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The e f f e c t s  of f l u i d  i n e r t i a  and turbulence on the  force coef f i c ien ts  of 
squeeze f i lm dampers are invest igated ana ly t i ca l l y .  
temporal terms are included i n  the  analys is  of i n e r t i a  e f fec ts .  
turbulence i s  based on f r i c t i o n  coef f i c ien ts  current ly  found i n  the l i t e r a t u r e  f o r  
Po iseu i l le  flow. 

Both the  convective and the  
The analys is  of 

The e f f e c t  of f l u i d  i n e r t i a  on the  magnitude of the r a d i a l  d i r e c t  i n e r t i a  
coef f i c ien t  ( i .e .  t o  produce an apparent "added m a s s "  a t  s m a l l  eccen t r i c i t y  r a t i o s ,  
due t o  the temporal terms) i s  found t o  be completely reversed at l a rge  eccen t r i c i t y  
r a t i o s .  The reversa l  i s  due e n t i r e l y  t o  the inc lus ion of the  convective i n e r t i a  
t e r m s  i n  the analys is .  

Turbulence i s  found t o  produce a la rge e f f e c t  on the d i rec t  damping coef f i c ien t  
a t  high eccen t r i c i t y  r a t i o s .  For the long or sealed squeeze f i lm damper at  high 
eccen t r i c i t y  r a t i o s ,  the  damping predic t ion wi th  turbulence included i s  an order of 
magnitude higher than the  laminar so lut ion.  

NOMENCLATURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- - 

'rt 'tt 

inner cyl inder rad ius 

dimensionless j our n a l  

outer cyl inder rad ius 

dimensionLess damping zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t 

ve loc i ty  V 

center  r a d i a l  accelerat ion 

coef f i c ien ts  i n  ( r , t )  d i rec t ions  due t o  tangent ia l  

3 -- 
damping coef f i c ien ts  = (Cr t ,  C t t>  * V U / &  

dimensionless-inertia coef f i c ien ts  i n  ( r , t )  d i rec t ion  due t o  normal 
accelerat ion a 

i n e r t i a  coef f i c ien ts  = (Drr, Dtr)  * ukL/& w 

c i r cu la r  centered o r b i t  rad ius 

r 
3 -- 

dimensionless f l u i d  f i lm force i n  ( r , t )  d i rec t ion  
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= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n e r t i a l  w a l l  shear stress €unctions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfg” f 

H = 1 + E c e :  dime ckness 

h = b6H = f i lm thickness 

= momentum in teg ra l s  r the f i lm thickness Ice' I eg ’  ‘55 

2 k = geometry parameter = (L/b) fo r  shor t  SFD assumption, 1 f o r  o thers 

= parameters depending on the nature of the flow 5 key k 

L = squeeze f i lm damper length 

P = pressure 

2 
p = p6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/(kw 11) 

- 
= dimensionless pressure 

= dimensionless l oca l  flow rates i n  (0,s) d i rec t ion  q e y  q5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 2  

Re = w6 b /v = squeeze Reynolds number 

2 %  
Rep = 

U = f l u id  relative ve loc i ty  along lubr icant  f i lm 

[(qe+H)2 + (L/b q5) ] = Poiseu i l le  flow Reynolds number 6 

U* = absolute f l u i d  ve loc i ty  along lubr icant  f i lm = u + b  

U = d b w :  dimensionless f l u i d  ve loc i ty  
- 

- 
U 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=L1 i i dQ= mean f h i d  ve loc i ty  along lubr icant  f i lm 

V = f l u i d  ve loc i ty  across lubr icant  f i lm 

V = v/b6w = dimensionless f l u i d  ve loc i ty  
- 

- 
= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = dimensionless journa l  center  tangent ia l  ve loc i ty  

= f l u i d  ve loc i ty  i n  the a x i a l  d i rec t ion  

= w/Lw = dimensionless axial ve loc i ty  

vt 

W 

W 
- 

- 
W 

m =LIGdt l  = mean f l u i d  ve loc i ty  i n  a x i a l  d i rec t i on  

w = frequency of damper motion 

t = t i m e  

(x,y,z) = moving coordinate system 

(x,y,z)* = f ixed coordinate system 
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a1,a2,a3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
y 

= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcoef f i c ien ts  eventual ly depending on Re f o r  turbulent  motion 

= a H / a e  = f i lm thickness gradient along circumferent ia l  d i rec t ion  

- 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I? = r(um ) = dimensionless i n e r t i a  funct ion fo r  long SFD assumption 

6 = (b-a)/b = clearance r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E = e/b6 = dimensionless c i r cu la r  o r b i t  rad ius ,  eccen t r i c i t y  rad ius 

(O,n,E) = dimensionless coordinates = (x/b, y/h, z/L) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AT 

P = f l u i d  densi ty 

AT = w a l l  shear stress di f ference i n  (8,s) d i rec t ion  en’ srl 

1-1 = f l u id  v iscos i ty  

V = p / P  = kinematic v iscos i ty  

T = t u  = dimensionless t i m e  

Subscripts: 

