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EXPERIMENTS ON D Y N A M I C  STIFFNESS AND DAMPING OF TAPERED BORE SEALS 

David P. Fleming 
N a t i o n a l  Aeronaut ics and Space A d m l n i s t r a t l o n  

Lewls Research Center 
Cleveland, Ohio 44135 

ABS1 R A C T  

S t i f f n e s s  and damping were measured i n  tapered 
bore r i n g  sea ls  w l t h  a l r  as t h e  sealed f l u i d .  Exc i ta -  
t i o n  was p rov ided  by a known unbalance i n  t h e  s h a f t  

f o r  va r lous  sea l  supply  pressures.  c learances, unbal-  
ance amounts, and s h a f t  speeds. S t i f f n e s s  and darnping 
v a r i e d  l i t t l e  w l t h  unbalance l e v e l ,  i n d i c a t i n g  l l n e -  
a r i t y  o f  t h e  s e a l ,  Greater  v a r i a t i o n  was observed 
w l t h  speed and p a r t i c u l a r l y  supply  pressure.  A one- 
d lmenslonal  a n a l y s i s  p r e d l c t e d  s t i f f n e s s  f a i r l y  w e l l ,  
b u t  cons ide rab ly  overest imated damping. 

NOM€NC LATURE 

A s h a f t  amp l i t ude  

B seal  damping c o e f f i c l e n t  

C 1 , C 2  

D seal  d iameter  

e,, 

K seal  s t i f f n e s s  c o e f f i c t e n t  

2 which r o t a t e d  I n  t h e  t e s t  sea ls .  Resul ts  were obtained 

ent rance and e x i t  r a d l a l  c lea rance  o f  concen t r i c  
seal  

d lsp lacement  o f  s h a f t  mass a x i s  f rom geometr ic 
a x i  s 

L seal  l e n g t h  

Po,P3 r e s e r v o l r  and sump pressures 

R seal  r a d i u s  

x,y t r a n s v e r s e  coo rd lna tes  

c e c c e n t r i c i t y  r a t i o  A/C2 

lJ f l u i d  v i s c o s i t y  

+ phase a n g l e  

INTRODUCTION 

I t  i s  now wel l -known t h a t  annular  pressure seals  
( r i n g  s e a l s )  can generate s i g n i f l c a n t  l a t e r a l  f o rces  
and t h a t  these fo rces  can s t r o n g l y  i n f l u e n c e  t h e  
dynamlcs o f  s h a f t  systems. S ince t h e  p i o n e e r i n g  work 
o f  B lack (1969).  many researchers have been i n v o l v e d  
I n  de te rm in ing  t h e  steady s t a t e  and dynamic p r o p e r t l e s  
o f  sea ls .  Analyses have p r e d l c t e d  t h a t  tapered bore 
seals  w l l l  have a h i g h e r  s t i f f n e s s  than s t r a l g h t  bore 
seals  f o r  bo th  Incompress ib le  and compress ib le  f l u i d s  
(F leming,  1977, 1979).  Moreover, f o r  compress lb le  
f l u i d s ,  s t r a i g h t  bore seals  can sometimes have a neg- 
a t l v e  s t i f f n e s s  which i s  n e a r l y  always undes l rab le .  

Tapered bore seals  have been used s u c c e s s f u l l y  
where s t r a i g h t  bore seals  f a i l e d .  Such an a p p l i c a t l o n  
was t h e  h o t  gas seal  i n  t h e  space s h u t t l e  h i g h  pres-  
sure oxygen pump. Th is  I s  a f l o a t i n g  r i n g  sea l .  The 
low c e n t e r i n g  fo rces  developed by t h e  s t r a i g h t  bore 
seal  a l l owed  rubb ing  t o  occur as t h e  seal  a t tempted t o  
f o l l o w  s h a f t  excurs ions;  t h t s  r e s u l t e d  I n  r a p i d  sea l  
wear. The h ighe r  f i l m  fo rces  o f  t h e  tapered bore seal  
p e r m i t t e d  t h e  seal  t o  f o l l o w  s h a f t  mot ions w i t h o u t  
rubb ing ,  hence e l l m l n a t l n g  wear. 

j u s t  beg inn ing  t o  be publ ishedl (Ne1son e t  a l .  1986; 
Fleming, 1986).  I n  t h e  former work, t h e  au tho rs  v e r l -  
f l e d  t h e  p r e d i c t l o n  o f  h i g h e r  dynamic s t i f f n e s s  f o r  
tapered bo re  sea ls .  T h e l r  r e s u l t s ,  however, were 
e n t i r e l y  f o r  t u r b u l e n t  f l o w  o f  t h e  sealed f l u i d .  The 
l a t t e r  paper repo r ted  s t e a d y - s t a t e  s t l f f n e s s  f o r  lam- 
i n a r  f l o w  I n  tapered bore sea ls .  

