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NOMENCLATURE

c f5FD radial clearance, nominal value [230 um, 0,004 inch]

it Critical damping coefficient for first mode, 2.(K,, M) [Nsdm (Ib.sfing]
Oy Oy System damping coefficients for vertical and horzontal motions [N-s/m (1b:sfin}]
Ciry dry or structural system damping cnefficient [N.s/m (1h.s/in)]

Creen I5F D direct damping coefficient [N-w/'m (|b.%/in]

ol Damping coefficient from lip seals [N-s/m (1b.2fn)]

B ISFD diameter [96.5 mm (3.8 inch)]

& Amplilude of rotor motion [1im]

Sowifow  First natural frequencies for vertical and horizontal motions [Hz|

j Natural freguency of ISFD [1z],

g Graviliy constant [9.81 mv/s” [186.4 infs?)

i, I5FD elastic lateral support stiffness [35 MN/m (20 kIbfn))

kg Bearing support stiffness [N/m (Ih/in)]

kop ke Drive and Free end fSFD stiffness from rap tests [N/m (1bfin)]

Ko Koy S¥slem equivalent stiffness cocfficients for vertical and harlzontal motions [M{m (Ibfin]
£ ISFD length [23 mm (0,91 inch))

fr Imbalance mass [gr]

Mo, Equivalent rotor mass for first mode [45.22 ke (99.7 |b)]

Moy Damper equivalent mass for its own fundamental vibratery mode (for stifmess determination)
M. Coupling mass [ 0,87 kg {1.93 1n}]

M, ISFL mass | 2.35 kg kg (5.191b))

M, Damper mass attached to bearing suppon | 1.33 kg (293 Iby]

M, Damper mass attached 1o shaft | 1.34 kg (2.96 1h)]

M, Rotor mass [ 41.64 kg (91 81b))

P Pressure [Pa (psi))

o Amplification factor ot first critical speed

r Radius for location of unbalance mass [114.3 mm (4.5 inch)].

it Imhalance displacement. me-rfM, | m[.

i Time [sec].

T Temperature [°C (°F)]

[ Pad arc length [527]

E efc, Dimensionless {570 journal center displacement,

8z Circumferential and axial coordinates.

u Fluid viscosity [Pa-sec|

E Systern damping ratio, CfC., = 1720

Subscripis

] equivalent for system at first mode

HY horizontal and vertical directions

mean  mean and fluctuation values

n

natural value
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Imbalance responsc of a rotor supported on open-ends, integral squeeze film dampers
(3. de Sanuago. J, Oliveras, L. San Andrés
Texas A&M University

EXECUTIVE SUMMARY

sgueeye film dampers (5F05) are well known to reduce vibration through effective encrpy dissipation and
rotor-struclure isolation. Most aireraft gas turbine engines employ ar least one squirrel cage supported
damper. The major drawback of this design 1s the excessive cage length (three to four times the bearing
length) needed 1o render a soft centering support. Integral squeeze film dampers (1SFDs) are compact me
chanical elements with a length no larger than the bearing usell. and comprised of arcuate pads arrached 1o
a bearing housing via thin wire-EDM webs. Replacement of squirrel cage SFDs by inmtegral dampers on -
craft engines offers distinet advantages such as reduced overall weight and length of the engine structure
with less number of parts, accuracy of positioning (centering), and a split segment manufaciuring  allowing
eiisier assembly . inspection and retrofit than with any other damper configuration.

A test rig tor measurement of the imbalince response of a three disk massive rotor supported on inteeral
dampers is described. Experiments to identify the siructural stiffness of the /5FLs and its range of linearily
are fully detailed. Controlled coast-down tests from a top speed of 10 krpm are conducted for various levels
of rotar imbalance. The experimental results allow the identification (and analynical validation} of the
damping capability of I5FDs and aid to determine the applicability of this novel rechnology 10 aircraft jet
CNZincs.

INTRODUCTION

Squeere film dampers (S£Ds) provide viscous damping to rotating structures, allowing for reducton in vi
bration amplitudes and providing safe isolation from or of other structural components. SFIJs are custom-
anly used in aircraft jet engines. where rolling element bearings provide little damping to the rator-hearing
system, and in gh performance compressors as rerrofit elements in series with tilting pad bearings 1o sni-
ten bearing supporis, reduce eritical speeds. and allow for-an extra margin of system stability { Zeidan. et
al.. 1996). Rotor bearing-5F 1) systems are regarded (in theory) as highly nonlinear. showing jump-
phenomena and even chaotic behavior for sufficiently large levels of rotor imbalance, However, few ex-
perimental results of practical value have venfied the analvnical predictions,

Squeese film dampers derive their behavior from a lubricant being squeceed in the annular space between o
non-rotating journal and a bearing housing. The journal, typically mounted on the outer rage of rolling ele-
ment bearings, whirls due to the forces exerted on the rotating shaft. The squeeze film action generates hy-
drodynamic pressures and damping forces at the film locations where the instantaneous gap is decreasing.
In regions where the film thickness locally incresses air ingestion 1s likely to occur, generating a bubhly
Cair on oil) mixture that resembiles a foam.

The performance of squeeze film dampers is not only determined solely by its geometry (lepgeth, dinmerer
and radial clearance) and the viscosity of the lubricant used, but by o number of specific design and oper-
ating conditions. The level of supply pressure. the feeding and discharge flow mechanisms, the type of end
seals, fluid inertia, and dynamic cavitation are but a few of these important factors, SFOs in practice, oper-
ate with low levels of external pressurization that senerally do not prevent the lubricant in the fluad il
lands from liguid vaporization or ingestion of external caseous media into the Afm lands, Walton, eral
{1987 found that fluid cavitation onsetand extent depends on damper operating parameters such as whirl
frequency, journal orbit size and eccentric position. level of supply pressure, and end seal restrictions, Zel-
dan and Vance ( 198%a.b.c. 19900 have identified five regimes of cavitation in a SF0 aecording to operating
conditions. The experiments demonstrated that air ingestion produces paseous cavitation which under cér-
tain conditions determings o nonlinear foreed response akin o that of a solt spring, On the ather hand, va-
por cavitation was shown to lead o a characteristic nonlinear hardening effect, Sun et al (1992, 1993 dis-
cuss the major differences between dynamie gaseous and vapor covitarfons and the likelibood of their ex-
istence in o typical prucuical application.



SQUIRREL CAGE - SFDS VERSUS INTEGRAL SFDs

Squirrel cage supported dampers are the most commonly employed SFI design, Most large airernft gos
turbine engines use at least one. and in many instances, two or three dampers in one enzine. A schematic
view of this damper is shown in Figure 1. The squirrel cage support allows 1o affset the gravity load and
must be soft enough wallow journal motions resultng in an effective damping action. The most distncrive
feature of this damper configuranon is the relatively large axiul space required in comparison 1o the hearing
hydrodynamic length. This is perhaps the major drawback of the desizn since the squirrel cige often re-
iuiras three 1o tour tmes as much space as the damper iself (Zeidan. st ol 1996),

Maodern technological advances in metal working have given rise t a novel type of hydrodynamic damper.
namely the integral squeeze hilm damper (JSF0). This ingenious design 15 made passible by o wire
Electrical Discharge Machiming (EDM) process: Figure 2 distinetly notes the features of un /SED. Integral
dimpers are compact since they are comprised of arcuate segmented pads attached o the damper housing
vid thin S-shaped structural webs tcantilevered support ribs ) that provide the support stiffness. The thin sap
between the sector pads and the outer ring forms the squeese film lands. The whole assembly may contain
any number of pads depending on the load and required suffness and damping coelficients for the desired
application. The pads i the lower half of the damper can be machined with an offser to counter the sianc
deflection due to the rotor weight. Thus, integral dampers require no more axial length than the bearing
length and can also be machined as sphit segments allowing rapid retrofir, Zeidan (1994) discusses
successtul applications of [SFDx in the perrachemical indusiry, and Murphy.etal. (1996 also derail high
speed experiments of o homopobar compulsator supported on 1SF5.

Replacement of squirrel cage supported SFMs by integral dampers brings the following benefits 1o an

iireraft gas turbine engine:

* treduced overall werght and length of the entire aircraft engine structure. elimmation of squirrel il

eomponents thus producing a design with reduced number of parts,

*  ability to support axial thrust loads without locking the damper latéral moton,

*  aceurale positioning (centering) by precise desizn and construction of the support weh stiffness and
pad (ilm clearances.

* spliveontiguration which allows easier assembly and inspection than with any other damper designs

A comprelensive study of the forced performance of mégral squeese film dampers is the mamn objective of
the present investgation.

