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ACIINRVANAN SEALED ENDS SFDS ao ISFDS n TURBOMACHINERY

Squeeze Film Dampers (SFDs) are effective means to ameliorate
rotor vibration amplitudes and to suppress instabilities in rotor -
bearing systems. A SFD is not an off -the-shelf mechanical
element but tailored to a particular rotor  -bearing system as its
design must satisfy a desired damping ratio; if too low, the

damper is ineffective, whereas if damping is too large, the SFD

may lock thus aggravating the system response. In many cases,
SFDs are also employed to control the placement of (rigid body)
critical speeds, hence displacing the machine operation into a
speed range ensuring an effective structural isolation.

Industry demands engineered SFDs with a low footprint to reduce
cost, maintenance, weight, and space while pushing for higher
operating shaft speeds to increase power output.

Copyright© Luis San Andres 2025 i strictly prohibited to use/reproduce the content, all or partial, without authorization from the author.



Learning objectives

The tutorial reviews the way SFDs produce viscous dissipation
and fluid inertia forces that aid to reduce the amplitude of rotor
vibrations. The knowledge extends to describe modern predictive
tools vis a vis test data, a discussion on pervasive air ingestion
at high squeeze velocities, and an effective selection of end seals
to increase damping in a short physical space.

Pressing questions on the design and operation of SFDs
and Integral SFDs are answered.
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Learning Outcomes: the tutorial answers

(a) Is damping always desired? Is physical damping the same as a damping
ratio . Which one is important?

(b) Is a SFD a journal bearings that does not spin?

(c) How come SFDs do not have a stiffness (static centering ability)? Why do
SFDs produce a significant virtual mass?

(d) How much more damping Is available if the damper has end seals? Are
piston rings better than o-rings ? Which type to select?

(e) Does the amplitude of rotor whirl motions affect the SFD force
coefficients?

(f) Is air ingestion a persistent issue with SFDs, open ends or sealed ends?
Tell me how to quantify the amount of gas ingested in actual operation .

(g) How do predictions from classical and modern SFD models correlate with
the experimental record?

(n) How do Integral SFDs work? Are ISFDs being used?



Why and when are

dampers needed?

Do | really need to know this stuff?




Common problems in rotordynamics

1

Improve balancing.

Modify rotor -bearing systems: tune system
critical speeds out of RPM operating range.

Introduce damping to limit peak amplitudes
at critical speeds that must be traversed.

2. Subharmonic rotor instabilities

Eliminate an instability mechanism, for example
change bearing design if oil whip Is present.

Rise natural frequency of rotor system as much
as possible.

Introduce damping to increase the onset rotor
speed above the operating speed range.
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Squeeze Film Dampers ( SFDs)

In a SFD, the journal whirls but does not
spin. The lubricant film is squeezed

due to rotor motions, and fluid film
(damping) forces are generated

Lubricant

Shaft

Ball bearing

Housing | SFDS reduce rotor vibrations, alleviate
system instabilities, and provide
mechanical 1solation.

Too little damping  may not be enough
to reduce vibrations

Too much damping may lock damper &
will degrade system performance



'SED typical configurations

6 SFD with anti -rotation pin

oil inlet

lubricant
film

anti-rotation
pin
shaft

journal
J ball

bearing

housing

_

hearing \‘ ~
) > z = <

(c) with a supply groove & open ends
(d) with a supply hole & end seals




History helps

Must | know this stuft?




Brief history of SFDs

Parsons (1889)

Discloses first use of a SFD in first (g {
modern -day steam turbine .

R T T T T
.............

C 9]0 De I (1 9 6 3) (b Thpotiat Palic HWikigedis)

Rolls Royce engineer tests the performance of
a jet engine with a SFD.

Sinee s “thev 1970675 'SEDS L ‘aresviessential
components In aircraft engines and high - A sauesze e
pressure centrifugal compressors . 4

COIL SPRINGS

BEARING
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of SFDs (Turbomachinery Symp. )

PROBES
Zeidan et al. (1996) i
. T ! . . . auie
Discuss Issues for SFD Integration Into /
turbomachinery : oil cavitation vs. air e | M g
S g i -l A AL
iIngestion and fluid inertia effects . WW/ —x
Kuzdal and Hustak (1996) | PoLEN
Test open and sealed ends SFDs A an | jomisiesiilil e o
optimized damper reduces rotor imbalance | ;ST
" : i a 10+ k
response and increases its stability . 5ol [
San Andres et al. (2016) 2
< ol .
SFDs: A Further Experimental Appraisal of oL At .
their Dynamic Performance, Rotor Speed (RPM)

https://doi.org/10.21423/R1BC/T
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SFD applications

Jet enqgines with rolling element bearings: e o o
a) Reduce synchronous peak amplitudes. €I

b) Limit peak amplitudes at critical speeds.
c) Isolate structural components (lower
transmissibility)

d) Provide a margin of safety for blade loss.