0 = i n e r t i a l e s s  o r  purely viscous 

i = i n e r t i a l  

INTRODUCTION 

Squeeze f i l m  dampers (SFD) are designed t o  have a s t a b i l i z i n g  e f fec t  on the 
rotordynamics of turbomachinery. 
Reynolds e f fec t  i n  a t h i n  o i l  f i lm around a bearing t o  produce a predic tab le 
damping coef f i c ien t .  
l i g h t  v i scos i t y  o i l s  has brought the need t o  include f l u i d  i n e r t i a  e f f e c t s  i n  the 
design analys is .  
are now extending the  lubr ica t ion  theory i n t o  the  range where the  Reynolds (slow 
flow) assumption i s  no longer appl icable.  

A t  least fo r  some simple geometries and motions, the  f l u i d  i n e r t i a  e f f e c t s  
have been shown t o  be qu i te  s ign i f i can t .  

To the  rotordynamicist f l u i d  f i lm forces and dynamic coef f i c ien ts  are more 
important than ve loc i ty  or pressure f i e lds .  
approaches have been developed f o r  ca lcu la t ing  the damping and i n e r t i a  coef f i c ien ts ,  
assuming motions of s m a l l  amplitude a about an equil ibr ium point .  
i t  can be shown t h a t  the convective i n e r t i a l  terms may be neglected i n  the equations 
of motion, s ince  they are of order a 
a l l  these analyses, t he  t rend of the damping and i n e r t i a  coef f i c ien ts  is t o  increase 
as the  stat ic  eccen t r i c i t y  r a t i o  increases,  a f ac t  t h a t  has been shown t o  be true 
i n  practice. 

This has general ly been accomplished by using the 

The increase i n  s i z e  and speed of modern turbomachinery using 

Sparked by the  recent pioneering work of Tichy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ l - 4 1 ,  researchers 

Analyt ical  [2,7] and numerical [5,6] 

I n  this case, 

while the  temporal t e r m s  are of order a. I n  
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However, f o r  large excursions of the  journal  center about i t s  centered pos i t ion 
The temptation the f u l l  i n e r t i a l  term should be reta ined i n  the momentum equations. 

t o  neglect  convective terms i n  order t o  s impl i fy and l i nea r i ze  the problem i s  no 
longer j u s t i f i a b l e  even fo r  very simple cases such as the  long o r  shor t  b 
so lut ions.  For example, reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[9] recent ly  presented numerical calc 
the  dynamic coe f f i c i en ts  of an SFD performing c i r cu la r  o r b i t s  (CCO) about the  center  
of the  bear ing housing. Using the same approach as i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[5 ] ,  the convective i n e r t i a  
e f f e c t s  were neglected, so the coef f i c ien ts  have the  cha rac te r i s t i c  form described 
above. This behavior of the  f l u i d  f i lm forces w i l l  be shown t o  be i n  e r r o r  even fo r  
moderate eccen t r i c i t i es  and Gotal ly incor rec t  at la rge o r b i t  amplitudes. Furthermore, 
i n  reference [9] the  d i r e c t  damping and i n e r t i a  coef f i c ien ts  fo r  the cavi ta ted SFD 
were found t o  be one hal f  the value of the f u l l  f i lm case and independent of the  
i n e r t i a  parameters of the  f lu id .  This appears unreasonable s ince  i f  czv i ta t ion  is 
allowed, the  extent  of the region where the f i lm is broken w i l l  be inf luenced by the 
magnitude of the  i n e r t i a l  fmces .  Our purpose i n  the present analys is  w i l l  be t o  
determine the  dynamic coef f i c ien ts  taking i n t o  account the  f u l l  i n e r t i a l  terms for  
simple geometries i n  order t o  understand b e t t e r  the  act ion of viscous and iner t ia l .  
forces i n  an SFD. 

The inc lus ion of i n e r t i a  complicates the  problem i n  a SE'D, and turbulence 
e f f e c t s  make the problem even more involved. Unlike the journa l  bear ing case where 
a considerable amount of ana ly t i ca l  and experimental work has been done, turbulence 
i n  squeeze f i lm dampers remains ra the r  obscure due t o  the lack of experimental da ta  
o r  a good understanding of t he  mechanics of squeezing flows. Nelson [117 used the 
empir ical  f r i c t i o n  coef f i c ien t  fo r  pure Po iseu i l le  flows i n  an attempt t o  include 
turbulent e f f e c t s  fo r  the long SFD case. No sa t i s fac to ry  r e s u l t s  w e r e  obtained 
s ince  the f l u i d  apparent v iscoc i ty  w a s  used t o  ca lcu la te  the emp i r i ca l  f r i c t i o n  
fac to r  f o r  the flow. 