DESCRIPTION (F TEST RIG AND COMPONENTS

NSF and TRC have tunded the construction of an apparatus for measurements of the imbalance responses

10 i lest-rotor supported on sguirtel cuge SFDs. The objectives of this reseurch are:

(a) to provide reliable imbalance response measurements ina rotor-5F0 configuration simaular to an
aireratt enoine,

{h) to develop an empirical model to predict the (measured ) forced dynamic performance of SFs
operating with o bubbly wirfoil mixture. and

e} todevelop a non-lingar SFO-structural model should the test results from (i) evidence deviations from
lineat behnvior

The first abgective, fully completed to this date, comprised the construction of the 1est apparatus and
measurements of the st rotor supported on squirrel-cage SEOs (San Andrés and Lubel], 19970, The rotor
beanng system shows rigid body eyvlindrical and conical critical speeds below o top operating speed of
L0000 rpm. Over i hundred tes) mensurements hive shown the experimental rotor-SFI response 1o he
linear even for large imbalanee levels and off-centered dumper journal operanon. These results have mads
the third ohjecuve irrelevant. Experiments conducted in a controlled orbit SF0 e huve shown the
profound intluence of air ingestion in SFD performance (Diar and San Andrés. 19971 The empinical
midel for performance predicton of 5505 with bubbly mixtures is currently under development,

Figure 3 shows i schematic view of the test rig with the rotor supported on conventional SFs The rig
rests om i hase plate hobed o heavy waork able and provided with an elastomeric vibration absorbing pac.
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A MOHP (75 kW) DC power supply and DC motor drive the test rotor throogh a flexible coupling. The
motor also bolted 10 the work table rests on elastomenc pads for added vibration damping. A drawn crip
roller clutch in the coupling allows the mator to bring the rotor 10 4 top speed of 10,000 rpm, and then he
shut off without applying a torque to the freely rotating shaft. This feature of the coupling ensures free
coast down tests of the test rig, as the motor friction drag does not affect the rotor deceleration rate.

The rotor consists of a shaft. 26.5 in (673 mm) long and main diamerer 3 inches (76.2 mm), and three |
inch (254 mm) thick disks shrunk ficeed at evenly spaced intervals of 2.5 inches (63.5 mm). Twir of the
disks are |1 inches (2794 mm) in diameter. and the third disk has o diameter of 9 inches (228.6 mm ). Each
disk has twelve 10-32 threaded holes, evenly spaced 30° apart on radii egual 1o 4 5 inches (large disks) and
375 inches (small disk). At these locations, calibrated imbalance masses are inserted. The rotor, shaft and
disks together. weighing 92 pounds (41.7 kg). is supported on two pairs of high precision ball bearings
which are themselves mounted inside each damper journal. A thin spacer ring separates the ball hearing
pairs. and @ nut and collar allows the application of specified preloads in the conventional SFDs,

The bearing span 1s of 16 inches (406 mm) with the middle disk located half-way hetween the two
supports. The bearing support housings are split elements with a 1.42 1ach wide (36 mm) groove at mid-
length of their inner bore. This groove 1% the seat for the damper housings, and upon installation of each
damper bearing, it becomes a circumferential chamber that allows lubricant feeding to the damper film
lands. The lubricant feed port is located on the side (horizontal plane) of each bearing housing support, and
ports at the bottom collect the oil discharge from the ball bearings and squeeze film dumpers. Eddy current
displacement sensors (proximity probes) are mounted on the inner side of the support housings.

A lubrication system dehivers oil 10 the beaning housings and ball bearings from a 40 gallon (151 liter)
reservonr through a variable speed gear pump, The o1l temperature in the reservair 1s controlled using a 1.5
EW electrical heater. The lubricant discharged from the bearing supports fiows throuzh a forced air
convection cooler with a thermostat control, and then 1015 pumped back to the main reservoir, A trbine
flow meter monitors the flow rate supplied to the bearing supports and pressure gauges indicate the static
supply pressure 1o each damper. Three pairs of non-contact eddy-current displacement sensors measure the
rotor displacement directly ar locations next to the damper on the motor drive end, the middle disk, and the
damper at the rotor free end (see Figure 4), The displacement sensors are mounted in the horizontal and
vertical directions. at every plane. Several piezoeleciric aceelerometers are magnetically attached 1o the
bearing support housings. An optical keyphasor facing the drive motor coupling detects the rotor speed.
Temperature measurements are performed with type-K thermocouples at the pump discharge and return oil
lines, on the drive motor, and for room emperature. Other thermocouples attached 1o the side faces of the
damper housing provide direct measurements of the operating temperature at the discharze sections of the
damper squeeze film lands.

A Benrlev-Nevada Data Acquisition Interface Unit (DAIU) and the Adre for Windows@ sottware installed
on a PC Pentiurn computer record the rotor speed and the vibration signals from six displacemenrt sensors
and two accelerometers. The data processing software includes real time slow-roll subtraction, order-
tracking and synchronous response filtering, An mstrumentation console contans digital displays of the
operating rotor speed. flow rate, supply pressures and inlet/exit damper emperatures. The console includes
the controlds for operation of the lubncaton purmps and the ol cooling and heanng elements, Three
oscilloscopes display the rotor orbits at the monitored locations: A fourth oscilloseope shows the bearing
support housing accelerations. and a frequency analyzer depicts the FFT of selected vibranon siznals.

RESULTS OF RESEARCH WITH SQUIRREL CAGE SUPPORTED SFDS

Maost rotor-bearing sysiems incorporating squeeze film dampers require soft elastic supports (squirrel cage)
to render the dampers effective while traversing nzid body cntical speeds. Measurc—=nts of the imbalance
response of the west-rotor supporied on squirrel-cage. open-ended S§F s have been completed. The west
damper depeted i Figure 5 has dimensions of diameter () and length (L) equal to 3.72 inches (95 mum)
and (.91 inches (230 mm), respectively, and radial film clearance (¢) equal 1o G.OGY inches (00229 mm).
The journal 15 attached to the bearmg support with four steel bars strueture designed for a nominal radeal
stiffness of 20,000 Ih/in 3.5 MN/m). The dampers tested. as per recommendation of the TAMU




Turbomachinery Consoriion members, follow specifications similar 1 those of commercial mreratt
engmes. An IS0 VG- lubrcant wis emploved in the experiments

(hver o hundred controlled experiments with imbalance weights exciting the evlindrical and conical modes
nf wibration for centered and off-centered damper journals have been performed (San Andrés and Lubell.
1997 ). Tests included damper operation at increasing lubricant temperatures from 707 1o 110° F reduced
Autd viscosity) and supply pressures to 30 psig (2 bars). Typical Bode plots of the peak-to-peak amplitudes
ol motion measured a1 the rotor middle position are shown in Figure 6 for increasing imbalunce
displacements. The synchronous rotor responses show the rotor-5F1D system to he well dampued with
amplification factors ranging from 1.6 to 2.1 while traversing cylindrical and conical irzid body mode)
enitical speeds. The rotor amplitedes of motion were found 0 be proportional to the imbalances for the first
made of vibration, and the damping coefficients extracted compare reasonably well to predictions based on
the full-film open-ends 571 model. Tight lip (elastomenc) seals contributed greatly o the overall damping
of the test rig. Measured dynamic pressures at the squeeze film lands were well above ambient values with
niv indication of lubricant dynamic cavitation as simple theoretical models dictate. The measurements
demonstrate an absence of non-lingar behavior of the rator-5F1 apparatus for the range of imbalances
tested, (San Andrés and Lubell, 1997)

THE TEST INTEGRAL SQUEEZE FILM DAMPERS

KMC. Inc.. donated a pair of integral SF0s for testing in the rotor-SFD rig, The integral damper shown in
Figure 7 consists of four, 357 arcuate squeeze film pads and S-shape thin webs providing a design radial
stiffiess of 20,000 Ihfin (3.5 MN/m). The squeeze ilm lands are machined at a diameter (63 of 3.8 inch
(96,52 mm) with an axial length (L) equal to 0.91 inch (230 mm). The nominal film clearance in operation
should be close to (.009 inch (0.230 mm). The 1op and bottom pads have been machined o —0.007 inches
(0.1 T8 mm) and ~0.0H 2 inches (0.305 mm), respectively, so that under the static deflection due 1o the rotor
weight they increase (decrease) to the desired nominal clearance. Each squeeze film pad is fed direetly
from the supply groove through a 1716 inch (1.6 mm) hole |ocated at the middle plane of each pad. The
FSFD housing includes threaded holes for the insertion of end seals o increase s damping capability if
needed. These end seals, in the form of split circumferential plates and whose clearance 1s adjusted with
thin laminares (shim stacksh provide a controlled discharge restriction,