dynamlc s t l f f n e s s  and damping o f  tapered bore seals  
f o r  l am ina r  f l o w  w l t h  a l r  as t h e  sealed f l u i d .  The 
exper lmenta l  da ta  w l l l  be compared w i t h  a v a i l a b l e  
anal  ys 1 s . 
APPARATUS 

Exper imental  r e s u l t s  f o r  compress ib le  f l u i d s  a r e  

The purpose o f  t h e  p resen t  work I s  t o  measure t h e  

The t e s t  apparatus,  shown I n  F l g .  1. was o r i g i -  
n a l l y  designed f o r  use w i t h  herr ingbone-grooved j o u r n a l  
bear ings;  I t s  d e s c r l p t i o n  f o r  t h a t  work was g l v e n  by 
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Cunningham e t  a l .  (1969) .  For t h e  present  work, as 
w e l l  as t h a t  o f  t h e  prev ious r e p o r t  f o r  steady s t a t e  
s t i f f n e s s  (Fleming. 1986). the hydrodynamic bear ing  
s leeves were rep laced  by the  tapered-bore sea ls  shown 
I n  F i g .  2 The apparatus was f u r t h e r  mod i f i ed  by p r o  
v i s i o n  of a i r  supply passages t o  t h e  cen te r  s e c t i o n  o f  
each seal  P a i r .  Air I s  supp l ied  t o  t h e  cen te r  o f  t h e  
sea l  and f lows o u t  a t  each end, exhaust ing i n t o  t h e  
room. The downstream pressure I s  t h e r e f o r e  always one 
atmosphere. Pressure taps  were prov ided f o r  measure- 
ment o f  t h e  p ressu re  a t  t h e  sea l  ent rance (F ig .  1) .  
Th is  pressure measurement was made i n  t h e  annulus on 
t h e  o u t e r  d iameter  o f  t h e  seal I n s e r t ;  i t  was assumed 
t h a t  a i r  v e l o c i t y  i n  t h i s  annulus and pressure d rop  
f rom t h e  annulus t o  t h e  seal  ent rance were n e g l i g i b l e .  
The herr ingbone s h a f t s  used by Cunningham e t  a l .  (1969) 
were rep laced by smooth shaf ts  hav ing  p r o v i s i o n  f o r  
ba lanc ing  screws i n  f o u r  r a d i a l  ho les a t  each end o f  
t h e  s h a f t .  Three s h a f t s  were made w i t h  v a r y i n g  diam- 
e t e r s  i n  o rde r  t o  va ry  t h e  seal c learance.  The 
nominal d iameter  i s  38 mn; the sea ls  a r e  17.5 mn long  
r e s u l t i n g  i n  a length- to-d iameter  r a t i o  o f  0.46. 

As shown I n  F i g .  1, the  s h a f t  i s  v e r t i c a l  so t h a t  
no steady l oad  i s  a p p l i e d  t o  t h e  sea ls .  The pneumatic 
l oader  used i n  t h e  p rev ious  work (Fleming, 1986) was 
removed. The s h a f t  was ro ta ted  by an impulse t u r b i n e .  

Two orthogonal ly-mounted capaci tance d i s t a n c e  
probes a r e  mounted outboard o f  each sea l  p a i r .  They 
were used t o  measure t h e  dynamic displacement o f  t h e  
s h a f t ,  and a l s o  t h e  assembled c learance o f  t h e  s h a f t  
i n  t h e  sea ls .  Because o f  s l i g h t  misa l ignment  o f  t h e  
two sea l  p a i r s ,  t h e  apparent assembled c lea rance  (as  
measured by t h e  capaci tance probes) was s l i g h t l y  l e s s  
than  t h e  nominal  c learance.  An a d d i t i o n a l  capaci tance 
probe was l o c a t e d  where a notch on t h e  s h a f t  passed by 
once per r e v o l u t i o n ;  t h i s  prov ided a phase re fe rence .  

S igna ls  f rom t h e  phase re fe rence  probe and f rom 
two o f  t h e  d isp lacement  probes were rou ted  t o  a dua l  
d i g i t a l  v e c t o r  f i l t e r  which prov ided a d i g i t a l  o u t p u t  
o f  s h a f t  speed. v i b r a t i o n  ampl i tude, and phase angle.  
The d i g i t a l  amp l i t ude  and phase da ta  were then  t r a n s -  
m i t t e d  t o  a computer. The data were read under t h e  
c o n t r o l  o f  a FORTRAN computer program, which then 
reduced t h e  da ta  t o  p r o v i d e  dynamic s t i f f n e s s  and 
damping c o e f f i c i e n t s .  The computer p rov ided  g r a p h i c a l  
as w e l l  as p r i n t e d  ou tpu t .  