Tichy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 4 ]  suggests t h a t  turbulent flow i n  SE'D's w i l l  occur at  higher Reynolds 
numbers than fo r  Po iseu i l le  flows, i .e. Rep > 2000. This asser t ion  seems reasonable 
s ince the  ve loc i ty  f i e l d  i n  a SFD i s  constant ly changing and ad jus ts  i t s e l f  t o  the 
normal motion of the  boundary, thus making the flow more s tab le .  
reasonable tha t  t r a n s i t i o n  from laminar t o  turbulent regions should be smooth i n  
order t o  s a t i s f y  cont inu i ty  of the flow. A l l  these considerat ions make the problem 
more untractable and point  out the urgent need of experimental data.  I n  the mean- 
t i m e ,  i t  w i l l  prove he lp fu l  t o  use the  e m p i r i c a l  cor re la t ions  current ly  found i n  
the  l i t e r a t u r e  and thus ob ta in  upper bounds fo r  the forces and dynamic coef f i c ien ts  
when turbulence i s  present i n  the flow. 

It a l s o  seems 

STATE2BNT OF THE PROBLEN 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 shows the geometry of the SFD system. The equations of motion fo r  
the  flow i n  the  annular region between a whi r l ing nonrotat ing 
i ts bearing housing are s ta ted  i n  a moving coordinate frame. 
the  d e t a i l s  of the in tegra t ion  of t he  motion equations across 
t o  f i n a l l y  obta in  i n  dimensionless form: 

inner  cyl inder and 
Appendix A contains 
the  lubr icant  f i lm, 
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a a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ae q0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAag 45 

= o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3)  

This system of equations must be solved x i t h  appropr iate boundary condi t ions 
fo r  the  flow rates (q q ) and the  pressure p. Analyt ical  so lu t ions  t o  the  problem 
are extremely d i f f icuf ;  s ince  the exact form of the  w a l l  shear stress di f ference 
(A-ren,  AT 
necessary!n Presumably, the  problem may be solved numerically on a computer wi th  its 
f u l l  t r id imensional  complexity, but such an e f f o r t  may prove t o  be unnecessari ly 
cos t ly  o r  even impract ical .  

) is unknown and some assumption regarding t h e i r  funct ional  form becomes 

A s  a f i r s t  approximation t o  a prac t i ca l  so lu t ion of the  problem, w e  assume t h a t  
f o r  the  laminar region, and even i n  the  presence of turbu lent  e f f e c t s ,  t he  shear 
stresses a t  the w a l l s  may be wr i t t en  as: 

q5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

AT = -k - +  Re f 
En H2 

The approximate form of the funct ions k k , f 0  and f w i l l  be discussed later e ’  5 
i n  the  analys is .  
cont r ibut ion of i n e r t i a  t o  the  w a l l  shear s t r e s s  d i f ference.  

Note a lso  tha t  i n  equations (44; we have included an e x p l i c i t  

Once a so lu t ion  t o  the  system of equations (1) t o  (3 )  has been obtained the  
f l u i d  f i lm forces ac t ing  on the  inner cyl inder are calcu lated by in tegra t ion  of 
the pressure d i s t r i bu t i on  over the flow region. 
the forces are expressed i n  t e r m s  of damping and i n e r t i a  coef f i c ien ts .  L e t  ( f r , f t )  
be the r a d i a l  (along the  center l ine  of both cyl inders) and tangent ia l  dimensionless 
f l u i d  f i lm forces,  and given by: 

For rotordynamics appl icat ions,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I _ -  - -  - f r = ) < c o s  0 d R = -  ‘rt ‘t 

Drr ar 
R 

_ -  - -  
f t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=fi s i n  e dR = - ‘tt ’t - Dtr ar 

R = { 058527T , 0<5<1} - -  
- -  

In  equations (51, V t ,  a, are the  dimensionless ,LurnaL cen te r  tangent ia l  - 
ve loc i ty  and r a d i a l  accelerat ion,  respect ive ly ;  and (Crt, Cft) ,  (Drr, Dtr)  are the 
dimensionless damping and i n e r t i a  coef f i c ien ts .  
these coef f i c ien ts  are given by the re la t ions :  

The dimensional counterparts o f  
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Our i n t e r e s t  i s  t o  
present the dynamic coef 
i n  the  flow. This i s  a 
s ince  it w i l l  contr ibute t o  a bet  
the laminar and turbulent  so lu t i o  
cav i ta t ion  i s  considere 
f o r  some cases, but perm 
wi th  i n e r t i a  and turbule 
Furthermore, the  d i r e c t  
from the  ind i rec t  e f fec t  cause zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

LAMINAR FLQW SOLUTIONS 

Long Bearing Assumption 

I n  this sec t ion  we assume tha t  t he  cy l inders are i n f i n i t e  i n  ex ten t ,  o r  t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

very t i g h t  end seals are placed at t he  ends of the SFD, or  that the a x i a l  flow q 
i s  negl ig ib le .  W e  are l e f t  w i th  the  equation: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- -  - 
P = Po + Re Pi 

Here w e  have divided the  pressure i n t o  two p a r t s  so t h a t  
inf luence of i n e r t i a .  