Hydrocarbon compressors & steam turbines

a) Stabilize a unit by introducing damping and reducing cross -coupled
effect of seals, hydrodynamic bearings, etc.

b) Enhance the limited damping available from tilting pad bearings

Other benefits of SFDs  on rotordynamic performance:
ATolerance to larger rotor motions * Simpler alignment
AReduced balancing requirements * Less mount fatigue

13




How does VvIscous
damping affect the

response of a mechanical K
system??

Start with the basics!

14



1DOF spring -damper -mass system

Equation of motion (EOM) |X/ul IF/Muw?|
" | S fA—Z=005
M X +C.X K X £, M/ sin( WI)‘ Damping \ ﬁzzo.OS s
g— ratio (z) e \{\zzo.lo
L Increases 2 %\
l o c b 7=t
% z=0.10 i =
v | < A ¢ pampng
l X z50.25 — ratio (2) $
L ® : ~—— | INCreases
Ke :I_J Ce f f '
S % 100 n, 300 2 . 0t fn 300 an
frequency (Hz) frequency (Hz)
Mass-spring-damper oscillator Response amplitude |X/u| Transmissibility (to ground)

i =2 Ke ; Z:Ce

n pm 24K.M, Damping helps only when rotor traverses a critical
System response defined by speed (natural frequency=f) but increases force
natural frequency (f,) & transmissiblility for operation above 1.44 f,

damping ratio (2) 15




2 DOF K-C-M system : rotor on flexible supports

Response amplitude |X/u| Transmissibility  (to ground)
l F:Mu,/’/z 10 = = 19 T i)
M e e 3 b H A Y
- ', “ ? 1 ': 7\ I' =)
L‘ J— X(t) Damplng | ‘: A E o —— | V4
K= C ratio (z) 4y = N_/\
= increases N\JA—NX—F X\ £ AN\
ST | X 7 \\ § § ‘7/ /Il “‘\’f‘ ':' N\ N\
L S A i \ / 7
A 1= = i 23 v %400 150 200 250 300
friequency (Hz)
examp|e L frequency (Hz) il o
L — G=0.01
M._®s 91c ec, varie = — 6=0.20
M = K . , U, Varlles — G=0.20

Excessive damping LOCKS
supports and increases
system response.

More complicated response. Damping helps only when
rotor traverses a critical speed (natural frequency=f,,

and f_,) but increases force transmissibility. #:



SFDs fundamental design consideration

The amount of damping needed is critical.

If damping IS too large the SFD acts as a rigid
constraint to the rotor-bearing system with large forces
transmitted to the supporting structure.

If damping IS too low , the damper is ineffective
and likely allows large amplitude vibratory motion at both
synchronous and sub harmonic frequencies.

Lubricant
e e S h aft

s,
e
I

Anti-rotation

Journal

Housing

Ball bearing

SFDs must be designed with consideration of the entire

rotor -bearing system.

Physical damping is not as important as
the system damping ratio!

-C —C
‘ /Ccrit /2\/K M

17



A typical SFD application iIn a compressor

A A compressor vibrates ++ atits 1 st forward mode.
Bearings cannot help since they are placed at
mode -nodal locations.

A SFD elastic supports are soft A drop the system
natural frequency and increase the effective
damping ratio.

A Rotor motions greatly reduce while passing the
(low) critical speed. Subsynchronous vibrations at
the first forward mode eliminated.

uf—————— L Besides adding
. o === wiodampel  damping, dampers
P || are used to control
: w/ damper the placement of
o || (first) critical
T e ™| speed.

Rotor

1 st forward mode w/o SFD

N

¢

// ‘;:::‘\" NV =
v
‘,:1‘_‘4'/ PR ) 9

with SFD

— /| Tk
A
¢
N

NS

AV, A
,,,,,,,,
B LA TN

2015 Ertas et al., J. Eng. for Gas Turb. Pwr
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Bearings in modern aircraft

Bearing
Locations Slender &
longer rotors
Legacy demand
more bearing
| supports. 4-6
e SFDs are
e vl 1E
R common.
Advanced L
B 1.5 2 3 4 S5 6
Spakovszky. Z., 2021, Al nstabili-Engsné&yeoynNERE oB&4Har dGP20d1 e ms |

19



Typical journal motions

How Is the squeeze film dynamic pressure
generated?