There i s  no p r o v i s i o n  f o r  measur ing sea l  leakage. 
C a l c u l a t i o n s  showed t h a t ,  f o r  t h e  a i r  pressures used, 
t h e  f l o w  would be l am ina r .  

EXPERIMENlAL PROCEDURE 

The s h a f t  was unbalanced by  t u r n i n g  t h e  ba lanc ing  
screws an a p p r o p r i a t e  amount. Care was taken t o  keep 
t h e  mass a x i s  o f  t h e  s h a f t  p a r a l l e l  t o  t h e  geometr ic  
a x i s  so t h a t  t h e  dynamic displacement would be t h e  
same a t  each sea l .  P r i o r  t o  any d a t a  runs, each s h a f t  
had been c a r e f u l l y  balanced I n  t h e  r i g  t o  min imize t h e  
r e s i d u a l  unbalance. 

The a i r  p ressu re  t o  the sea ls  was s e t  a t  t h e  
d e s i r e d  va lue .  The upper ( d r i v e  end) sea l  r e q u i r e d  a 
s l i g h t l y  h i g h e r  p ressu re  than the lower ( t h r u s t  end) 
sea l  t o  m in im ize  t h e  dynamic s h a f t  misa l ignment .  Th i s  
misa l ignment  occurs because t h e  s h a f t  mass cen te r  i s  
c l o s e r  t o  t h e  upper sea l ,  and because o f  s l l g h t  ( u n l n -  
t e n t i o n a l )  v a r i a t i o n s  i n  seal geometry and a l ignment .  
Sha f t  speed was s e t  t o  approxlmately 500 rpm ( a  speed 
low enough t h a t  dynamic mot ion was n e g l i g i b l e ) ;  t h e  
ampl i tude and phase ang le  r e s u l t i n g  were s to red  by t h e  
computer as l ow  speed runout.  The runou t  was sub- 
t r a c t e d  v e c t o r i a l l y  f rom subsequent measurements t o  
y i e l d  o n l y  t h e  dynamic p a r t  o f  t h e  s h a f t  mot ion.  
Runout magnitude was t y p i c a l l y  0.0003 t o  0.0005 M; 

t h i s  was cons ide rab ly  l e s s  than t h e  dynamic response 
a t  speeds where da ta  were recorded. 
i nc reased  I n  increments and dynamlc d a t a  acqu l red  as 
t h e  speed was h e l d  steady. 
i n  speed, t h e  sea l  supply  p ressu re  was r e s e t  and t h e  
speed sweep repeated. 

RESULTS 

Speed was 

A f t e r  runn ing  up and down 

Three s h a f t s  o f  d i f f e r e n t  d iameters were used I n  
a s i n g l e  s e t  o f  sea ls .  Table I shows t h e  c learances 
and c learance r a t i o s  obta ined.  The c lea rance  va lues 
a r e  t h e  mean o f  those measured f o r  t h e  upper and lower  
sea ls .  The lower sea l  c lea rance  was measured as 
0.0006 mm l e s s  than  t h e  upper sea l ;  however, t h i s  d i f -  
f e rence  i s  w i t h i n  t h e  measurement e r r o r  bound o f  
0.002 mm. These sea ls  were n o t  t h e  same as used i n  
t h e  p rev ious  work (Fleming, 1986) because t h e  sea ls  
used p r e v i o u s l y  were a c c i d e n t a l l y  dest royed.  

F igu res  3 t o  6 a r e  r e p r e s e n t a t i v e  o f  t h e  da ta  
obta ined.  F igu res  3 and 4 show t h e  measured amp l i t ude  
and phase angle,  c o r r e c t e d  f o r  l o w  speed runou t  and 
ma themat i ca l l y  s h i f t e d  a x i a l l y  t o  t h e  c e n t e r  p lane  o f  
t h e  sea l  f rom t h e  probe p o s i t i o n .  S imple geometr ic  
formulas f o r  t h i s  have been presented by Fleming e t  
a l .  (1976).  The same re fe rence  c o n t a i n s  t h e  equat ions 
o f  mo t ion  f o r  t h e  f o u r  degree o f  freedom s h a f t  system. 
Measured ampl i tude and phase ang le  ( w i t h  l ow  speed 
runou t  sub t rac ted )  were i n s e r t e d  i n  these  equat ions 
which were then  so l ved  t o  o b t a i n  dynamic s t i f f n e s s  and 
damping c o e f f i c i e n t s .  F i g u r e  5 shows t h e  dynamic 
s t i f f n e s s  obta ined and F ig .  6 t h e  dynamic damping. 
Cross-coupled dynamic c o e f f i c i e n t s  cannot be obta ined 
i n  t h e  p resen t  apparatus,  s i n c e  t h e  mo t ion  observed i s  
nomina l l y  a centered, c i r c u l a r  o r b i t .  