contains e x p l i c i t l y  the  
i 

For s m a l l  Reynolds numbers, R e < l ,  Brindley [7] and the  f i r s t  author [lo] have 
found tha t  k, = 12 as i n  the  usual  i ub r i ca t i on  approximation, and t h a t  
pressure graaient  i s  given by: 

the  i n e r t i a l  

(9b) 

For la rge  Reynolds numbers, assuming t h a t  t he  flow remains s t a b l e  
the  inv isc id  pressure gradient i s  given as: 

and laminar, 

Equation (9c) i s  d i f f e ren t  from t h  
en t l y  due t o  an er ro r  i n  the boundary co 

esented by Tichy i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[41 ,  
s used fo r  t i s c i d  flow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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For both extreme values of the  i n e r t i a l  parameter Re,  the dimensionless f low 
rate q i s  unaffected by i n e r t i a  and is equal to :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 
2(E -1) 

qe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 
(2+E2) 

I n  order 

r =  

be a funct ion 
equation. 

Figure 2 
curves B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6r C y  

t o  make a quant i ta t i ve  comparison of equations (9a-9c) w e  let: 
- 

t h a t  ind ica tes  the  magnitude of the i n e r t i a  t e r m  i n  the  pressure 

shows equations (9a-9c); curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA represents  (9a) wi th  f 
equation (9b-c) , respect ively.  

= 0, al=1.2, 
0 

A br ie f  look at  f igure  2 shows the surpr is ing ly  similar behavior of the flow 
fo r  the  large range of Re considered. The ac tua l  value of I' f o r  moderate Reynolds 
numbers w i l l  l i e  between curves A and B; curve F shows the best  f i t t i n g  l i n e  
between the A and B curves from which w e  select the i n e r t i a l  cont r ibut ion t o  the  
w a l l  shear stress di f ference as: 

Thus, w e  assume t h a t  fo r  moderate Reynolds numbers, the  w a l l  shear stress 
di f ference i s  approximately given by: 

With these considerat ions,  the pressure f i e l d  fo r  the flow can be determined, 
and from t h i s ,  the  dynamic coef f i c ien ts .  A s  previously s ta ted ,  only the  uncavitated 
SFD i s  t rea ted  here so t h a t  the e f fec t  of i n e r t i a  on the  f l u i d  f i lm forces can be 
c lea r l y  i so la ted .  
the  Reynolds number and the  dynamic coef f i c ien ts  must be determined numerically f o r  
each change i n  the i n e r t i a  parameter. 

Otherwise, the  extent  of the  cav i ta ted region is dependent on 

In tegrat ion of equations (8) and (9) ,  subject  t o  the  cont inu i ty  condit ion fo r  
the  pressure f i e l d ,  i s  r e l a t i v e l y  easy and is given i n  [8] .  The dynamic coef f i c ien t  
fo r  the  long SFD with laminar flow come t o  be: 

Note t h a t  t he  d i r e c t  damping coef f i c ien t  i s  the same as i n  the i n e r t i a l e s s  

coef f i c ien t  fo r  the %fferent  
divided by R e  is 

solut ion.  Analyt ical  expressions fo r  the  d i recEt iner t ia  coef f i c ien t  D are given 
i n  Table I. 
cases considered. 
surpr is ing ly  s i m i l a r  fo r  the large range of Reynolds number considered. The la rges t  

Figure 3 shows a comparison of t h i s  
The behavior of the i n e r t i a  coef f i c ien t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 rr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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di f ference occurs at s m a l l  and la rge  eccen t r i c i t i es  but i s  never more than 20%, 
(between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARe-0 and Re=- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA). The rapid decrease of t he  i n e r t i a  coef f i c ien t  as the 
eccen t r i c i t y  r a t i o  grows la rger  appears t o  contrad ic t  the  recent r e s u l t s  presented 
i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 9 ] .  
accelerat ion e f f e c t s  were accounted f o r  i n  the  equation of motion while here both 
the convective and temporal i n e r t i a  terms a r e  retained. 
f igure  3 shows the  i n e r t i a  coef f i c ien t  when only the temporal e f f e c t s  are 
included. 
s i z e  approaches the rad ia l  clearance. 

The reason f o r  the discrepancy i s  t h a t  i n  the MTI study only temporal 

The upper dashed curve i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

The coef f i c ien t  grows rap id ly  and even goes t o  i n f i n i t y  as the o r b i t  

Short Bearing Assumption 

I n  this sec t ion  w e  assume t ha t  the  SFD has s m a l l  L/D r a t i o s ,  the  ends are 
open t o  the  atmosphere, and f o r  s imp l ic i t y  w e  a lso  assume t h a t  no high ex terna l l y  
induced axial flow i s  present i n  the damper. The reason fo r  the latter assumption 
is  t o  avoid pressure boundary condi t ions which would requ i re  the  e x p l i c i t  presence of 
the i n e r t i a l  parameter Re. 
analys is ,  the  c i rcumferent ia l  flow i s  assumed t o  be negl ig ib le .  
i n  eqs. (1) t o  (3) and get t he  following set of equations: 