2(




SFDs work only If shaft moves!

Single frequency excitation

Sqgueeze film

! rotor

Aircraft two

Multiple
frequency
excitation

y—IP shaf

spool rot/(

\

'_P shaft

21



Typical journal motions & film pressures

By-Avjjit Bhattacharya
5 10

-10

Fig. = "Pure rotational (spinning) journal motion"




SFD models for forced response

Anti -rotation pin Feedhole

Imbalance response anaIySIS. """"""""" A | g -----------

WA
PN
Y

Rotor ?

_ NN
Ball Bearing S O-ring seal

SFD forces for circular centered whirl orbits
(synchronous frequency) T finite size orbit

%

%y,

i
AL .M.W.:';‘ .

Rotordynamic eigenvalue or&

stability analysis
SFD force coefficients for small -amplitude journal
motions about a static (equilibrium) position.

Journal

Time transient response analysis of rotor-bearing
reéSponse. (ab)use in academic studies; nowadays too common with

fast computing machines.

Industry still relies on analyses that models SFDs as a
simple version of a hydrodynamic journal bearing . 23




SFD forces and force coefficients

Rotordynamics models the SFD reaction force X

F={F..F}' with constant force coefficients A
damping C & inertia M.

_ F(t) — C Z _|M Z Z={X,\}" rotor (journal) displacement

about static position (e).

Function of damper

\.e.FX (] CQX CXY eX\,@l’_] M XXé M XY Xe ‘Length L,
- U% ,l\J-l ] q\ﬂé - Ul Diameter D,
i K y x  Cyy | Yay e My ¥ O%i?ﬁﬁi g

SFDs cannot generate a (static) stiffness K Viséiﬁ!%y '7

24



L et 0s |1 ntroduce

Practical SFDs implement (use)
end seals to amplify damping in a
short (length) physical space.



Types of end seals for SFDs oy

commercial jet
engines use piston

fing : bearing rngs

L O-ring ISSUES:
\ [
journal A ity Special groove
Piston ring S
seai | machining,
bearing g, Material
compatibility,
Add viscoelastic

journal effect.

i

O-ring seal

bearing

N

End plate

seal Piston ring ISSUES:
Cocking and locking

Slits T leak too much

O-ring seal

Design Is highly empirical __, except for end plate seals

26



Flow models for end seals

The higher the seal resistance to flow, the larger the film
pressures (and reaction forces), hence ++ damping

bearing fitin P, P 2mbient P,

'/'_% journal

Piston ring
seal

_’1

ilm

bearing
| | ‘ journal “ \

End plate
seal

Flow resistance =1/flow
conductance A R=1/C

Model NOT good for PRs! 27




SFD sealed vs open FULL FILM MODEL

But lubricant in SFDs does
uDI’ cavitate, and end seals do not

_ — — 1
CH_CYY_CH o 573. 3

c always prevent air ingestion!

e 24 | ¢
2
sealed sealed D
C = M =3 —
(fully) Sealed ends » " open " open ( 7 ]
C.=C, =C = gizHDL . .
8 ¢ Increase in damping (and
DL inertia) is large!
My =My =M, =7x Qe For (L/D)=02=1/5,

Increase is 75 fold

28



| am confused..!
what 1s lubricant cavitation?
what Is air ingestion?



OlIl cavitation vs. air

iIngestion & entrapment
Are there any differences?



Oll cavitation In journal bearings

Pressure

15+ ol

Generation of (+) hydrodynamic pressure /
ambient i "
pressure i

Dissolved gases liberated <;
: J Gaseous
(1-5% in volume) o
Cavitation

Fluid vapor
pressure

Fluid vapor liberated Vapor cavitation

Negative pressure

Absolute (fluid in tension)

Zero
pressure

Pressure 1 s uniform (constantkpw | ns |
reforms at trailing edge of bubble. 31




G - Squeeze

‘ msdueeze
B ..

fluid

[ 1

+ squeeze: film decreases

- squeeze: filmincreases

32



— o —

I
m-

‘3 ‘ [Feed hole

| .

Squeeze f|Im
Pugﬁ@m} ring

|i Fee '

o — .