Figure 8 depicts i view of the test rotor supported on the integral dampers. Note the significant differences
in the hearing support and damper axial lengths when compared to the rotor supported on the conventional
dampers (s shown in Figure 31, In addition. the rotor-f5F0 nig has less number of parrs which simplifies
considerably 65 nssembly and tlignment

The analysis ind design of L5FDs must couple the structural and hydrodynamic madels for evaluanon ot
the elastic forces in the structural webs and the fluid film forces developed from cach squecee film pad. The
dynamic force response of the ISFLD depends on the way the ball bearing outer race fits within the damper
Journal. A very tizht fit makes both clements to move as a umt, although it causes excessive interference
lads on the rolling hearings of material compatibility for even thermal growth 15 not accounted for. On the
ather hand. a looser fit with less contact area may enhance dry friction fore.  which could cause stuek-shp
at certain frequencies nf operation

A fimite element program has been developed to predict the viscous forces arsing from the miegral syueere
film damper. The fow model considers an soviscous, incompressible fluid and laminar, inermialess Tows
rendering the Revnolds equation for pure squeeze filmy journal motions. The computational model predicts
damper forces given the journal position and velocity. and force coefficients for circular centered motions
at it preseribed whirl frequencey. Deils of the analysis are given in Appendix A,

EXPERIMENTS AND PROUCEDURES

Controlled expeniments have been conducted 1o wdentify the fundamental rotor-bearing system paramelers,
tomeasure the imbalance response of the test rotor supported on ISFDs) and to extract the equivalem
daomping coetficients ol the J5F0% Figure 9 shows the st rotor dimensions and distanees o the locations
for the damper supports and displacement sensors.



ldentification of Rotor Free-Free Modal Frequencies

The rotor (shaft and press fitted disks) is hung with nylon ropes for identification of its elastic
unconstrained modal frequencies. A picroelectric uecelerameter (26, | ar) 15 installed through 4 magmetic
base at different locations along the rotor. and subsequently the rotor is excited in the harizontal direction
with a calibrated impuise hammer. The measured rotor and coupling weights are equal w91 8 [bs and
1.933 Ibs, respectivelyv. Table 1 presents a summary of the test natural frequencies along with computed
predictions based on a 3% station - transfer matny model using XI.r'nfnr"“unrrlh}, 1993],

Table 1. Measured free-free natural frequencies for test rotor and rotor & coupling. Comparisons with
computed predictions,

Frequencies Fi{He) faiHe) fitHz) | fiHa)

Rotor lest G20 R P12 414
prediction 619.6 968 1295 -

Rotor and tes 250 Q20 11 [410

| coupling prediction 231.3 ol | 154 1365

Unceramty in mweasurements: +~ [0 Hy

Note the sharp reduction of the first natural frequency once the coupling is installed on the ratar. This is
due to the coupling being located at an anti-node for the first elastic mode of vibration. The compuied
predictions are satisfactory and the elasto-massic model represents well the test rotor and coupling.

Measurement of integral damper radial stiffness,

Precise knowledge of the dampers” lateral stiffness is needed for accurate determination of the rotor-
bearing critical speeds. The design value for the damper stiffness (£,) 1s equal to 20,000 Ihfin (35 MN/m). a
magnitude similar to the squirrel cage 570 tested earlier, An ad-hoc fixture to support the intezral dumpers
was built to measure the damper structural stiffness, Figure 10 shows an schematic view of the
experimental set up. The fixture consists of a short length steel eylinder resting on (nearly rigid) bushing
supports. The shaft 15 inserted into o damper and held in place on the bushings, Static loads are applied with
aerane to the damper outer rim

Dieflections of the shalt (dumper inner rim) and damper outer fim are recorded with a displacement sensor
{proximity probes) attached to ground so that deformation of the supporting structure could be accounted
tor and extracted from the overall damper deflection. The applied load is measured with a calibrated strain-
cage load cell in series with the cable transmitting the force. The damper stiffness is extracred as the slope
from curves of applied load vs. displacement between the outer and inner rims, Measurements are
conducted a1 45" intervals. for load direcred rowards a damper pad or in-between pads, with regions of
linear and non-lincar stiffness identified. A noticeable hardening of the damper denotes progressive solid
contact between damper inner lands. Figure 11 shows the applicd load vs, measured damper deflections for
the two integral dampers designated s #1 (drive end side) and #2 (free end side of the test rotor), The plors
depict results from the tests along the vertical (4 gravity, 07 and 1807) and horizontal directions (907 and
2707). The measurements clearly show the regions of linearity for the elasue stiffness from the damper
structural webs. Note that the displacements in the negauve direction (vertical ) are for applied loads
directed towards the damper pad with the largest clearance (= 12 muilsk. and henceforth explain the larger
linear range in ths direction,

Table 2 comains a summary o the extracted damper stiffness magnitudes from the lood vs, deflection
curves. Expenimental siffness values agree well with the design target of £=20.000 |h/in. The tests
demanstrate that the EDM technigue does provide celiable values of siructural stiffness, Tests o check for
hysteresis of the whole experimental set-up confirm this 1w be minimal, within £ 000 mil tor loads up to 200
ib

LM



Table 2. Measured stiffness for integral dampers. Load vs. deflection methad,
Design value k=20,0KK Ibfin (35 MN/m)

ISFD Stiffness | SFD #1-Drive | SFD#2 - Free
End (Ib/in} End (Ib/in)

ey 19.432 18,665

45° 19,484 18,196

90° () 30,110 18,707 |
1359 21,036 19,647
180°(T) 19,971 19,271

225% 20,059 19,106

2707 (=) 19,823 18418

3157 19,784 18402

360° 19816 18,105
Average 19,963 18813
Vertical 20,085 19,950
Horizontal 20,120 21.660

stendtard error 850 hfin for 35% cemainty. Arcows indicate the direction of load relative 1o inner .
Stiffness in Vertical and Honzontal directions account for load deflection data at (0%, 180%) and (902, 270%), respectively

The measured stiffness values are verified by indeépendent measurements of the dampers’ fundamental
natural frequency in the free-free lateral mode and estimation of their equivalent masses from CAD
drawings. The weight of each damper (M) equals 5.19 lbs, and is composed of two parts, (M,) the damper
outer rim weighing 2.93 Ibs and to be firmly attached to a bearing support, and (M) the damper inner rim
{includes flexural pads and ball bearings) weighing 2.96 1bs and to be coupled to the test rotor. The
dampers rest on a layer of soft packing material while being excited by a hard impact in the horizontal
direction (see Figure 12 for a view of the experiment set up). A damper time response to the impact is then
recorded by a miniature accelerometer attached to the dampers” outer rim, The measured natural frequency
(f.4) and the equivalent masses for the fundamental vibratory mode (Mp,, =MM./M,) provide an estimation
of the damper structural stiffness from the fundamental relationship, &,=Mp,, (27f,,)°. The measured values
of damper “ring” fundamental frequencies and estimated stiffness values are given below as:

SFD #1 -Drrive end: for= 390 Hz, b y=19,750 Ibfin
SFIH2 - Free end: J=372 Hz, k=180 |b/fin

The damper stiffnesses given above correlate well with the measured horizontal stiffness (at 270°) as well
as with the average stiffness values given in Table 2.

Identification of fundamental natural frequency of the lest rotor-ISFDs system,

The test rotor mounted on the ball bearings and integral dampers is secured on the bearing supports. The
total rotor weight (M.) accounting for the coupling masses (M) and damper masses attached 1o the shaft
(M;) 15 equal to 99.65 lbs (4520 kg). The rotor and coupling weights are taken by the two dampers. A static
balance of forces dictates that the fractions of the rotor weight supporied by the drive end (#1) and free
end(#2) damper structural webs are equal to 0.57 and (043, respectively. These weights when applied to
each damper determine a static deflection of approximately 2.66 mils (67.6 pm) and 2,16 mils (55.08 wm)
at the drive and free end supports, respectively. Note that these damper deflections open up (increase) the
top clearances in the JSFOy while closing (reducing) the hotom pad clearances, In the end, it 1s believed
the overall clearance in all pads of the [SFDy is very close o the design value of 9.0 mils (229 pm),

The rotor is coupled to the drive motor and an alignment procedure performed using the reverse dial gauge

indicator method. Next, the lubrication system is connected to supply the dampers and ball bearings with an
IS0 VG 10 spindle oil. Lubricant viscosity measurements at increasing oil temperatures are also performed
using an electro-viscometer. The measured lubricant viscosity s given below in tabular form.