9 A s  i s  current  practice f o r  the shor t  journal  bear in  
W e  set k=(L/b) 

The a x i a l  i n e r t i a l  pressure gradient obtained fo r  s m a l l  R e  using a regular 
per turbat ion so lu t ion  i n  Re i s  given by Tichy (3) as: 

Assuming the  
pressure gradient 

a q t  51 a 2 
ae 3 5 ~  a g  (qg 

1.2 - - -- 

flow remains s t a b l e  and laminar, fo r  la rge  Re t he  inv isc id  
is  given by: 

From a quant i ta t i ve  comparison of equation (18a-c), f o r  moderate Reynolds 
numbers w e  select the i n e r t i a l  contr ibut ion t o  the w a l l  shear stress di f ference 
t o  be: 

2 a  2 1 %  
+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 a e  fS= - -- 3 5 ~  a g  (95 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Thus, we assume t h a t  t he  w a l l  shear stress di f ference f o r  
approximation i s  given by: 

With these considerat ions,  equations (17) and (18a-e) are 
the  pressure f i e l d .  For the f u l l  f i lm assumption, the dynamic 
be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

the  shor t  SFD 

in tegrated t o  obta in  
coe f f i c i en ts  come t o  

Note t h a t  the d i r e c t  damping coef f i c ien t  c i s  the  same as i n  tfie i n e r t i a l e s s  
solut ion.  Analyt ical  expressions fo r  the  d i r e c t t i n e r t i a  coef f i c ien t  D are 
given i n  TabLe 11. 
coef f i c ien t  D divided by Re as a funct ion of the  eccent r i c i t y .  A s  i n  the long zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SFD case, t he  form of the i n e r t i a  coef f i c ien t  i s  surpr is ing ly  similar f o r  the  large 
range of squeeze Reynolds numbers considered. Note the  tremendous inf luence t h a t  
the  convective i n e r t i a l  terms have on the  coef f i c ien t  when compared t o  the dashed 
curve which is based only i n  the inc lus ion of temporal e f f e c t s  on the equation of 
motion. Thus, analyses based on s m a l l  per turbat ion about an equil ibr ium point  are 
i n  large e r ro r  compared t o  the exact so lu t ion ,  i f  the o r b i t  i s  large. 

For the  d i f f e ren t  cases considered, f igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 showsrEhe i n e r t i a  

r 

TURBULENT FLOW SOLUTIONS 

The inc lus ion of turbulence e f f e c t s  i n to  the flow complicates the problem 
enormously. Although the mechanism of turbulence fo r  f u l l y  developed Couette and 
Po iseu i l le  flows has been stud ied extensively,  both ana ly t i ca l l y  and experimental ly, 
and many contr ibut ions t o  the  analys is  of flow i n  narrow channels have been given i n  
the p a s t  years; the  mechanics of squeezing flows are f a r  more complicated. 
subject  st i l l  remains obscure due t o  the  complete absence of theoret ical-empir ical  
formulation and the lack of experimental resu l t s .  

The 

Undaunted, we assume t ha t  the  coef f i c ien ts  k & k t o  be used i n  turbulent flow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 5  i n  a SFD are given by: 

kc = ke = 12 + 0.005 Rep zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(22) 

where 

i s  the Po iseu i l le  Reynolds number current ly  found i n  the  l i t e r a t u r e .  

Relat ion (22) w a s  obtained as the bes t  f i t t i n g  curve between the experimental 
cor re la t ion  given by Hirs (12) and the ana ly t i ca l  r e s u l t s  based on the  mixing length 
theory given by Elrod and Ng (13). 
the  laminar t o  turbulent regions i n  a SFD must be smooth i n  order t o  insure 
cont inu i ty  of the  flow. 

Here w e  have assumed t h a t  the  t r a n s i t i o n  from 
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The assumed expressions may be f a r  away from the  ac tua l  expressions which 
should be obtained from experimental resu l t s .  
absence of b e t t e r  emp i r i ca l  formulations, and the r e s u l t s  obtained w i l l  prove t o  be 
upper bounds of the ac tua l  forces and dynamic coef f i c ien ts .  

However, w e  have chosen them i n  the  

Long Journal-Bearing Assumption 

As i n  sec t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .a ,  the a x i a l  flow is neglected and the  pressure gradient f i e l d  
i s  given by: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L. 

(H+qe) Re y q e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
Re * = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- ( I 2  + 0.005 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 1 H  + qe l )  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35 [-7+46 7 1  

. H  
ae 

Note t h a t  w e  have assumed t h a t  f given i n  ( 1 2 )  preva i l s  even i n  the turbulent e regime. 
numerical in tegra t ion ,  the  dynamic coef f i c ien ts  w e r e  calcu lated fo r  an uncavitated 
SFD wi th  a clearance r a t i o  6 = 0.001. 