I ‘

Flow field in a SFD for
alrcraft engine

@][h]@

Oll feed: 30 psi (2 bar)

100 Hz whirl frequency

=70 200 ms=s
FFromFirst: 032 Rate: 10010



L ubricant cavitation vs. air ingestion in SFDs

Lubricant  vapor cavitation : A
constant pressure zone at nearly zero
absolute pressure.

Gas cavitation . Cavitation zone,
contains released dissolved gas In
lubricant and appears steady in a rotating

frame.

bar
AIr ingestion and entrapment : :
as local gap opens, air Is

ambeﬁ

— absolute pressu re;

0 0.02 0.04

(©=60 Hz)

Pressure, Py,

drawn to fill in the empty =i v ¢

volume (void).

. Period: ¢
¥ ;

' (mm x,10)

!E. E;' IE‘; j! .Ej-
1 g ‘Gap, h; / =
.r’/ % P; f, Fingering due to

L0

(©=60 Hz)

air ingestion
0. CH t[S]
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The experimental

record & analysis

The work since 2016!

35



Y? 6=90°

Static Loader
0=45°

" Built & operated by Turbo
SFD teSt ”g Lab students

Isometric view

Static loader TOp view

Shaker
" (Ydirection)

Bearing

Static loader Cartridge

Shaker

(X direction) Shaker in Y

direction

Shaker in X
direction

SFD test
bearing

2 electro magnetic -shakers (2 kN ~ 550 Iby)
Static loader (4 kN ~ 1 klbf) at 45°
Customizable SFD test bearing

36



Lubricant flow path

Oll

Inlet

37



Short length damper ( L/D=0.2, D/c=340)

PR-SFD Journal diameter, D 127 mm (5 inch)
Y =004 Axial film land length, L 25.4 mm (1 inch)
Feedholes

Radial clearance, c 0.373 mm (15 mil)
e Feedhole diameter, £, 2.5 mm (1/10 inch)
PRZIit angular location, g, 45°, 165°, 285°
d=345° OR-SFD Discharge hole diameter, 7 1.0 mm (40 mil)
hole location, q., 240°

OR-SFD | | Qexn
R PR-SFD slit location, g; 345°

Y1d=90A _
Feedholes Static Loader

d=45° KYORV/els] B | Oil inlet temperature T, =23 °C (74 F)

Density J =800 kg/m?3
d=0A Viscosity € at T,= 2.7 cPoise

OIl physical properties as In jet
engines (high temperature).
mass oil =0.003 kg = (rpDLc) 38

Discharge tube
d=240°




Journal

Modern model for

prediction of SFD
forces

Bubbly mixture (2001, 2019) and orbit -model (2016).

Piston ring

Piston ring seals L

Radial
feed hole

Diaz and San Andres, 2001, i A Model for Squeeze Film Dampers Operating wo tASMHKbol P&t r ai

’SanAndresandJeung,2016,ﬁOr-M(i)cﬂeI Force Coefficients for Fluid Film Bear TuhgPsvr, 13812)St e p

San Andrés and Koo, 2019, A Model and Experi mental Verification of the Dynamic Forctle
a Bubbly Mixtu808300 ASME 2019

39



Squeeze film pressure & boundary conditions

Extended

o B

feedhole

PR-slit

2

ReynoldsEq. | p arh® B 0 u &’ Pu_0O . *Inz ( /H)
Rp@ZmR u@ z;l?mz J‘Eg h?l 12 g2
Gas Oil
e Ll oty Gas volume fraction GVF = b
I = l {1 - ) -
e R S el ol e -
I:)(Q,z,t) TR e bs
¢ | 1+ &
(Pf’) oil BRI
Gas Ol l
Vviscosity viscosity
|\/Iin :CinAn\/zr F')s. _F()qm,o,t)
M ey :CslitAslit\/ 2r F()qsm,%,t) -R

simple practice:

PR flow: a major departure from

&

=

Temporal fluid
Inertia

PR slit

Q -~ Cseal P

40



How does the test rig work?




Experimental

estimation of force

coefficients

Shaker force

Bearing mass, Mgc

Structure stiffness, K

damping, C,

15 kg (33 Ib)

10 MN/m (57.1 klbf /in)
0.9 kN-s/m (5.1 Ibf.s /in)

il
il
tKﬂ-CmMnlsrn
Direct l
{Kﬂ-cﬂr”ﬂls

K Gy M
{Kvw CruMinder (K CrpMyr)s

M/\- K: Stiffness
—{F— C: Damping
—\— M: Added mass

Isometric view ‘

f =131 Hz, z=0.03

Static loader

L
12
v

Shaker |
" (Y direction)

Shaker
(X direction)

42




Evaluate SFD force coefficients from
whirl orbits: amplitude ( r) grows.

with offset or static eccentricity
Max. clearance (C) (es) | 45° away .

