is @ maximum

(~0.5). The average GVF decreases as the distance between the PR slit and the feedhole
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decreases, and thus the pk-pk film pressure increases. Recall from Fig.25 that the film
dynamic pressure at the feedhole location is lower than the one at other film land
locations. A small GVF of 0.05 shows that the film pressure with a small fluctuation at
the feedhole prevents air ingestion thru the PR slit when the feedhole and PR slits are in-
phase (located at a same angle). Note the results with A®=90° and 270° are not identical
showing that the dynamic forced performance varies with the direction of whirling
motion (clockwise or counterclockwise).

The variations in both dynamic force coefficients (C:, Mr) are shown as error bars

that increase with an increase in the arc distance from the feedhole to the PR slit (or as

the GVF decreases).
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Figure 32. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. angular distance between PR slit and

feedhole (A®): Predictions from (a) VOF model and (b) bubbly
mixture model. Ps=0.7 bar(g), D=127 mm, L=25.4 mm, c= 373mm, r

=0.2c, @ =60 Hz, Asiit=2 mm?Z.
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Effect of SFD axial length on the SFD dynamic forced performance

A range in SFD axial length (L) of 13 mm ~ 25 mm is used to present the effect of
the SFD axial length (L) on the GVF and the dynamic forced performance. Figure 33
shows favg, pk-pk pressure, and the dynamic force coefficients (Ct, Mr) versus damper
axial length (L). The lubricant is supplied thru the feedhole at ®=225° and z =0 and
escapes thru the PR slit at ®=315° and z =+%L with the supply pressure Ps= 0.7 bar(g).
The data correspond to circular orbit motions with the amplitude r =0.2c and @ = 60Hz

For the predictions from (a) the VOF model and (b) the bubbly mixture model,
Figure 33 shows that the seal axial length (L) does not significantly affect the average
GVF (fs). Note the sealed ends SFD does not show a significant pressure drop across the
axial coordinate; hence, an increase in L does not change the pressure at the feedhole/PR
slits, and thus the GVF does not significantly change. The film pk-pk pressure also stays
constant at ~ 2 bar. The dynamic force coefficients (Ci, My) are ~0.4 although the seal
axial length increases.

The force coefficients include changes of ~25% from minimum to maximum
magnitudes as the axial length (L) increases from 13 mm to 25mm. Recall the variation

in the force coefficients relates to the pressure distortion due to the feedhole and PR slits.
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Figure 33. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. seal axial length (L): Predictions from
(a) VOF model and (b) bubbly mixture model. Ps=0.7 bar(g), D=127
mm, c= 373mm, r =0.2¢, @ =60 Hz, A®=90°, Asiit=2 mm?.

Effect of SFD journal diameter on the SFD dynamic forced performance

To evaluate the effects of journal diameter on the dynamic forced performance of the

PR sealed SFD ends open to ambient, the diameter of the journal increases from 76 mm

to 178 mm (0.6D to 1.4D). The nominal journal diameter is 127 mm.

Figure 34 displays fav, the film pk-pk pressure, and the dynamic force coefficients

(Ct, My) versus journal diameter (D). From the VOF model, the average GVF (favg)

increases from 0.3 to 0.4 as D increases from 0.6D to 1.4D; whereas the film pk-pk

pressure increases from 1 bar to 3 bar.
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The dynamic force coefficients (Ct, Mr) decrease 0.2 (from 0.5 to 0.3) as the journal
diameter D increases more than two fold (from 76 mm to 178 mm). The decrease in (Ct,
M) is due to an increase in Sag from 0.3 to 0.4. Note that lubrication theory is strictly
valid when the film land is fully wetted with a pure lubricant.

The variability in the force coefficients over one period of whirl motion, from
minimum to maximum magnitudes, decreases from 0.3 to 0.2 as the journal diameter
increases from 76 mm to 178 mm. The variation decreases due to the GVF increases.

The air content in the film land reduces the pressure distortion.
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Figure 34. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. journal diameter (D): Predictions from
(a) VOF model and (b) bubbly mixture model. Ps=0.7 bar(g), L=25.4
mm, c= 373mm, r =0.2¢, @ =60 Hz, A®=90°, Asiit=2 mm?.
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Effect of SFD film clearance on the SFD dynamic forced performance

The film clearance is one of the most important geometric parameters in a SFD since
the clearance significantly changes the damping capability of the SFD (C*~1/c®). The
film clearance is also easy to change since a change in a film clearance does not usually
require a design change in other mechanical component in a turbomachinery system. To
evaluate the effects of the damper film clearance on the PR sealed SFD dynamic forced
performance, the clearance varies from 184 mm to 737 mm (from 0.5¢ to 2.0c). Note the
nominal clearance is ¢/D~3/1000. Note the orbit radius is fixed as r/c=0.2.