A very simple computer code w a s  wr i t t en  t o  obta in  the  pressure f i e ld .  Using 

Figure 5 shows the  d i r e c t  damping coef f i c ien t  c as a funct ion of the 
t t  eccen t r i c i t y  r a t i o  fo r  d i f f e ren t  R e ,  and f igure  6 dep ic ts  the  same coef f i c ien t  as 

a funct ion of the Reynolds number fo r  d i f f e ren t  o r b i t  rad ius E. From the  f igures  
i t  i s  evident t h a t  turbulence has a large e f fec t  on the  damping coef f i c ien t ,  and 
consequently on the tangent ia l  force. This i s  due t o  the increase i n  the apparent 
v iscoc i ty  of t he  f l u i d  as the i n e r t i a  parameter grows. 

Figure 7 shows the d i r e c t  i n e r t i a  coef f i c ien t  E /Re f o r  var ious o r b i t  
rad ius,  the pa t te rn  of the  curves i s  the same as i n  f fgure  3 f o r  moderate Reynolds 
numbers. It is c lea r l y  seen tha t  the  e f f e c t  of turbulence i s  t o  increase the  
coef f i c ien t ,  espec ia l l y  at la rge whi r l ing o r b i t s ,  t h i s  i s  due t o  the  increase i n  
flow rate qe as E grows i n  order t o  s a t i s f y  cont inu i ty  of the pressure f i e ld .  

A comparison of the r e s u l t s  given i n  f igures 5 and 7 shows tha t  the r a t i o  
E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/z 
t6is may be an important r e s u l t  s ince  i t  impl ies t h a t  the tangent ia l  force w i l l  be 
la rger  than the  purely i n e r t i a l  r a d i a l  force.  

i s  less than 1/10 fo r  a l l  e c c e n t r i c i t i e s  and Reynolds numbers considered, r tt 

Short Journal  Bearing Assumption 

For the  shor t  SFD assumption, the  a x i a l  pressure gradient equation comes t o  be: 
- 
a = -(12+0.00% Re (L/b) l q d )  5 + - ~e [- 11% --- 44 a 2 6  H3 H IO ae 3 5 ~  ag 45 2 ]  

Assuming t h a t  there  i s  no high a x i a l  flow ex terna l l y  induced i n t o  the  SFD, the  
flow q remains unchanged from the i n e r t i a l e s s  so lut ion.  Equations ( 2 6 )  and ( 2 7 )  
are amdnable of closed form in tegra t ion ,  the  d e t a i l s  of the  same are omitted fo r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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brev i ty ;  i t  is found tha t  the  d i r e c t  i n e r t i a  coef f i c ien t  5 
equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2)  of Table 2. 

is the same as given i n  rr 

Figure 8 shows the  d i r e c t  damping coef f i c ien t  as a funct ion of the  eccentr i -  
c i t y  r a t i o  fo r  d i f f e ren t  values of t*he squeeze Reyno!& number Re,  and f igure  9 
shows the  same coef f i c ien t  as a funct ion of Re fo r  var ious values of the o r b i t  
rad ius E. A l l  calcu lat ions w e r e  made fo r  an uncavitated SFD wi th  a clearance r a t i o  
of 6=0.001, and a L/D r a t i o  equal  t o  0.25 .  From the f igures  a s ign i f i can t  inf luence 
of turbulence on the  damping coef f i c ien t  i s  seen. A s  expected, t he  larger  the  
Reynolds number, t he  la rger  the dynamic coef f i c ien t  and consequently the  tangent ia l  
force increases proport ional ly.  
the apparent v iscoc i ty  of the  f l u i d  as the  i n e r t i a  parameter grows. 

Once again, t h i s  e f f e c t  i s  due t o  the  increase i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SUMMARY 

The present paper has considered the  inf luence of i n e r t i a  and turbulence on the  
flow i n  the annular region between a whir l ing damper journal ,  descr ib ing c i r cu la r  
centered o r b i t s ,  and i ts  bearing. After an analys is  of the fluid-flow equation fo r  
the problem, the  usual assumptions considering the  length of t h e  SFD are made t o  
obta in  the  c l a s s i c a l  long and shor t  journal  bearing approximations. 

The region of flow w a s  assumed t o  be continuous, i.e. no cav i ta t ion  w a s  
allowed i n  the f lu id .  This allowed a clear analys is  of the  e f fec t  of i n e r t i a  and 
turbulence on the  f l u i d  f i lm forces and the dynamic coef f ic ients .  The laminar 
so lu t ion  showed the importance of the  inc lus ion of convective i n e r t i a  terms i n  the 
equations of motion. 
c lea r  tha t  numerical o r  ana ly t i ca l  approaches tha t  ca lcu la te  the dynamic coef f i c ien ts  
fo r  large motion amplitudes i n  base t o  s m a l l  per turbat ions about an equil ibr ium 
point  may be la rge ly  i n  e r ro r .  