X Displacement [ e m] 43



Measurement procedure and identification
Step 1 : Apply PERIODIC loads and measure BC motions

Record BC
displacements
and accelerations

Load F, displacement z,, and acceleration a, recorded at each frequency

EOM: Frequency Domain

[KL+iMCL 'VEML]Z_ = M'Bc;a_ i I_ILZ K., G, M|

Unknown Parameters:

44




Measure forces and displacements

A transfer functions

Complex
dynamic
STERS

r/c=0.2

Re([F-

Mealz?) - K. WM,

20

Real(H) [MN/m]

m([F- Mgcaz?) - Qw

Re(H)=K,- w? M,

151

10F |

Goodness of fit

I 8
fend Y

R?,, = 0.999

Im(H) [MN/m]

R%yy = 0.999

=

| |
50 100 150

Frequency [Hz]

L=
T

(g
I

fstart I fcfnd
| Goodness of fit |
R =0.997

R*yy = 0.999

Im(H)=Cw

|
50 100

Fréquency [HZ]

150

H Bm Testdata @ @ Testdata
— Model - - - Model

Physical model Re(Hyy) A K-w*M and Im(Hyy)A Cw
agrees with test data. Damping C Is constant over (short) frequency range

SFD coefficients

(K’ C’ I\/I)SFD = (K%C’M)L I (K’ C’ M)S

Test system

A

Dry structure

(lubricated)

45



Practical questions
answered by 12 y funded

experimental program



Queries

This tutorial
A How do the film length and clearance affect

SFD force coefficients?

Als a damper configuration with feed holes
as effective as one containing a feed
groove?

A Does the amplitude / shape of whirl motion
affect the force coefficients?

A Do end seals work? how much
more damping do they enable?
Are piston rings better than
Orings ?

AWhat if the damper operates

— . _ largely off -centered?
0Sgueeze Film Dampers: A Further Experimental e ¢
Appraisal of their Dynamic Performance, 6 6 S the damper performance

2016, Proc. of the 45" Turbomachinery Symposium, nonlinear?
Houston, TX

AWhat if one feed hole plugs, is
a damper still effective?

ATell me about integral SFDs! 47



END SEALS IN A SFD:
PISTON RINGS OR

ORINGS: WHICH ONE TO
SELECT?

San Andrés, L., Jeung, S-H, Koo, B., 2018, ASME GT2018-76224

San Andrés, Koo, B., 2019, ASME GT 2019-90330

48



PR-SFD lubricant flow path

Oil Y|e=90° .
A o _ Feedholes Static Loader
S A
— I} 0 ————
= < ﬂ%\\ > --?\__\
: D il
Piston
rlngS 3 PR slit
’ : : 0=345°
1 :é——i; (b)

e Oil out

o

Proper installation of PR with slit on correct e Lz cllonta flleeli el s i“QQSt[m" =

side is important.




OR-SFD lubricant flow path

Y |[d=90A

QOil Feedholes Static Loader
|n|6t O e
T g———= O—
e ~ = \ B\
O-rings = B
T Discharge
| tube
< d=240°
Oil out =
== I Jx . ? —==">
oot Adequate squeeze and

width

volume fill _ensure proper
sealing. If too low, the OR
does not seal; if too tight

OR permanently deforms
and becomes overly stiff.

Gland
depth

ORs fully seal film land (low v,); hence oil evacuation through hole needed. 50




The tests demonstrate pervasive
alr ingestion in SFD sealed with
elther piston rings or 0-rings !




Onset of air ingestion
U Bictp

SFD sealed with piston rings

Oil foamy mixture forms through piston ring slit.



r/c =0.45, ¥ =80Hz

— high supply pressure 2= Low supply pressure .

(a) Pin.2=2.76 bar
) P N T=0 s

ol

(b) Pin.4=0.69 bar

B Lubricant supply

ay *

"i; %‘;1 8
\ - . 4 'Y p -. - | ' D%M W

Oil outlet s~ | Oil outlet :

}:} . T & Leakage at PR slit | =

-
ra—— -

TSR b=

e - = - A — s

- . &

Rodriguez, L., San Andres, L., GT2023-100495

A Bubbly mixture makes a

foam. Ailr ingestion becomes
N & o pervasive as squeeze velocity
-5 A (r X W) increases

gy 4 Oilfoamy

o \ 8
. - RN » . A - ] , i 7 ‘ :
LE ? Leakage at PR slit (S mixture o @SN 53

ez
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How much air Is

Ingested?