Figure 35 shows the average GVF (fav), pk-pk pressure, and the dynamic force
coefficients (C;, M) versus the film clearance (c). The average GVF drastically
decreases as the film clearance increases. As the film thickness increases, the journal
kinematics squeeze motion generates a smaller dynamic film pressure [1] and thus a
smaller amount of air entrains via the PR slits. Due to the decrease in the GVF, the film
pk-pk pressure decreases only 0.5 bar as ¢ increases from 0.5c to 2.0c (4 times of the
smallest clearance); whereas the dynamic force coefficients (C:, My) linearly increases
from 0.2 to 0.8 (4 times). Note (C, M) are normalized by using Eq.(2) and thus the
actual C¢ and M, decreases from 24.6 kN-s/m to 1.2 kN-s/m and 20 kg to 17kg,
respectively. In opposition to lubrication theory formula, when PR slits allow air
ingestion, a reduction in clearance does not help to increase the damping coefficient as
much as the clearance does in a SFD operating with a pure lubricant.

The variability of the damping coefficients over a period of whirl motion, from

minimum to maximum magnitudes, increases from 0.2 to 0.4 as the clearance grows. On
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the other hand, the variability in the inertia coefficients decreases from 0.3 to 0.1 as the

film clearance increases. Recall from Eq. (2) that C*~1/c® and M*~1/c; hence the

variability in the damping is larger than the one for the inertia coefficient.
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Figure 35. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. film clearance (c): Predictions from (a)
VOF model and (b) bubbly mixture model. Ps=0.7 bar(g), D=127 mm,
L=25.4 mm, r =0.2c, » =60 Hz, A®=90°, Asiit=2 mm?2.
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Effect of SFD supply pressure on the SFD dynamic forced performance

Managing the lubricant supply pressure is one of the easiest ways to prevent air
ingestion into a damper film land. In practice, an increase in lube oil supply pressure
(flowrate) resolves most oil cavitation and air ingestion issues [4] in both open ends and
sealed ends SFDs. In this example, the supply pressure of the SFD varies from 0.7 bar(g)

to 2.8 bar(g) (4 times the nominal pressure of 0.7 bar(g)).

Figure 36 presents favg, pk-pk film pressure, and the dynamic force coefficients (C,
M) versus oil supply pressure for (a) the VOF model and (b) the bubbly mixture model.
An increase in supply pressure from 0.7 bar(g) to 2.8 bar(g) decreases favg from 0.4 to
0.1. As favg decreases, the pk-pk film pressure increases from 1.5 bar to 3.5 bar; whereas
the dynamic force coefficients (Ct, Mr) increases from 0.3 to 0.85. fayg largely decreases
as the supply pressure increases when Ps< 1.5 bar(g) since the supply pressure (Ps) is

lower than half of the pk-pk pressure.

The graphs include as the error bars the variability of the force coefficients, from
minimum to maximum magnitudes, within a period of whirl motion. The coefficients
variability increases as the supply pressure increases (and the GVF decreases) since the
pressure distortions at the feedhole location magnify. Although the variation increases,
the average force coefficient (Ct, My) also significantly increases with Ps. Recall the (Cq,

M) represents the dynamic performance of the SFD.
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Figure 36. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. supply pressure (Ps): Predictions from
(a) VOF model and (b) bubbly mixture model. D=127 mm, L=25.4 mm,
c=373mm, r =0.2¢, @ =60 Hz, A®=90°, Asiit=2 mm?.
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Effect of SFD PR slit area on the SFD dynamic forced performance

A PR seal has abutted ends, named PR slits, for installation in a groove. The PR slit
opens and minimizes the gap between the PR and the bearing cartridge when the PR
locates in the groove. San Andrés et al. [39] present that the PR slits allow a large
amount of leakage and air ingestion although the flow thru the PR slits is ignored in
most predictive models. The SFD model in this report includes the flow thru the PR slits.
This section presents the effect of the PR slit cross-sectional area (Imm? to 4 mm?) on
the SFD dynamic forced performance. The PR slit area varies from.