The resu l t i ng  reversa l  of the  "added m a s s  ef fec t "  m a k e s  i t  

I n  the  absence of empir ical  coe f f i c ien ts  fo r  the  turbulent motion i n  squeezing 
flows, a f r i c t i o n  coef f i c ien t  based on the  Po iseu i l le  analys is  of H i r s  and Elrod and 
Ng w a s  used. This may be modified by experimental r e s u l t s  i n  the  fu tu re ,  s ince  
the t r a n s i t i o n  from laminar t o  turbulent motion may tu rn  out t o  appear at  l a rger  
Reynolds numbers than here considered. A s  suggested i n  reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 ) ,  the  values 
here presented should be considered as upper bounds fo r  the  ac tua l  dynamic coeff i -  
c i e n t s  and as qua l i t a t i ve  ind ica tors  of the inf luence of turbulence on the  flow. 
I f  these bounds are even approached by the  real case, turbulence w i l l  be found t o  
have a la rge  e f fec t  on the  d i r e c t  damping coef f i c ien t  fo r  squeeze f i lm dampers. 

The present analys is  should prove t o  be stepping stones fo r  fu tu re  developments 
t h a t  w i l l  consider SFD's of f i n i t e  extent  and a l s o  the in f luence of i n e r t i a  i n  the  
boundary condi t ions of the flow. 
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TABLE I. Direct I n e r t i a  Coeff ic ient  f o r  the  rr 
Long Squeeze Film Damper 

s m a l l  
Re<<l  

la rge 
R e t t m  

moderate Re 
fg=o 

moderate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARe 
f from 
eqn. (12) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 

-IT 12 [r2(1+28b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 9rl1 
35 

2 1 ~ r ~  

14 
[ r 2  + 6 r l l  

14 
-IT [I?, + 6.5714285 r l ]  
35 

Defini t ions : 
, %  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

B = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 - f ~ ~ )  , b = ( 2 + ~ ~ )  

For temporal e f f e c t s  only: 

-24 Drr/Re = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-IT I' 
10 2 

(1.6) 

(1.1) 

(1.2) 

(1.3) 

(1.4) 

(1.5) 
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TABLE 11. Direct Inet t ia Coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
rr 

fo r  t h e  Shor t  Squeeze zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFilm Damper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 
Drr/Re = -I' [C1 + C2 (f3-1)] 

I 
R e  

small 
R e < < l  

l a r g e  
R e > > l  

moderate Re 
f <=o 

moderate R 
f ,  from e 

D e f i n i t i o n s :  

c1 

1.2 

1.0 

1.0 

1.1 

(2.2) 

(2.1) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

Temporal E f f e c t s  Only: 

c1 = 1.2 , c2 = 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 . 7 )  
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

Coordinate System and Equations of Motion 

Consider two c i r cu la r  cy l inders of r a d i i  a and b (>a) and assume t h a t  the 
center of the smaller cyl inder ro ta tes  wi th constant angular ve loc i ty  w i n  a circle 
of rad ius e about the  center  of the la rger  one. 
do not touch i s  

The coridit ion tha t  the cy l inders 

Here zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 and E are the  c learance and eccen t r i c i t y  r a t i o s ,  respect ively.  

The f i r s t  cha rac te r i s t i c  of the geometry of lubr icant  f i lms tha t  perm i t s  
s impl ic icat ion of the problem i s  t h a t  the  th ickness of the lubr icant  f i lm, h, i s  
very s m a l l  compared t o  i ts length o r  t o  i ts  rad ius of curvature. A s  consequences 
of t h i s  the  following assumptions are made (8). 

1) The e f f e c t s  of the curvature of the f i lm are negl ig ib le .  
2 )  The va r ia t i on  of the  pressure across the f i lm i s  s m a l l  and nray be neglected. 
3) The rate of change of any ve loc i ty  component along the f i lm i s  s m a l l  when 

compared t o  the  rate of change of t h i s  same ve loc i ty  component across the 
f i lm and can be neglected. 

In  accordance wi th  assump ion ( l ) ,  w e  can prescr ibe a f ixed orthogonal 
i n  the  plane of the  lubr icant  f i lm. See 5 Cartesian coordinate frame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA{x+) 

f igure  1, where the  y* ax i s  ii &=&he d ’ rect ion of the  minimum f i lm dimension. 
moving orthogon 1 coordinate frame Cx. 1 

1 i=l 
and i t s  x ax is  perpendicular t o  the l i n e  jo in ing  the centers  respect t o  Cx+) i=l 

of both cy l i n ie rs  is  introduced, an4 i t  can be shown tha t  the flow w i l l  be steady 
t o  an observer moving wi th  the  {x. 1 .  

A 
t r ans la t i ng  wi th ve loc i ty  T=bw wi th  - 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 

frame. 
1 i=l 

The following dimensionless coordinates are introduced: 

(A. 3) 

where h = bSH(El), H(B) = 1 + Ecose (A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  

X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ e = -  b ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = y ,  q = K ,  - c = t w  

i s  the lubr icant  f i lm thickness at locat ion El. 