Quantifying air ingestion aids
to select adequate operating
conditions and produces
accurate predictions.

r=0.45 ¢ x ¥ =70Hz = v.=55 mm/s A, GVF~58%

Rodriguez, L., San Andres, L., GT2023-100495

Frequency [Hz]

o4



OR-SFD vs. PR-SFD

Effect of oll supply pressure

on SFD force coefficients

c=373 mm (15 mil), r/c=0.3,
w=10-100 Hz
A Max. v,=rw= 70 mm/s (2.75 In/s),

mass oil =0.003 kg = (rpDLc)

Dimensionless force coefficients

C=C/ C*\ W*

Fully sealed SFD

3
C* = 12,WL(2) A+ P7L ( D

2c C 2

T

=12.85 kKN s/m =44 kg
(73 Ibf.s /in) (97 Ib)

55



OR-SFD vs PR-SFD C and M vs. supply pressure

(a) Damping coefficients, C,,,= % (Cxx*+Cyy) (b) Added inertia coefficients, M,,,= %, (Myx+Myy)
20 , 50
18 20 kN s/m = 114 Ibt.s /in 45 | O-ring sealed ends SFD
16 _ PP (R L ST L L ST Fully sealed
¥ O-ring sealed ends SFD Fully sealed SFD model
% 4 s gl e~ ~SFD model 39 é g g £
1y Hﬂhﬂ 25 ﬁii66||o

8 20 \

Damping coefficients [KN-s/m]

6
5 PR 's\ealed ends SED 15 PR sealed ends SFD
10

2 . : ] .
0 29 p=i a8 p=i ar psi 116 p=i 5 _ _ _ _

0 29 p=i a2 psi a7 psi 16 p3i

0 2 < 6 8
0 2 4 6 8

Supply pressure, P [bar] Supply pressure, P, [bar]
7S

Vd

- Damping CZas lubricant supply pressure /

- Damping C for OR-SFD Is 11% larger than C for PR-SFD.
- Added mass M ~30 kg (66 Ib) ~ 2 x mass bearing cartridge. 56




OR-SFD vs. PR-SFD
Effect of static eccentricity =0c&¥%c

on SFD force coefficients

’ orbitsize r=0.15c

z
%
0’\
.‘.
o"
x
3
g ’
N
0“
"
0‘.
-3
+

57



Damping Cgep VS. orbit amplitude

P.=0.69 bar(g)

three feed holes

=12.85 kN s/m

0.20

1.2 1.2

e Prediction, e/c=0.0 U <“:|
OI 1 q---mememem S e QI Sl L Y AR el L A L i L R A i el L )
14 Prediction, e /c=0.25 (¢ Prediction, e c=0.0  Prediction, e,/c=0.25 (73 Ibf.s /in)
< 0.8 ¢_— .50.8 _____/.
E 0.6 g 06 g
@ O
o> 0.4 - > 0.4 - N
£ Test Prediction %_ Test Prediction
CED' 0.2 - Cux Cvv  Cxx=Cyv 02 - Cux Sy Cxx=Cyy
S eJc=0 W © T eJc=0 W ©
o A | e,/c=0.25 O Sl o les/c=0.25C O - N |

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15

Orbit Amplitude ( r/c) Orbit Amplitude ( r/c)

PR-SFD: Csp same with static eccentricity & orbit size;

OR-SFD: Cqrp Increases ~50% and with orbit size.
Predictions good for OR-SFD.

58




Added mass Mgy VS. orbit amplitude

L
EI 1 .........................................................................................
= Prediction, e;/c=0.25 RS CICIEIE ety
D 0.8 -
S g N
o 104§
@)
H 0.4 -
‘25 Test Prediction
= Myx Myy  My=Myy
o eJc=0 W ©
=02 .
2 g | e /c O 50 O |
0.00 0.05 0.10 0.15 0.20

Orbit Amplitude ( r/c)

M[-]

Added Mass Coefficient ,

P.=0.69 bar(g)

three feed holes

=
N

=

0.4 -

0.2

Prediction, e.//c=0.0

o Lyt

e./c=0

Test
MXX MYY

Prediction
Myx=Myy

0.00

0.05

Orbit Amplitude ( r/c)

e/c=0.250 O = = =
0.15

0.10

0.20

affected by static eccentricity,
size. Predictions show the same.