Figure 37 displays the average GVF, and the film pk-pk pressure, and the film
reaction forces versus the PR slit cross-sectional area (Asiit). The GVF slightly increases
as the PR slit area (Asiit) increases; whereas the pk-pk pressure and the fluid film reaction
forces slightly decrease. It shows that the PR slit area does not significantly change the
dynamic performance of a PR sealed ends damper. Note the feedhole cross-sectional
area is ~4.9 mm?, which is larger than the largest PR slit area. The effect of PR slit area
on the dynamic performance of a SFD is marginal when the PR slit area is smaller than
that of the feedhole area.

The variability of the force coefficients, minimum and maximum within a period of
whirl motion, is nearly constant as the PR slit area increases. The area of the PR slit,
within the range considered, does not affect either the film pressure or the GVF, and

hence the variability remains the same.
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Figure 37. Average GVF, film peak-to-peak pressure, and damping and
inertia coefficients (Ct, Mr) vs. PR slit area (Asiit): Predictions from (a)
VOF model and (b) bubbly mixture model. Ps= 0.7 bar(g), D=127 mm,
L=25.4 mm, c= 373mm, r =0.2c, @ =60 Hz, A®=90°.
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CHAPTER IX®
CONCLUSIONS

This report presents measurements and analyses of the dynamic forced performance
obtained from a sealed ends SFD operating (a) with a bubbly mixture and (b) with PR
slits open to ambient. The predictions are benchmarked against the experimental test
results. Two distinctive models evaluate the evolution of the GVF in the film land: a
bubbly mixture model and a volume of fraction (VOF) model.

Air ingestion in SFDs, with either open ends or sealed ends, leads to operation with a
bubbly like (air in oil) mixture that affects the SFD force coefficients, damping in
particular. Research in the late 1990s’ produced a wealth of experimental results and
predictive models mainly for open ends dampers operating with a controlled bubbly
mixture of known gas volume fraction. The models in Refs. [20, 21], validated by test
results [37], when correlated to experiments with natural air ingestion [38] offer an
accurate predictive tool to anticipate the effects of air ingestion under actual operating
conditions.

Since then, although test results have become available for dampers sealed with
piston rings (PR) and/or O-rings (OR) [34, 39, 40], no analytical effort has produced an
accurate physical model for PR sealed ends dampers. Profuse experimental observation
shows that PRs leak through the slit made by its abutted ends. Oil flows out as a jet at

this location that is also the place drawing air into the squeeze film.

8Portions of this section reprinted with permission from [41] Model and Experimental Verification of the
Dynamic Forced Performance of a Tightly Sealed Squeeze Film Damper Supplied with a Bubbly Mixture
by San Andrés, L., and Koo, B., 2019, ASME J. Eng. Gas Turb. Pwr., GTP-19-1415, Copyright 2019 by
ASME.
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To date no archival publication has presented and compared the forced performance
of sealed ends SFDs operating with a bubbly mixture vis-a-vis operating with natural air
ingestion. This report shows experimental results to quantify natural air ingestion in a
PR sealed ends SFD and shows a direct comparison of the bubbly mixture model
prediction against those from a VOF method. To validate the models, the author uses
two uniquely designed test rigs.

One test rig for bubbly mixture has one axial end PR sealed and another OR sealed.
A bubbly mixture blended via a sparger with a controlled GVF enters thru an orifice
feedhole and exits thru a PR slit submerged in a large volume of reservoir.

Another test rig (drawing natural air ingestion) has both axial ends sealed with PRs
open to ambient. To avoid oil re-entering thru the PR slits, a suction pump continuously
removes the oil as soon as it exits thru the PR slits.

In the experiments with a bubbly mixture, the supply pressure and inlet gas volume
fraction vary (controlled), while the test SFD system performs circular orbits over a
range of whirl frequencies. Both experimentally derived and predicted damping
coefficients (Csrp) decrease by just ~20% as the GVF increases to 0.5. Thus, the sealed
ends SFD is less sensitive to air ingestion as compared to an open ends SFD. On the
other hand, the added mass coefficients (Msrp), both test derived and predicted, decrease
rapidly with gas content. Predictions for damping and the added mass coefficients are
lower (10% max. difference) than those derived from the experiments. Lubricant supply
pressure has a small effect on the force coefficients because the dynamic pressure is not

large enough to reach to the vapor pressure due to the small squeeze velocity.
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The dynamic load tests evidence a quadrature stiffness that represents the friction of
the PR sliding against the journal walls. This stiffness, derived from a force parallel to
the squeeze velocity, increases with the magnitude of lubricant supply pressure that
pushes the ring toward the journal groove. In practice, the quadrature stiffness could
make the system appear overly stiff for displacements with a low frequency and also
impair the (viscous) mechanical energy dissipation within the film.