Dimensionless ve loc i ty  components i n  the  two coordinate frames are defined as 

U w* - - v - -  w , u = -  u* - u* = - v* = - r v ,  w* = - =  
bw ’ 6bw L W  bw 

- 
(A.5)  

- - 
u * = u + l  

The pressure and the  shear stresses are made dimensionless according t o  
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and k=l fo r  long bear ing assumption zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7) 

2 
k = (L/b) f o r  shor t  bear ing assumption zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Withtheseconsiderations, the momentum and cont inu i ty  equations fo r  the  

t r id imensional  flow, expressed i n  t he  moving coordinate systen are 

where y = a H / a e  and 
2 

Re = - w6 b2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V 

i s  the squeeze Reynolds number. 

The boundary condit ions appropr iate for  the flow are 

- -- 
at  n=O - u=-ls - v=w=o 

n = l  u=-1 , v=-y, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw=o 

(A. 10) 

(A. 11) 

(A. 12) 

(Note t h a t  w e  have neglected the  ve loc i ty  component due t o  the motion of the 
surface n=1 i n  t he  8-direct ion s ince i t  i s  of order 6 ) .  

The pressure must s a t i s f y  appropr iate condit ions at  the  ends of the SFD and 
must be single-valued and per iod ic  i n  the  c i rcumferent ia l  d i rec t ion ,  i .e, 

Equations ( A . 8 )  t o  (A . lO)  are in tegrated across the  f i lm t o  obta in  

(A. 13) 

(A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14) 

(A. 15) 

(A. 16) a a 
qe + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAag q5 = 0 

where qe and q are the  dimensionless l oca l  flow rates i n  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 and 5 di rect ions,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 
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and the  I i j 's are defined as: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A. 17a) 

(A. 17b) 

(A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18) 

To proceed, fu r ther  assumptions about the  ve loc i ty  d i s t r i bu t i on  should be 
made. 
a f fected by i n e r t i a ,  and we- let the  ve loc i ty  momentum in teg ra l s  i n  (A .18 )  be 
given by 

To this end we assume t h a t  the  shape of the  ve loc i ty  f i e l d  is not g rea t ly  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

1 8  
= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa q /n + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 q, + 0 .2  H 

(A. 19) 

For the  type of flow considered, the  range of va r ia t i on  of the  coef f i c ien ts  
{ ai) '- i=l i s  between 1 .2  and 1.0 fo r  s m a l l  Reynolds numbers and large Reynolds 

numbers, respect ive ly ;  thus it may be assumed tha t  averaged values w i l l  suf f ice t o  
obta in  meaningful resu l t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Squeeze film damper geometry and coordinate systems. 

382 



I. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA75 

1.5 

1.25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

.75 

.s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 25 

D 

-. 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

fl 

-2 . 4  1 1.2 1.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mean veloc i ty ,  -2 urn 

Figure 2. - Function I'(G2) indicating magnitude of iner t ia  term i n  
m pressure equation for  i n f i n i t e l y  long squeeze f i lm damper. 
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6 -  

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 .2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 4  .6 .8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Eccentr ici ty, orbi t  radius 

Figure 3. - Direct iner t ia  coef f i c ien t  Drr/Re for  c i rcular centered orb i ts  - 
as function of  eccentr ic i ty  - long squeeze f i lm damper assumption; laminar 
flow solut ion.  

384 

from Table 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
‘4: 2esl ). eqm (1.21 
Bp Re=-l, eqn. (1.3) 
C: mdarate Re. eqn. (1. 4) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Dt rnoderatxa Re, aqn. (1.5) 

- -  E: temporal effects anly / eqnC1.6) 
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. 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

-. 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 I I I I 1 I 1 . I 

0 . 1  -2 - 3  . 4  -5 .6 -7 . 8  .9 

Eccentricity, orbit radius 
- 

Figure 4 .  - Direct inert ia coeff ic ient  Drr/Re for circular centered orbits 
as function of eccentr ici ty - short squeeze f i lm damper assumption; laminar 
flow solution. 
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Eccentricity, orbit radius 

Figure 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Direct damping coefficient Dtt for circular centered orbits zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 
- 

function of eccentricity - long squeeze film damper assumption; turbulent 
motion solution. 
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2 
10 10- 10- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 

Reynolds number, Re 

Figure 6. - Direct damping coefficient for circular centered orbit as 
function of Reynolds number - long squeeze film damper assumption; turbulent 
motion solution. 
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4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.5 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2*5 

2 

1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

-. 5 

Eccentricity, orbit radius 

- 
Figure 7. - Direct inertia coefficient Drr/Re for circular centered orbits 
as function of eccentricity - long squeeze film damper assumption; turbulent 
flow solution. 
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30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
25 

20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
15 

10 

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. l  .2 - 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 4  -5 -6 ,€I 

Eccentricity, orbit radius 

Figure 8. - Direct damping coefficient for circular centered orbits as 
function of eccentricity - short squeeze film damper assumption; L/D=O. 25; 
turbulent motion solution. 
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10 

Figure 9. - Direct damping coefficient 
function of Reynolds number - short squeeze film damper assumption; 
L/D=0.25; turbulent motion solution. 

for circular centered orbits as 
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