Table 3. Measured viscosity values of lubricant used in test apparatus

Lubricant type Specific gravity Viscosity Temperature

centipoise (*C)[ °F]

ISOVG 10 0.845 154 25.0 [77]
36 API gravity 12.9 249.5 [85]
105 35.0 [93]

8.63 40.5[105]

7.14 46.1{115]

6.47 51.6[125]

An exponential relationship waz caleulated from the measured valees of viscosily and lempernature. This is given os
=TT
= g7 e where n=0.020643°F

RAP measurements of the test-rotor supported on f5FDy are conducted 1o identify the system damped
natural frequencies and the fundamental damping ratio. A calibrated impact hammer excites the rotor and
an aceelerometer magnetically attached to the middle-disk collects the vibration signatures from a number
of impacts at zero rotational speed. The fundamental (lowest) test natural frequencies for the cylindrical
rigid mode of vibration are f,;=52 Hz and f,,=56 Hz in the horizontal and vertical directions, respectively.
These measured values denote (a) asymmetry in the support stiffness, and (b) equivalent support stiffnesses
lower than those measured for the /SFDs alone.

Consider that the equivalent mass (M) of the rotor-/SFDs system equals 99,65 Ibs (45.2 kg)' for the first
mode of vibration (cylindrical bouncing mode of a rigid rotor an soft supporis). Then, an estimate for the
equivalent stiffness of the rotor-bearing system is determined from the fundamental relationship

K.,=M, (2%f,/". The estimated system equivalent stiffness (K.} along with the critical damping (C,,,,) for
the fundamental mode are given below (Table 4),

Table 4. Estimated system stiffness and critical damping coefficients for first natural mode of vibration.
Equivalent mass M, =99.65 1b (45.20 ke),

Koy=M,(2f,) Coy=2M (2 | /i

Haorizontal plane 27,5330 Ibhin 168.52 Ib.sfin 52 Hz
(48,18 MN/m) (29,482 N.s/m)
Vertical Plane 31.928 Ib/in 181.5 Ih:s/in 56 Hz

(35.88 MN/m} (31,758 N.s/m)

These equivalent system stiffnesses are much lower than the design value of 2xk,=40,000 Ib/in which
accounts for the dampers’ structural stiffness alone. The test results then evidence that the bearing support
structures can not be regarded as rigid. Henceforth, systematic tests to measure their mechanical impedance
becomes mandatory, Details on the procedure followed are given later.

Predictions for the natural frequencics using the 38 station - ransfer matrix model with XLRorer™ are
also caleulated. These are compared (o the measurements in Table 5. The bearing support stiffness values
used in the computational model are also noted. Note that the favorable correlation between predictions and
measurements for the fundamental mode is due to the "tuning™ of the support stiffnesses on the computer
model. However, the simple procedure implemented to set these values validates the single 1-DOF model
for the first mode of vibration. i.e. nearly rigid rotor supported on soft sprinas,

" his equivnlent maoss is the sum of the rotor mass (M, ), coopling muss (M), and the portion of the integral dampers” masses (M) at-

tached 1o the rotar,



computed predictions.

Table 5. Measured natural freguencies for test rotor supported an integral dampers. Comparisons with

Frequencies fitHz) fudHe) fauiHz) fadHe) fitHz)
Lest a2 el a4 9f 201
predicted 5140 35.20 BHE.5 95 3

mode cylindrical | evlindrical conical conical clastic

Unsertaanly in measurements: +/- 2 Hz
Support stiffness Lp=13,67% Min, k=15904 Ihin {172 valees given i Table 3

The system damping coefficients urc extracted from least-sguare log decremenr estimations and transfer
function measurements with the aid of a frequencey analyeer. Tests are performed ar increasing lubricant
temperatures from 707 F (217C) to 907 F (32.2° C) to determine the variaton of the system damping
coefficient o the ml viscosity decreases. From these mensurements. the structural dampang and the viscous
damping coetticient from the pair of [SFDs are identified, Table 6 lists a summary of the extracted
fundamental damping coefficients, Figures 13 depict eraphs of the rotor acceleration vs. time. and the
tramsfer function (acceleration/load) along with the coberence function. The transfer function is the average
of [{himpacts with automatic dati rejection for hard impacts above 20 1hs.

Table 6. ldentified svsrem damping coelficients from RAP tests for increasing lubricunt temperatures
icemered rotor).

Oil emperature | Viscosity | Damping Horizontal | Damping Vertical

(" F) (cp) Cy (Ib.s/in) €. (Ib.sfin)

110 Q.57 9872 [4.57

85 13.0 1852 |5.45

6.5 ka5 12,06 6.02

T4.5 6.2 1362 [ .08

73 16.7 14.60 15.68

73 16.1 1351 17.84
fap=54 Hz fu=38 Hz

DRY (no oil) 0.1 542 962

=tests repeated on different dates Unceratnny in measurements — | hos/in

DIGRESSION: Damping from lip seals
Lie roter supported on conventional SFDs reporied by San Andrés and Lubell ( 1996) contained lip seals on

the side of the supparts facing the rotor disks. These lip seals fitted wo tghtly on the rotor and constrained
the motion of the shaft (o a great extent, thus producing a stiffening effect accompanied by a considerable
amount of structural damping. Rapiests conducted on this earlier contiguration revealed the following
damping coefficients for the “dry™ or off-free rotor-SF0 al two differem temperatures (21°C and 38 “Cy

Cran = 2070 178 Ibw/in (380 0 3.1 | kN-s/m )
Chppean = 1702 138 Ibafin (298 1 24| kEN-s/m|

in the vertical and horizamal directions, respectively. These values of support damping (with nio oil
supplied 1o the SF05) are regarded as too large, Le. prodoce damping ratios Tareer than 10% of crtical
dumpinge. Note thal keeping these lip seals for the current tests with the rotor supported on open-ends
mieeral SF0% may hive obscured any measurements since these ISFDx are predicted o show less viseous
damping than o cvlindrical (3607 domper of the same dimensions. Conseguently, the original lip seals were
replaced by Aexible rubing seuls fitting loosely around the shaft but prevent lubnicant feakage from the
support housings, These ad-hoe housing seals have proved successtul in reducing the damping coefficient
is reported by the damping values given in Table 6




Measurements of bearing support transter functions and identification of equivalent impedance for
rotor modeling,

The measured natural frequencies point out the need to characterize well the mechanical mmpedance of the
bearing support housings. The inertance rransfer functions (acceleration/load) for the supporis have been
determined from impact tests and 3 muluple degree of freedom (MDOF) model has been devised 1o model
the suppaort mechanical impedance. Final results for the vertical support impedance functions have heen
completed and will be reparted shortly in a subsequent report. The MDOF model to identify the horizongal
impedance of the bearing suppores s vet (o he completed.

Lisplacement transter functions for the bearing supports have been determined recently. A displacemem
sensor 1s held by a bar mechanism and this in turn 15 connected 10 a magnetic base which attaches to the
heavy table, The displacement sensor facing the supports, in the horizontal and vertical directions. collects
the support motion resulting from impacts imparted with a calibrated hammer. Figures 14 and 15 show the
measured support displacements and transfer functions for the drive end and frec end supports, respec-
tively. The geaphical results include the tesis for the horizantal and vertical directions. The coherence func-
tions as average of 10 impact tests indicate a gond correlation between the measured displacements and the
cxcitation load at low frequencies where the flesibility ( 1/siffness) of the support can be directly extracrad
from the teanster functions. The identified bearing support stiffnesses are given in Table 7 along with stan-
dard deviations for each measurement. The tests show the bearing supports to be very flexible in the hori-
sontal direction. The time displacements depict significant amplitudes of motion from the supparts al-
though the impacts imparted were soft. However, it is also noted that the work table appeared 1o vibrate
while testing. Note that the supports appear to have resonances al around 50 Hz (due to the rator) and - 100
Hie. The large standard deviations for the measurement of the vertical drive end support siffness indicate
poor confidence for this test.