The force coefficients predicted by the SFD with a bubbly mixture model show a
good correlation with those of experimentally derived, the differences are within ~25%
for damping and ~10% for the inertia coefficients. However, the model requires a
reference GVF, which is barely known in a sealed ends SFD with natural air ingestion.

To produce an accurate physical model to predict the force coefficients of sealed ends
SFDs operating with a natural air ingestion thru PR slits, the author investigated on a
PRSFD not submerged in a pool of lubricant but facing ambient conditions that favor
natural air ingestion. To model the SFD with the PR slits open to ambient, a VOF
method is adopted. The sealed ends SFD model implementing the VOF method predicts
well the experimentally derived damping coefficients; the difference is ~10%. Alas the
model largely under-predicts the inertia coefficients by up to ~30%. In addition, a
predicted time-space average GVF is adopted to model the SFD as if it were operating
with a bubbly mixture. Predictions of the bubbly mixture model also show a good
agreement with the test results, within 10% difference for the damping coefficients.

For a nominal condition of Ps= 0.7 bar(g), r =0.2¢c, @ =60 Hz, the GVF equals to ~0.4.

The parametric study shows the GVF in the film land increases as the whirl frequency
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(w) or the orbit radius increases (r), i.e., as the squeeze velocity (vs =rw) grows. The
axial film land length, the journal diameter, and the PR slit area do not significantly alter
the average GVF. An increase in the supply pressure drastically decreases the GVF, but
it does not fully eliminate gas in the film land. The GVF also decreases as the film
clearance increases since the amount of the air entering thru the PR slit reduces due to a
decrease in the generated film dynamic pressure. This parametric study shows that a
conventional lubricant theory, Eq. (2), is not a good tool to predict the actual dynamic
performance of a sealed ends SFD with natural air ingestion.

Most interestingly, the location of the PR slit relative to the feedhole significantly
changes the GVF in the film. When the PR slit aligns with a feedhole, the film land is
mostly filled with a pure lubricant. The GVF increases as the arc distance from the PR
slit to the feedhole increases; and hence, the SFD dynamic forced performance worsens.

The radial and tangential forces vary over one full period of whirl motion due to the
pressure distortions at the feedhole and the PR slits. However, the period-averaged force
coefficients, hereby shown and discussed, effectively represent the dynamic performance
of the SFD.

An experimental study including a broad range of squeeze velocities, and inlet/outlet
lubricant supply pressure conditions could complement this research effort. In specific, a
high speed camera could aid to track the path of air content in a squeeze film and so as to
deliver the evolution of the GVF during damper operation. A formal investigation
towards correlating the operating GVF to y (feed flow parameter) would be a major step

towards assessing a priori the likelihood of air ingestion in a sealed ends SFD. In spite of
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the current effort, experimental and analytical, the sought correlation is but an illusion.
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APPENDIX A
IDENTIFIED PARAMETERS FOR THE UNLUBRICATED TEST SYSTEM

Figure Al shows the measured real and imaginary parts of complex dynamic stiffness
coefficients (H) and the physical model fits for the dry system, i.e. without a lubricant,
versus frequency. The graphs include the results for tests without (open ends) and with
the end seals in place. Recall that end seals refer to the O-ring (OR) and piston ring (PR)
installed at the bottom and top ends of the damper journal, respectively. Table Al lists
the identified force coefficients, the dry system natural frequency and its damping ratio.
Note that as @ = 0, the imaginary part of H does not have a null magnitude, thus
evidencing the quadrature stiffness (Ko). The effect is more evident when the two seals
(unlubricated) are in place. The end seals do not show viscous damping, when compared
to that of the structure.

The real part of the complex stiffness, Re(H), shows the end seals do increase the
system stiffness, ~ 20% Ks, but do not affect the system effective mass. Note that with
the seals in place, the dry system natural frequency increases ~20%; whereas the
damping ratio remains at ~ 7 %. Note the structure damping and inertia coefficients are
slightly orthotropic since the test system includes many inlet/outlet lubricant lines and
non-flexible connections to the various sensors. The inset table in the figure lists the
correlation coefficient (R?) between the measurements and the fit to the physical model.
The test results for the real parts, Re(H), show good correlation (R?> 0.9) to the model.

However, the goodness of the fit for the imaginary parts is poor (R? ~0.5) since, as
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expected, the structure damping is non viscous. Nonetheless, as Cs/C* ~ 0.1, it is a small

fraction of the viscous damping in the fluid film.