PR-SFD and OR-SFD show same added mass (Mgrp), not
and growing slowly with orbit

mass oll
0.003 kg
(rpDLc)

59



Closure OR-SFD vs PR-SFD

(@) O-ring damper provides more damping as it
reduces air Ingestion . O-rings add stiffness and
viscoelastic damping to test system .

(b)PR-SFD Film pressures show oil vapor cavitation and
persistent air ingestion for operation at a low supply
pressure and/or with a large squeeze velocity (v.=rw).
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What If a hole plugs,

S damper  still
effective? | ) e
V7

2.5 mm length
X 3.5 mm depth

A

254 cm | 3.68cm
(1.0in) | (1.451in)

7
ANV
- 77 - L/
A /,»/,A‘/ /.4
____ r' ¥ f‘/;“ /A >




OR-SFD vs. PR-SFD

Effect of number of open feed holes
on SFD forced performance

Dimensionless force coe fficients
c=CiC*  M=MIMm*

N

Fully sealed SFD

2c C 2

3 3
C*:lzﬂﬂL(gj M*:ﬂ(gj

=12.85 kN s/m =44 kg

(73 Ibf.s /in) (97 Ibm)

mass oil =0.003 kg = (rpDLc)
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# of feedholes A damping Cqqp
OR-SFD

= 12 Prediction, 1 hole
AT .
Ul 14 ===~ D === = IL
-~ ‘ . .
= % % Prediction, 3 holes
D \ [
O
% 0.6 -
3 -
Oy 4 4
o i Test Prediction
E 0.2 Cux Cvv Cxx=Cyvy
Ll R e 3 feedholes 1 @
% l1feedhole [ O = == —
D O T T T
0.00 0.05 0.10 0.15

Orbit Amplitude ( r/c)

0.20

P.=0.69 bar(g) [10 psig ]

.85 kN s/m

=12
a (73.4 Ibf.s fin)

Y |e=90

Static Loader

1.2
N e S o ~ww = e N T Seu
Prediction, 1 hole ﬁ
0.8 -
. I
0.6 - oAl
Prediction, 3 holes
W :
Test Prediction
Qr2% Cux Cvv Cxx=Cyvy
3feedholes @ @
: l1feedhole [ O = ===
0.00 0.05 0.10 0.15 PlU ed
Orbit Amplitude ( r/c) 99

three holes.

For damper with 1-feedhole, Cprsrp < Corsep due to air ingestion

through PR slits .
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MI[]

Added Mass Coefficient,

# of feedholes A mass Mqp P;=0.69 bar(g) [10 psig]
OR-SFD PR-SFD
1.2 1.2 —
Prediction , 1 feedhol 0 —
1R e T T e e T e @(9474I|k§?n)
N % %J % RN Prediction, 3 holes
ADC L N
0.6 - M E / ; U5 #/é’ 4*
0.4 - Prediction, 3 feedholes 0.4 -
N My Moy b B
Leaay 3 feedholes @ @ v 3 feedholes M _.YY gt
lfeedhole 0 O = === LfcednoleF] TOR = —y—i=
0 . . . . . .
0.00 0.05 0.10 0.15 0.20 00.00 0.05 0.10 0.15 0.20

Orbit Amplitude ( r/c)

Orbit Amplitude ( r/c)

1-hole damper produces ~80% more Inertia than damper
with three holes. OR-SFD and PR-SFD produce same M.

Although ends are sealed,

test coefficients are 50% of fully sealed

SFD model due to local pressure distortions.

64



Closure Holes Plugged

What if a hole plugs, Is a damper still effective?

Need at least one (open) hole!

PR SFD

Damping coefficient is same
for 1- and 3-holes SFD!

One hole -SFD shows larger
virtual mass.

OR SFD

Yes!

For one -hole SFD, damping &

added mass coefficients are

larger (> 60%) than for 3 -hole

damper.
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Closure

Know How on
Sealed Ends

Squeeze Film Dampers

After so much work,

what IS learned?
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SFD learning:

(a)A sealed SFD produces significantly (4X) more damping and (++) more
added mass than an open ends SFD. SFDs do not generate a stiffness .

(b) A sealed O-rings damper with one feed hole is more effective than a
damper with three feed holes.

(c) The amplitude and shape of whirl motion have a small effect on SFD
force coefficients .

(d) Air ingestion Impairs the growth of film pressures for Increasing
squeeze velocities = (orbit amplitude x whirl frequency) A damping
coefficients decrease .