At each support, the bearings and integral dampers are i series, and consequently. equivalent bearing stff-
ness coefficients are casily obtained. Table 7 also mcludes the equivalent (in series) hearing support coeffi-
cients with the integral dampers stiffness (vertical and horizontal) values from Table 2. The sum ol the
free end and drive end equivalent stiffness should represent the system fundamental stiffess as given in
Table 4. The equivalent supports stiffness are higher than the values given in Table 4 and which reproduce
the fundamental natural frequency of the Totor- IS FD system,

Table 7. Test hearing supports stuffness (&) from impact tests,

Vertical (1bfin) Horzantal (1hfin}
Dirive End support stiffness 174, 8682102100 | 79.55614.087
Free end support stiffness 160755231660 | 5755644370
Equivalent drive end sttfness 15,059 6,059
Equivalent free end stiffness 17.747 15,737
Suim of free & drive ends 35,806 30,794
Sverem stiffness from Tahle 4 31928 27,530

The measuréments then indicate that the support impedances may have to be determined relative to i fixed
ground and not relative to the work table. On the other hand. note that the equivalent support stiffness given
in Table 7 render fundamental nataral frequencies equal 1o 55.9 and 59.3 He which arc only =3 Hr above
the experimental vidues,

Measurements of the rotor-I5FDs imbalance response

Small calibrated masses {or) are mserted 1o the middle disk ora radivs = 2.5 imch | 2 mm] The monor s
then brought rapidly 1o a top speed of 10,000 rpm, the power shut down, and the coust-down response
measured. Table 8 summarizes the imbalunce masses and the average lubricant temperature for each test,
The imbalance displacement () s caleulated as [peeM, | with equivalent mass (M) equal 1o 452 ke
(997 Ihi. All rests are conducted with o pressure supply to the ISF25 equal ro 10 psig (0,70 bars). Each
experimental coast-down is repeated twice 1o venify the repeatability of the tests. The time o bring the rot




trom ats top speed to rest is very long. approximately 300 to 800 seconds, demanstranng that the rotational
drag of the rotor-beaning system 15 small (large tme constant),

Table 8. Summary of imbalince tests conditions

Test number | Imbalance mass Imbalance distance (i) ] iemperature
(o) g Hm {mils) E1°F)
121, 122 5 12,62 (0.497) 23 (73 - 74)
[ 14, 120 18] 25.25(0.994) 22(72 -73)
123, 124 13 32.83(1.295) 2R (73-75) |
125.126.127 17 1193 (1.690) 2373 - 74

Uncertainty in mass measurcments: =0 | g

The measurenents include six rotor displacements (verneal and horizontal planes at the drive end. free end
and near the middie disk) and two bearing support housing (horizomal ) accelerations. Refer to Figure ¥ for
aview on the locanon of the displacement sensors. Figures 16 through 18 depict the (vertical and
horizontal | synchronous rotor responses at the locations of measurement on the rotor drive end. near thie
middle disk and the free end. respectively. The synchranous responses are slow-roll compensated at 500
rpm and subtracted from a baseline response (without any imbalance mass) at every speed. Appendix C
shovws a comparison of the measured synchronous responses with and withour the baseline COMPEnsAtion
Muost measured responses show mainly a synchronous frequency component at all speeds tested. However,
for the test with the largest imbalance (17 ge). the measured response shows a subsynchronous vibration
{12 whirl) st a frequency of 60 Hz while runming at 7,100 rpm. This event. depicted on Figure 19 a5 a
cascade frequency plot for the vertical drive end displacement sensor and accelerometer on the support.
lasted only a few seconds. An explanation for this unusual event is yet 1o be determined. The
subsynchronous motion appeared in all the displacement sensors a5 well as in the accelerometers artached
to the bearing housing supports,

The test measurements show excitation of the horizontal and vertcal (planes) cylindrical erimical speeds ar
3050 (51 Hz)and 3. 1[:IFH‘1‘1 Hz) rpm. respectively™. The forward conical eritical speeds appear ta he
excited at speeds 0f 5.250 (87.5 He) and 5,800 (96.7 Hz) rpm for the vertical and horizontal planes.
respectively. The synchronous responses are typrcally larger in the horizontal plane than i the vernical
plane, and thus. denote smaller levels of damping in this direction. Note that the criical speeds do nor shifr
{much} as the rotor imbalunce increases. The excitation of the conical mode of vibration is purzling since
the imbalance masses are bocated at the middle disk (very Close to the mtor mass center).

The rotor response through the cylindrical mode (critcal speed) is analyzed, Table 9 gives o summary of
the measured peak-peak amplitudes of synchronous motion st the locations of measurement while passing
throuwgh the evlindrical eritical speed. Figure 20 depicts the results of Table 9 ond demonstrates that the
pk-pk muximum amplitudes are nearly proportional to the imbalance displacement (1), Note also from
Tuble 9 that the average results from the three measurements are very similar to the amplitudes near the
middle disk. The measurements then show the integral dampers to operate as linear mechanical elements,

* 11 s apparent from the mestsurements that the test rig hase phate also vibrates. This s inderresd Trom the very siolar fe-
sponses recorded by the three displcementsensors 1Y & Hip ot the first critical speeds. Recall that 1he drive and lree
enids sensors measure viiration relmive w the suppor housing, while the displacement sensor b mid span mepsures
redativie o the hase plote

1%}




Table 9. Values of maximum pk-pk imbalunce response at the first eritical speed fir all wests

Vertical Horizonal
Imbalance | drveend | middle free Averuge | drve end middle freeend | Average
1 disk end tisk
(L} [Lm ) {pm)
12.62 104 105 108 | 106 133 137 [ 117 129
2325 | 89 | K& 194 | i) 263 273 236 25T
32 K83 230} 23 234 230 A8 321 283 3nd
42093 280 261 EIET] 251 363 38 333 360
Critical speeds: Vertical: 3300 (55 Hz) rpm, Horizantal: 3050 rpme (51 Hi)

Estimation of /SFD damping coefficients and comparison to predictions

The system amplification factor (@) at the first critical speed is easily determined by the ratio of the roror
amplitude of maotion 1o the unbalance displacement (1), From this result. values of the system damping
ratio (E=1/20) are also extracted. Finally, system damping coefficients are also determined by multiplying
£ times the critical damping coefficients in each direction, vertical and horizontal. Table 10 provides o
summary of the 0. £ . and system damping coefficients identified from the average rotor amplitudes of
motian. The results also include the average peak amplitude of motion divided by & pominal SF radial
clearance (e=0.2249 mm | 9 muls|) to highlight the magnitude of the journal displacements within the
clearance of the integral dampers

Table 10. Identified values of system damping ratio and damping coefficients from measurements af vylin-
drical mode critical speeds.

WVertical divection, C,,.v=182 |b=s/in
imbalance | Average O-pk | Eimensionless | Aamplificaion Damping fundamental system
() wrm el displacemen factor I'.'l:II.'I E[:!H'Ipirlg coefficient (Cy)
Lpm) & 4] E
N-s/m | Ih-sfin
1232 33 0:231 4. M) 0.1y 3,790 2166
15.25 ] 0413 A.76 0.133 4,233 2424}
32,83 115 0.502 A5t (.143 4,550 260K}
42.93 1405 614 32 0.153 4874 27 45
Average = | 4,362 | 244972
Horizontal, €, =169 1b-sfin
imbalance | average Bopk | Dimensionless | Amplificabon | Damping ra- fundamental system
wium) gl displocenent fncror Iﬂ- damping coefficient (€;)
fumh & (¥ E
MN-s/m Ib-5/in
[2:43 G4 (282 sl (L09% 2893 |6.53
252N 1255 .561 508 (hO9%E 2,901 | .6t
3283 I152.4] {h6d .63 (108 EREE 1825
4103 =010 .78 414 o.1e 354 20011 ]
Average = | 3128 ] 17.8% 4l

The overall system damping coefficients given in Tables 10, as extracted from the imbalunce response
measurements at the first critical speed.  increase with the magnitude of the imbalance, i.e these coelfi-
cients show a dependency on the rotor amplitude of motion. The system dampme coetticients abtained
from RAP tesis wvero rotationil speed (see results presented in Table 6) are somewhat smaller than the



values from the imbalance response. Note that the coetficients extracted trom soft impact excitation repre-
sent effectively those due 1o very small amplitude rotor motions about the system equilibrium configura-
tion. 1e. (e = 0} The following Table summarizes then the extracted system damping coellicients from the
|1r'||‘|a[.'1r|n;':: FospOnse measuremenls.