Table Al. Dry system structural parameters (without and with end seals,
PR-OR) obtained from circular orbit tests without any lubricant.
Parameters identified over frequency range 10-60 Hz. Orbit amplitude r =

0.2c.
(@) Openends | (b) Seals installed | (c) Seals only
No seals (b)-(a)
Direct Direct Direct
Physical parameter
XX YY XX YY XX YY
K [MN/m] 3.0 4.0 1 1
C [KN-s/m] 0.6 0.7 0.7 0.5 -0.5 0.1
Ko [MN/m] 0.2 0.3 0.5 0.5 0.5 0.3
M.() [ka] 8.1 3.1 5.8 2.1
Natural
fn [Hz] 53 65 63 74 fn = (Kd/Ms)%®
frequency
Damping
e [-] 010 0.07 | 0.05 0.08 |& = Co/(2MsKs)0®
ratio
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Figure Al. Dry test system (without lubricant): real and imaginary parts of
system dynamic complex stiffnesses (Hxx, Hyy) versus excitation
frequency. With and without end seals (PR-OR). Orbit amplitude r = 0.2c.
Test data and model fits in frequency range 10 Hz to 70 Hz.
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APPENDIX B
UNCERTAINTY OF IDENTIFIED FORCE COEFFICIENTS
A total uncertainty consists of a bias uncertainty and measurement variability. These
uncertainties are outlined, along with the combination of bias uncertainty and variability
into the total uncertainty for each dynamic force coefficient (K, C, M). Ug, Uy, and Ut
denote bias uncertainty, variability, and total uncertainty, respectively.

The total uncertainty of a measurement with variables is

U, = (U, +(U,) ++ (U ) (B1)
when N is the number of variables.
Bias uncertainty

- The data acquisition system (DAQ) has a rated resolution of Ugpag=0.1 % [42]
in a measured voltage, i.e., 1 mV. The 4096 samples with a sampling rate of
16,384 Hz gives an uncertainty in the out frequency of 2 Hz for the entire
frequency range. For a nominal whirl frequency of 60 Hz, the frequency
uncertainty is 3.3%.

- An uncertainty of a displacement sensor with the sensor sensitivity of 33.4
mV/um is 0.3 pum. For the nominal orbit radius of r=0.2c=74.6 um, the
uncertainty of the measured displacement Ug,p=0.4 %.

- An uncertainty of a load cell with the sensor sensitivity of 2.25 mV/N is 0.44 N.
For the measured peak load at the nominal operating condition (Ps=10 psig, r

=0.2¢, w = 60 Hz), the uncertainty of the measured load Ug, = 0.7 %.
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- An uncertainty of an accelerometer with the sensor sensitivity of 11 mV/(m/s?) is
0.091 m/s?. For a nominal squeeze acceleration (as = re?) at r= 0.2c and @ = 60
Hz, the uncertainty of the measured acceleration Ug a=0.9 %.

The total bias uncertainties in the complex dynamic stiffness (H) from the individual

measurement uncertainties at the nominal condition are

U, = \/(UB,D)Z #(Ug ) #(Uga) +(Ug,) =35% (B2b)
Uncertainty due to curve fit
A complex stiffness is estimated at several selected frequencies (w) to identify force
coefficients. The real and imaginary parts of the complex dynamic stiffness are curve
fitted to the physical model, Re(H)=(K-M«?) and Im(H)=(Ko+C w), with both correlation
factor (R?).

Ref. [43] presents the standard deviation of the intercept and slope of a curve fit as

1 1-R?
SIntercept = N (N _2) Rz

|1 1-R?
Slope — (N—Z) Rz

(B4)
S

where N denotes the number of frequencies selected for a curve fit.
To estimate the uncertainty from the curve fit correlation factor (R?), a precision

uncertainty equation in Ref.[44] gives

t S
UR,K — d II<ntercept (B3a)

105



Ugc = C (B3b)
t .S ope
UR,M :dM—Slp (B3c)

where tg denotes the Student’s t-distribution and Ur denotes the uncertainties due to

curve fit. Note t4=1.96 corresponds to a 95 % confidence interval. (K, C, M)=(2.6
MN/m, 10 kKN-s/m, 43 kg).
For the nominal operating condition, the uncertainty due to the curve fit is (Urk,

Urc, Urm)=(5.4 %, 6.0 %, 11 %).