‘ The experimental record shows SFDs perform as a
linear mechanical element.
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SFDs in the 21 st century

Integral SFDs

Journal or
shaft (non-
rotating)

S-shape

elastic Squeeze film

support land (arc
damper)

Invented by F. Zeidan in early 1990s.

At last
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Integral Squeeze Film Damper ( ISFD)

Squeeze

e b No squirrel cage
\\\\\\\\\\\\\\\\\\\\\\%\\\\\\\\\\\\ T EDM (Electro Discharge

= cartridge _ .
s P Machine) manufacturing
Pad4. \

process produces separate

9 /) damper film lands with S -
e shape -type flexures.

N

> Advantages

~ T A feedhole |, - low number of parts

5¢ \\\\\\\\\\\\E\\\\\E\\\\\\\\\ / L may - short axiaIF; an

\\\\\\\\%\\\\\\\\\\\\\\ 2 light Weliag ht
Journal -

ety | - higher tolerance

L M precision.
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Journal or
shaft (non-
rotating)

Hydrodynamic bearing + ISFD

S-shape
elastic
support

Squeeze film
land (arc
damper)

Squeeze film
land (arc

S"‘ - Commercial
clastic. Bearing tested by
Childs et al. at

TurboLab (2012)

ISFD produced significant damping and virtual mass force coefficients.
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A severe rotor instability iIssue

2015 Ertas et al. at GE, J. Eng. for Gas Turb. Pwr

NOE Beormg Vibration ot 5.500RPM J

A Reports a sub -synchronous kg .

vibration on a 46 MW M ultistage N
Utility Steam Turbine.

A Nominal turbine speed is 5,500 >
rpm OH ( OH Hz 100 - | { X {
A SSV at 1,800 rpm occurs for P 7Y stz
,\\.ﬂo I !
power output > 35 MW. ) SSHS “ f et =
5’?,-\‘:*- | | ’ :
A Original design features two 5 “l sy l
pad TPJBs, load on pad, diameter IZ»j-_ V
:200 mm (8 inCh)’ inOt Y 20Hz 40Mz 60Hz BOMz 100Mz 120Hz 160Hz 160Hz 180Hz 200Mg
offset=50%. 7l



Resolved RD issue with TPJB -ISFD

2015 Ertas et al. at GE, J. Eng. for Gas Turb. Pwr

A The ISFDs reduce equivalent
bearing system stiffness from
~ 700 MN/m (4 M Ibf/in) to 131
MN/m (0.75 M Ibf/in).

A The reduction modifies the

mode shape and increases
the system effective
damping to reduce the
amplitude of SSV.

SQUEEZE FILM C

DAMPERLAND — SFD
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TL Rig for Dynamic Load Tests

Ay

Max Speed: 16 krpm
Max Static Load: 22 kN (5 klbf)
Max Dynamic Load:

4.4 KN (1 Klbf), 1 kHz

L Rl

ITEM NO. |PART NO.
| Test-rig pedestals
2 air turbine motor
4 Te¢st rotor
5 Bearing stator
7 Collection Chambers
8 Static Loader Yoke
9 BedPlate
10 Pitch stabilizer bolts
11 Bellow Coupling
12 Torque meter (rotor)

Torque meter (stator)

Torque limiter

-

‘J‘Jr /r

Mam Frame J <]

Hydraullc shaker

Beanng
’ edestal

/3



ISFD tests at Turbo Lab

End seals amplify damping!

Quantify the effect of end
seal gaps on the forced

performance of a test
ISFD.

Tilting pad journal S-Spring

bearing

San Andr ®s, L., Lu, X. , Koo, B., and Tran, S., 2021, n Ost Integhak

Squeeze Film Damper: Experi ments and Predictions, 06 ASME J.

En

ISFD film land

Effect of t
g .

Gas Turb
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Test ISFD A Load between pads

ISFD
Inner

ISFD

ring \

outer
rng

//////”

Bearing
Cartridge
(BC)

Diameter at film land, D,gep
Length, L

Film clearance, c

Arc radius, U

End seals gap, b,

ISO VG 46 Viscosity, €
Density, |
Supply flow rate, Q

End plate F§

157 mm (6.18 in)
76 mm (3 in)
0.356 mm (14 mil)
73° -4 pads

0.28 mm, 0.43 mm, 0.53 mm, open ends

{2 Dic=441

31.2 cP (at 46 °C)
860 kg/m?3

9.5 L/min (set pressure)
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