Table 1. Summary ot identified sviren damping coetficients (horizontal and verticaly for
operation at ~213 *C {73 °F)

HORIZONTAL | VERTICAL
dim- damping dim- damping ci-
displacemaent coefficient displacenuent elfficient
on't (Cy) BpE (Cy)
[h-afin 1b-5/in
HRAFP) 13.51 i RAP) | 7.54
(L2821 1653 (5231 RA
(L5361 1660 (415 24.2()
(hahd 18.25 {1,502 26,04}
(786 2011 (1,614 1785

The system damping coefficients include the viscous effect of the integral dampers and the structural (in-
herent) damping of the rotor-bearing system. Recall that for the operating temperature of 23 °C (73 °F) and
far soft impact excitations at zero rotor speed. the oy (no oil} system damping coefficients are equal 1o
542 and 9.62 |b-sfin for the horizontal and verucal dircctians, respectively (see Table 6). Thus, subtraction
of the dey damping coefhicients from the values given in the Table above allows the identification of the
viscous damping cogfficient due solely to the integral squeeze film dampers.”

Predictions for the 1SFD damping coefficients as o function of the operating fluid viscosity, whirl fre-
quency, and amplitude of journal circular motion about an equilibriuvm configuration are also obtmined us-
ing the FEM program described in Appendix A. The computed damping coefficients for the four-pad inte-
gral damper have a mean value and a periodic (fluctuation) component at 4-times the precession journal
frequency. The calculated results, shown in Table 12, are obtained for an operating clearance of 229 pm (9
mils) and without fluid film cavitation since the typical flow rates measured (0.1 It/s, .60 gpm) did nor al-
low for the formation of suction regions on the squecze film lands.

Tahle 12, Predicted /5413 direct damping coefficients at an operating temperature of 23 °C (73°F) Fluid
viscosity u=0.017 Pa-s, L=23 mm, ¢=229 pm;, =963 mm. p=52" pad arc fength,
Damping coefficient Cuen= Con + ol COST 0 |

Predicted direct dampinge Cperp (Th-4/1n)
0% men fluctuation

(), (344 5.630 ]

i STER LhLI55
11218 (185 (1375
11327 f, GRS {1.6RS
(1.437 7.745 | 345
(1546 C RN ok
(1.653 | 2.3495 4.745

MNate thal the ssmphified [ormuolae. vided B te=00 Cresr W0 rnud D20 ey =490 Th-win predicns with some uceu
ey the coleubacn domping coefficent fronne FEM program

" Of course this nssumes the rotor-heating svsrem o be near, Thisarsument is supported strongly by the
mgasured responses



The dry dumping coefiicients 15 subtracted from the system damping coefficients and divided By two o
determine the sctual contributian from the integral dampers (/SEDs). The test (or identitied) dumping coei-
ficients are given in Table 13 below. [n this procedure it is assumed both dampers contribure with identical
damping coefficients o the overall svsrem dampmg. and furthermore, that the v or imhérent structurl
damping does not vary with the amplitude of journal displacement,

Table 13, Extracted /SFT) direct damping coelficients at an operating remperature of 23 "C (737F),
C,-I\r.rl:lr 'C-—C.fr._ 12

HORIZONTAL VERTICAL |
dim- ISED dim- ISED '
displaccaent damping dasplzcement damping
fedtly coefficient fedily coetficient
ff:',u,-,;”-u:l (Crpen1)
Ih-sfin Ih=sfin
01 (RAP) 4.04 0 (RAP) 4.11
01.282 5.55 (.23 f.0)2
{1561 5.59 SNVETE 7.24
01664 6,41 nsn2 | #.1u
01786 7.34 (614 9.1
|

The estimated I5F damping coefficients trom the imbalance méasurements ( Table 133 und the predicued
(mean value) damping coetficients (Table 12) are plotted in Figure 21. The measurements indicate /SFD
dumping coefficiens smaller in the horizontal direction which corresponds to the plane of larzer vibrations
at the first critical speed. The predicted results show a favorable correlation for the damping coeffictent in
the vertical direetion. However. the predicted values in the horizontal direction are much larger than the
measurements since the horizontal journal displacements are also large in this direction. Note that the ex-
penimental damping coefficient show an approximate linear behavior with the journal amplitude as nppused
1o the predictions which are basically non-linzar, This type of hehavior is also found in the carlier tests with
the conventional SFDs (San Andrés and Lubell, 1997), In general. the integral dampers offer approximately
175 of the damping coetficrents that a similar cylindrical damper of the same physical dimensions showed
i carlier tests. This Fact, however, was well known at the design stages of the integral dampers.

The beaning support horizontal accelerations are also measured in the imbalance response tests. Figores 23
show the (filtered) synchronous component of the beanng housing supports accelerations for increasing
levels of the mass imbalances. The overall acceleration is also included for the largest test imbalance. The
support accelerations peak first at the first critical speed, and then steadily raise as the rotor speed increases.
At the first entical speed absolute levels of support motion are e *ri.ted from the synchronous nceeleration
component using the well known relationship. displacement ~ acesleration « frequency”, The support dis-
placement values are given helow in Table 14, and include displacements extracted from measurements of
vertical support aceeleration obtwined fora single test with a0 gr mass imbulance.




Table 14. Peak support (thorizontal ) synchronous displacements at first eritical speed (52H#) as extracted
from measureinents of support acceleration

Imbalance | Imbalance | Drive  end  supporl | Free end support
B displacement | Jisplucement (gm) | displacement (um |
frgr) o{pkrmg)

50 | e | 28.2 0.2

[ 15.25 445 344

0wy 3525 158 (v) 280 tv)
13 2R3 505 45.4
17 42,93 67, 281

* Wertical aceeleration measuremenis are conducied only for a mass imbalanew aaual o 1) gr

The estimated support displacements given above. as compared to the amplitudes of horizontal rotor mo-
tion given in Table 10. indicate the beaning supports move a significant amount and can not he disregardad
i the rotor-hearing model, Thus. an accurate characterization of the bearing support lmpedances is of great
importance o understand the behavior of the wst rotoe- IS svsiem.

Computed prLdlLTlmh tar the linear imbalance response of the rotor-bearing svstem are performed using
the XLrotor™ model. Figure 23 shows the caleulated responses (vertical und horizontal ) @t the middle disk
tor three levels of mass imbalance. The predictions attempr to replicare the imbulance measurements de-
prcted in Figure 17, The model assumes that each bearing support contributes ¥ the value of the estimuted
fundumental system damping given in Table 1. Note that the imbalance masses are inserted at the middle
disk outer radius (very near to the rotor center of mass). and consequently should not excite any other mode
hut the fundamental cylindrical mode. The predictions match very well the rotor response at the first eriti

cal speeds (52 and 56 Hz in the honzontal and verncal dircctions; respectively ). However. the calculated
tesponses ful 1o reproduce the measured large amplitudes of motion 1n the range of 3.5 to 6.5 krpm. At this
time it 15 most convenient for the reader to review the measured transfer functions (displacement/load | for
the supports as given in Figures 14 and 15, Note that the impact load excites a support natwral mode in the
range of Y0 1o 100 He At first this zone of high amplitude motions could be mistaken with the excation of
the rotor-bearing conical made. However, now 11 1s suspected that this resonance corresponds to a natural
frequency of the bearing suppons, and thus, it explaims the unusual measured imbalance responses. More
detailed descriptions of the beaning support impedances are thus essential to pradict responses similar 1o the
measured ones.

CONCLUSIONS

Meuasurements of the imbalance response of a massive three-disk rotor-bearing system supported an open
ends. mtegral squeeye film dampers (/5FDs) are presented. The dampers are compact mechanical devices
with integral radial stiffness procured by wire EDM thin webs. The ISFDs have length and diameter equal
ten 38 inches (96.52 mm) and (.97 inches {230 mim), with o nominal ¢learance cqual to 9 mils (229 @wm)
The tests are performed with an 150 VG 10 lubricant af room temperature (73 °F). Electronic
mstrumentation along with o data acquisition system record shaft speed, oil temperatures and flow rae,
vibration displacements at three shaft locations. and the support housing acceleratinns

Experiments are performed to idennify the fundamental parameters of the rotor-bearing svstem. Rotor free-
free mode natural frequencies are measured and validated by computed predictions. The structural stifiness
coelficients of cach [5FF are also dennified for different load orientations. The test stiffnesses verfv
closely the design turget value of 20 klbfin. The |oad vs. damper deflection experiments show a linear range
of approsimstely Y mils. Large enough loads caose salid conmet of the damper pads with the hearing shell
and raese the dumper stiffness dramatically. Gap reginns in the damper pads for lingar elastic behavior are
clearly defined by the tests.