Uncertainty due to variability

An uncertainty due to variability deals with repeatability of measurements. As an
effort assess the repeatability of the tests and the identified force coefficients, each test
result is measured and recorded for 1 second including several periods of the whirl
motion to calculate the standard deviation of the force coefficient among the whirl

motions.

An uncertainty due to variability is a function of the Student’s t-distribution (ts) and

the standard deviation of the result (S;) [44].

uU,,=22%; x=K,C,M (B5)

The formula for the sample standard deviation is
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N

1 2
SX:\/(N _1)Z(Xi_5) (BE)

i=1

where x denotes measured data, x denotes an average of all measured data, and N
denotes the number of the data point. Subscript i is the data index number.

Table B1 lists the actual force coefficients measured from the system of the PR sealed
SFD operating with ends open to ambient. The test was repeated three times under the
nominal condition, Ps= 0.7 bar(g), r=0.2c, «=40-70 Hz, A©=90°.

Table B1. Identified system force coefficients (K,C,M). for the PR sealed
ends SFD at the nominal operating condition: Ps= 0.7 bar(g), r=0.2c, and @

=40-70 Hz.
Test # Kxx Kyy Cxx Cvyy Mxx Myy
(MN/m) (MN/m)  (KN-s/m)  (kN-s/m) (kg) (kg)
1 2.5 3.0 9.2 11.6 45.7 41.1
2 2.7 2.5 9.0 11.4 46.3 38.6
3 3.0 2.2 9.5 11.8 50.3 35.2

The uncertainties due to variability are

U, =2.4% (B7a)
Uy . =4.6% (B7b)
U, v =12.5% (B6C)

Total uncertainty

The total uncertainty in the SFD dynamic forced coefficients are

+(Uy) =6.9% (B7a)

Ut,K :\/(UB)2 +(UR,K)
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APPENDIX C
ESTIMATION OF THE LOSS COEFFICIENTS FOR A FEEDHOLE AND PISTON
RING SLITS
Figure C1 shows a hydraulic circuit with flow resistances (R) to represent the flow of
lubricant through the journal. The pump supplies the ISO VG 2 oil into the journal at the
supply pressure (Ps) and flowrate Qin. The flow resistance throu an orifice with a check
valve is denoted as R, and the flow resistances for the top and bottom film lands are Rt
and Rae, respectively. Oil flows through the PR slits at the top and bottom end of the

film land denoted as Rts and Rgs.

Open ends Top seal
e e ey (Ambient
| Qin l \RTS pressure)
| l | Top land r. A N P‘
| N< Qr
|
, Rn S
| R, :
PS —¥ W \. " 1
liniet pressure) Pon, z=0)
| (Féed hole
prssure) Rm_
: ! ~ 198
B == == e we o Bottomland —/W\—.. P.
Journal open to ambient Q,=Q;+ Qg /Ras ﬁ;t;m

Bottom seal

Piston ring sealed ends

Figure C1. Flow diagram of lubricant through journal with hydraulic
resistances for open condition and piston ring sealed ends SFD.
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A pressure gauge measures the inlet supply pressure (Ps) of the lubricant before
entering the journal while a flow meter records the inlet flowrate (Qin) through the
journal. The flowrate through the top and bottom sections (Qr and Qg) are calculated by

the time to fill a known volume located underneath the bearing cartridge, Qin=Q1+Qs.

Qq = —lonz) (R/) =Qr +Qg (D1)
Qr =G P((Din,z:o);QB = CBP(Oin,z:O) (D2)

where Ct and Cg denote the flow conductances for top and bottom sections of the journal
where C=1/R. In addition, n denotes the number of the feedholes.

Figure C2 displays the recorded inlet flowrate (Qin) versus the supply pressure (Ps)
for the flow through the orifices and a journal open to ambient (blue circles), open ends
SFD (red squares), and PR sealed ends SFD (purple triangles). A slope of the trend line
indicates a flow conductance (1/R). for the journal open to ambient condition, the slope
shows the flow conductance, Co=1/R,=0.9 (mm?/s)/Pa. By the hydraulic network shown
in Fig. C1, the averaged PR sealed flow conductance through the top and bottom seals
Cs =0.2 (mm?®/s)/Pa. From Eqgs. (14-15) at the supply pressure of 0.7 bar(g), the orifice-

like coefficients are C¢=1.0 and Cgiit= 0.5.
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Figure C2. Lubricant flowrate (Qin) vs. supply pressure (Ps): Journal open
to ambient pressure, open ends damper, and PR sealed ends damper.
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