Measurements of the rotor undamped natural freguencies onits bearme supports show cvlindrical modes al
32 and 535 Hz, a contcal mode ar ~940) He, and a fiest bending mode ar 200 He, The first two natural
frequencies are within the rotor speed operating range (< 1 krpm), Analytical verification of the
experimentil rotor-fSFDs natural frequencies reguire of equivalent bearing stiffness values much lower

&




than those of the /15FDs alone. Measurements of the bearing supports fexibility wath impact load
excitations demonstrate the horizontal and verucal support stiffnesses 1o he approximately 3.2 and 9 times
larger than those of the dampers. Therefore. the equivalent bearing stiffnesses. damper and bearing support
in series. are just TS 0 BO% of the actual integral dampers” structural stiffness.

The svsrem danypring coetficients, extracted from impact load (rap) excitations at zero specd. vary with the
lubricant temperature and include the contribution of the structural dampmg from the bearing supports and
lip seal  Measurements of the sy:i. hronous rotor response wath increasing imbalance masses inserted at the
middle disk are performed 1n coast-down tests from 10 kepm. The tests show the ISFIs to damp well the
rator response for the cylindrical modes of vibration, The peak vibraton amplitudes at the first critical
speed are proportional (fimear) to the magnitude of the imbalances. Large rotor motions 1o 80% of the
nominal [SFI clearance are measured. and without shifts in the first crinical speed denoting an absence of
damper stiffness hardening. Rotordynamic responses with subsynchronous whirl components are nearly
absent in all tests. except for a briet appearance in the experiment with the largest imbalance mass.
Measurements of the acceleration in the hearing supports indicate them o have an appreciable amplitude of
mation. The imbalance responses show an unexpected resonance at approximately (000 rpm. This dppeirs
ro be related to a softening of the beanng supports, Computed imbalance responses predict well the passige
through the first critical speed but fail 1o reproduce a resonance at about 6 krpm. A reliahle impedance
model for the bearing supports is currently under development.

The test system damping coefticients increase shightly with the amplitude of rotor motion through the first
cntical speed. From these. the viscous damping coefficients from the [SFs are extracted and agree
reasonably well with predictions from a full-film open ends I5FD finite element model. In general. the
integral dampers offer approsimately 15 of the damping that a similar eylindrical damper of the sume
physical dimensions demonstrated in earlier tests. This fact however was well known at the design stages ot
the SSEfx

Measurements of the test rotor-5F0 responses 1o coupled mass imbalances and for ISEDs with end scals
will be performed next. The major objective 1s to determine the effect of controlled end gap seals on the
tegral damper viscous force coefficients and their influence on the imbalunce response of the test rotor.
An accurate charucterization of the support impediances is also i major 1ask to be pursued in the next few
months
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Figure 1. Schematic view of a squeeze film

Figure 2. Schematic view of an integral
damper and squirrel cage spring.

centering spring SFD.
Max. Running Spesd = Rotar Weight = 92 lbs
9,500 rpm Max Diameter = 11 in
Shaft Diameter = 3 in
F*I\TE‘!I ble Coupllng Disk 1 Disk 2 Disk 3 Fiexible
Drive End SFD [ | [l Free End SFD | Red
M '\ (]

0C motor

i
e

e
F

/s
e

R L ¥l bratl on Ansorbi ng Hateri ol
R s o8 ow e

Displacement Base Plate*
L1101 Sensor Pairs
0 123 45 4 [oches

Figure 3. View of test rig: rotor-bearing supported on SFDs.
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Support Acceleration (0-pk) [g]

Support Acceleration (0-pk) [g]
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Figure 22. Support horizontal acceleration (synchronous component)
vs. rotor speed for various levels of imbalance
(a) driven end support, (b) free end support.



{a) Predicted and experimental vertical response at _‘
mid-disk '

300 -+

g

— == =125 um
...... L|=25 25 "Im
' 1=42.93 um
= u=42.83pm, exp

=
n
[

Amplitude {pm p-p)

8

o
L]
T

=]

0 2000 4000 6000 BOOO 10000
rotor speed (rpmy)

(b) Predicted and experimental horizontal response
at mid-disk

= .
o [— — — u=1282um I
e 4=25 25
u=42 93 um |

—=42.93 0, Bxp |

Amplitude UJITi

1] 2000 4000 6000 BRO00 10000

rotor speed (rpim)
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APPENDIX A
FINITE ELEMENT ANALYSIS OF INTEGRAL SOUEEZE FILM DAMPERS

Figure Al depiets the geometry of a typical imegral squeere 1ilm damper with fMexure pads. ench of anaular exient
(1. An incompressible, isoviscous flund fills the thin film lands berween the flexure pad and the damper hossing of
diameter (1) and length (L), The journal istnaneous position is denoted by the desplacements e, ed 0] relative
toananeriial coordinate systen

Negleening ued inertia effects, the thin film flaid fow in o pid of angular extent (B s given by the
clissical Reynolids equanon:
g [ ar) ol n' ap) |
—_— = T — —— [ (11
gGae| 12060 | d:l12p az | or

i the region (0= 8 = [0 <2< L] and where P is the syueeze film pressure senerated by the wempori! chinges in
the film thickness |0} wiven as

fE=i ey frjeost B+ ot ) sinl 2 il
el o

= =ty cos( B+ sin{ @) (2.
o

where [r.L {7 ey !.fl] are the mstamaneous velocity. components of the journal center. For un apen ends dampe
configuration. the pressurc is specified on all sides of the pads as ambient.

e = PO, LI= Al = P(B.2) =P i3
The flow domain is discretized into a collection of 4-noded soparametnic finite elemens. and the Pressuie over an

i a i [ 10 - k
clement 15 then a linear commbination of nodil values 1""}':=| and bilinear shape tunctions {"{"‘}”I SEVED

Pf = Z‘P, " (4]

The Galerkin turmulation reduces the pressure equation | 1) into an algebrue system of linear EOUETION S,

i.ﬂ'ljﬁ" == + 5]

where
-l (e e e wae
i
fro==[ ey cost@be e, sin(@)] & 0o i (6.
n
i, = :ﬁ‘!-".‘:lr":ff" oWt g, = - %‘I:E (hc)

as the o vate through the element boundary (071 Equations 151 are apphied over the entire flow domarn and then
eonsdensed by enforcing the corresponding boundary conditions. A syimmetric systen ofequations resules and the
syster s sdecompised into s upper and Jower triangubar form. Backward and lorwand subsoromons allios the
cileulation of the diserete squseze filim pressure field ot the nodes of the flow domiun

Integrartion of the pressure field onench dimper pud provides the damper seaction forces i Fe F00 o the
pornal Kinemute motins,



.

Pl i I!-I;j_ - {cm{ﬂ” RO
: » ; ] G ek
|1r'|' | tell)) . ﬁili{B}l F )

For circular cemtered arbits. vy = ¢ costart and ¢y = ¢ <inl o). where () 15 the whirl trequency. The reaction flund
filny forces are then used o caleulate S50 damping coelficients hy using the following relationships:

-

Cyy == 1 Ty =—— 8.
vy ey

- —Fy - ¥

Cpprm —= = — 8.
P é,

For an integral SF with % pads, the numerical predictions show that the damper forces have dynamic LOmIpOnenls
at N times the whirl frequency we Thus. the damping firce coefficients are miven as

Cop =0 =0 07, Corldumr) . ere (%)

where the subscripts M and / denote the mean and fluctuaong values respectively.

The computer program sfdflex.f was developed using Fortran77 within o Windows NT or Windows 935 32-
hit operating system. Given a specified jourmal posiion and instantaneous velogity, the components program solves
the finite element form of the Reynolds equation. The computed results are given asreaction firces and damping
foree coetficients in the (1) directions;

REFERENCES
Klit. Poand Lund, |, W 1988, "Caleulation of the Dynamic Coefficients of a Jourmal Bearing Using o Varimional
Approach,” ASME dawmeal of Trilology, Vol 108, pp. 421 - 425

NOMENULATURLE

i Mominal film clearance [m|

I Bearing diamerer [m]

eyt laurnul center displicements |m|
[:"_-..- (1) I'I}I Touranl center velocitics | mis|

Fo Fy Flud film forces [N|

I Film thickness [m]

£ damper axial length |m)|

i Number of damper pads.

Wi Number of nodes per finite element
| oo S Pressured cavitation pressure |Pa|
e Ambient pressure |Pa|

i Flinw rate pers umt length |m'/s|

s damper rdis, (94) (|

i Tirine [5]

= REL 2 Fixed coordinate svstem attached 1o the beuring housing.
LX) Tertil coordinate svstem

1] Pacd aneular extent frads|.

I~ Element houndiry

i Flund viscosiy |Pa - s

P Fluiil density [*7, ]

{"1‘}:. | Shipe Tunctions

" wharl {requency [““,'*f]

Py Frane element sub-domaim
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APPENDIX B
IDENTIF]CATIDN OF LATERAL STIFFNESS OF INTEGRAL SQUEEZE FILM DAMPERS
(ISFDs)'

The stiffness characteristics of the /SFDy were determined using g systematic procedure which comprised of

the fallowing steps:

a) - assembly of the set-up for the experiments,

I} calibration of the instrumentation,

¢t measurement of the load vs. deflecion characteristics of the intezral dampers.

di identification of the stanc stiffness and extent of linear zap and clearance for the vanous angular
locations of load application, and

) verification of the wentfied stiffness with an indirect method which extracts the stiffness from
measurements of the fundamental natural frequency of each damper and estmated masses

A strain-gage load cell was calibrated with dead weights, and the corresponding sensitivity factar wis
determined. The calibration lactors for the load celt are:

Supply = 10£0.01 V

Sensitivity (m) = 003913 V/bStandard ercor (5,0 = 3387 _ 10"

Correlation (r) = W 9999 o Load standard ervor (s,,4) = 3.208 107 1b

The tested load cell exhibited a highly lingar response with an extremely precise output.

An bBddy corrent displacement sensor (Bently Nevada proxmuty probe tvpe 300-02-12-36-02) was
caltbrated using the support shaft as targer, The shaft was mounted on u lathe provided with a digital
carriage position display with 0,005 in (5 mils) resolution. and the proximity probe was attached to the lathe
carriage. Calibrations for the probe autpat at 0,003 in displacement intervals were performed hoth with and
withour a probe extension cable.

Beth calibrations showed a non-linear output for the used probe / supply module combination, However. by
fitting quadratic polynomials 1o the experimental datn correlation factors (R2) of 99 805 and 99 88 % were
obtained. Since the application of these calibrations only involved static measurement procedures. the use
of quadratic characteristics was considered satisfactory, The same proximity probe was calibrared on the
lathe but having one ISFD as rarget, Both calibrations showed again a non-linear output wath data
correlation fuctors (R2) of Y9825 and 99,8 | 5 for quadratic polynomial fits,

The support tixture for the /§FDs was tested for detlection under applied loads in the range of (1 10 250 Ths.
The applied load was measured with the strin-page load cell and the deflection was measured with the
calibrated proximity probe. Figure 1 shows a diagram of the experimental set-up. and the resulting support
deflecuon 1s plotted in Figure 2,

Fhi stitfness measurements and reported resules were performed by O Juan Clveras of the Univessdad Simon Holivar i aracns,
Winesuelad D Ofiveras was then o Vistting Research Associate o) the TAMLU Boordvaamacs Laharaory
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Figure 1. Experimental set-up for measuring the support deflection under Toad.
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Figure 2. Support shaft detlection under apphed loads.

The support deflection charactenistic shows discrete position increments due 1o resolution limitations in the
voltmeter used to monitor the proximity probe output.  However. a linear fit for the data produced a
eorrelation factor of Y7725, and was considered satisfactory for correcting the deflection measurements
during the {5Fs stiftness characterization,

Each ISFI s tested to obtam the stoness charactensocs in the radial direction. by applying tenswon Toads
in the range {1 - 250 Ihs and measuring the corresponding deflections.  The measured displacements were
corrected for the support deflection by waing the linear characteristic obtamed from the calibration shown in
Fizure 3. Figure 3 illusirates the experimental set-up.




o

[

Applied Wl

Lesiel el

Bamper

Inner shatt

Support

/Tuh]u

Fipure 3, Experimental set-up for measuring the (550 stiffness chumcteristes

Tests were tepeated ar regular 45° rotation intervals. so thit atotal of cight stiffness characteristics
were obtamed for cach damper, showing the vanation i stiffness when the loud was applied twwards
each arcuate pad or towards the flexible webs acting as springs. Additional tests were performed for
posinon 3607 (0% of each damper as a means of assessing the repeatabiling of the rests.

Figures 4-a through 4-i show the load vs. deflecuon (suffness) graphs obtained for ISFH #1, while
Figures 4-j through 4-r illusirare the load vs. deflection measurements corresponding 10 JSFD #2. On
the plots o is clear thar a linear characterstc s muntamed for most of the deflection range, until partial
pad contact securs. The change of stffness and s asymptote tendency gave a pood indication OF thie
actuid clearances in dampers #1 and #2
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Figures S-a and S-b illustrute the circamterential distributions of linear range displacement and
clemmunee sap determnned e £5F0s | aml 2, respechivels

L= SFD #1
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Figures 5., Circamierential dismibunions of lincar a2ap range and elenrance far (51 #],
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Figures 3-h. Circumterential distributions of hnear runge gap and clearance for 156/ #2



Tables Tand 2 below summarize ihe measured stiffiness, the linear wap range amd the clearance detected m
solid contact.

Table L. Disteibution of stiffness, linear range and ettective clearance lor ISF #1).

{SFD # | - STATIC TESTS CHARACTERISTICS

ANGULAR DIRECTION STIFFNESS LINEAR RANGE | CLEARANCE
[Thtfin] Jmils] [ mils]
i 9432 *7 T4
43" 9481 63 i3
Wi 20016 H.3 0.2
1357 21036 H3 [}
| ®0y" 1497 | I3 1.8
2357 200554 y.2 1.3
2700 19523 B35 Y4
3157 [97R4 58 Fil
Ialr 9816 -
ANVERAGE 44963 i T.8 91
Variation of siiffiess - = [T btfin for a Y5% certunty.  Maximum expected absoluie errorin éich
siffness measurement — = 2575 Ibt/in { from uncertanties in load and displacement measuremens)

Table 2. Distrihution of suffness. linear range and effective clearance for ISED #2)

ISFD #2 - STATIC TESTS CHARACTERISTICS
ANGULAR DIRECTION STIFFNESS LINEAR RANGE CLEARANCE
[Ibifin§ [mils| [mils]
7 | RGHE A TR
45" | W1ty i) 1.5
Ly | 8707 7.4 91
I x5" 14617 ¥l 0.2
PRy 1427 | (.2 1.3
Jaan 15 b b 10,3
el [ s ¥.3
ALA" IRdg2 5.6 3
3l 181115 - -
AVERAGE IRR]3 Fid WY

Variation of stiffiess - TOO Ibfin for a0 95% certimy,  Maximum expected absolute error in each

|
stitfness measurement — + 2575 |bfin ¢ from uncertimties in load and displacement meusurements i

Euch FSFI was also subjected toosolt unpact wests o order toovalidate e stffness vidues extiacted fram
the stune 1ests. Figure 6 ilustrates the experimental set-up 1o excite the fundamental unconstrmmed ringing
moderand measure the corresponding freguency.
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Figure 6. Experimental sct-up for measuring the tundamental free-free n mEing frequency on the (S5

From the manufacturing mechanical drawings for the dampers. mass values were estimated for the inner rim
and outer rim, based upon the constructive geametry. The mensured ringing frequency and the estimated
inner and outer masses were then used to identify the dynamic equivalent stiffness for each damper bised
upon asimple ZDOF discrete model. Table 3 contaims a summary of the results.

Table 3. Dynamic validation of the statically measured stiffness for the 1SFDy

ISF #1 ISFD #2

Total mass [1h] ) 5.1 84 5.19]

Cluter mass [1b] 2T 2228
Inner mass [Ih] 1059 2.9484 |

Measured frequency 286 He (1797 radfsec) 284 He (1784 radfsec)

Esumated stiffness [1b17in] 19750 [ 2000

Measured sutfness [1btfin| 9963 18813

Devianon -1.07% -4 34

Considering thut the mass distribution of the dampers was estimaled from the geometry on the
manutacturing drawings and the assumption that all the installed precision bearings and spacer rings had the
exact mass. the results were found a satistactory validation of the static mensurements.




APPENDIX C
COMPARISON OF COMPENSATED VS. NON COMPENSATED ROTOR IM BALANCE
RESPONSES FOR TEST WITH 10 GR. IMBALANCE MASS,

Fhe tollowing plots show the averall rotor amplitude response and the svnchronons slow rol| compensaled
respanse. The compensation is carried at each speed with subtraction from the haseline response (withour
imbalance) also shown in the graphs. The procedure s applied 1o all tests described in the main hody of the
repit.
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Figure CI1. Rotor imbalance response at drive end support, overall and
slow roll compensated at 500 rpm and with subtraction of baseline
response. (a) vertical, (b) horizontal.
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Figure C2. Rotor imbalance response near the middle disk, overall and
slow roll compensated at 500 rpm and with subtraction of baseline

response. (a) vertical, (b) horizontal.
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