Examples o f  t h e  a c t u a l  o r b i t s  observed on an 
o s c i l l o s c o p e  appear I n  F ig .  7. Note t h a t  f o r  t h e  most 
p a r t  t hey  a r e  q u i t e  c i r c u l a r .  The b r i g h t  d o t  i s  pro-  
duced by t h e  phase re fe rence  marker on t h e  s h a f t  as i t  
passes t h e  phase re fe rence  probe. T h i s  probe l i e s  on 
t h e  x-ax is  o f  t h e  apparatus.  The phase ang le  i s  t hen  
t h e  ang le  f rom t h e  b r i g h t  d o t  t o  t h e  x-ax is  I n  F ig .  7; 
i t  i s  t h e  angle f rom t h e  pass ing  o f  t h e  phase re fe rence  
mark t o  t h e  maximum x d isp lacement .  One can r e a d l l y  
see t h e  change i n  phase ang le  f rom near  zero t o  a lmost  
180 deg as t h e  s h a f t  passes th rough  t h e  c r i t i c a l  speed 
(about  11 000 rpm f o r  t h e  c o n d i t i o n s  o f  F i g .  7 ) .  

The exper imenta l  da ta  p o i n t s  f o r  s t i f f n e s s  
( F i g .  5 i s  t y p i c a l )  f o rm a f a i r l y  smooth curve.  The 
damping r e s u l t s  e x h i b i t  more s c a t t e r  ( F i g .  6 i s  t y p i c a l  
f o r  damping). There seemed t o  be no p h y s i c a l  reason 
f o r  t h e  observed s c a t t e r  i n  damping data;  I t  was 
expected t h a t  damping va lues would a l s o  l l e  on a smooth 
curve.  S h a f t  v i b r a t i o n  ampl i tude,  which v a r i e s  w i t h  
s h a f t  speed, cou ld  conce ivab ly  cause a change i n  
damping w i t h  speed. As d iscussed l a t e r ,  however, s h a f t  
amp l i t ude  seemed t o  have o n l y  a smal l  e f f e c t  on 
dampi ng  . 

Adam and Rashid l  (1985) have recognized t h a t  
stiffness and damping c o e f f i c i e n t s  a r e  o f t e n  ve ry  sen- 
s i t i v e  t o  smal l  changes i n  measured data,  which i n  t h e  
p resen t  case a r e  s h a f t  amp l i t ude  and phase angle.  
Using t h i s  t h e s i s ,  i t  was p o s t u l a t e d  t h a t  t h e  sea l  
c o e f f l c l e n t s  t o  be determined were a c t u a l l y  i n v a r i a n t  
w i t h  s h a f t  speed ( t h e  a n a l y s i s  used does n o t  p r e d i c t  
any v a r i a t i o n  w i t h  speed). The t a s k  then  was t o  f i n d  
those p a r t i c u l a r  s t i f f n e s s  and damping va lues which, 
when i n s e r t e d  i n  t h e  s h a f t  equat ions o f  mot ion,  b e s t  
reproduced t h e  measure amp l i t ude  and phase angle.  The 
a c t u a l  da ta  f i t t e d ,  r a t h e r  than  amp l i t ude  and phase 
angle,  were t h e  o r thogana l  components of amp l i t ude  A 
cos + and A s i n  6. S t i f f n e s s  and damping 
c o e f f i c i e n t s  f o r  t h e  two sea l  p a i r s  ( a  t o t a l  o f  f o u r  
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c o e f f i c i e n t s )  were i n i t i a l l y  chosen as a s imple average 
of t h e  c o e f f i c i e n t s  determined over the  speed range. 
These average c o e f f i c i e n t s  were then  used I n  t h e  r o t o r  
equat lons o f  mo t ion  t o  c a l c u l a t e  expected ampl i tude 
components. The c o e f f l c l e n t s  were r e f i n e d  i t e r a t i v e l y  
us ing  a n o n l i n e a r  l eas t - squares  procedure as r e p o r t e d  
by Isenberg (1979) .  Resu l t s  o f  t h i s  procedure a re  
shown i n  F igs .  3 and 4. These r e s u l t s  show t h a t  con- 

. s t a n t  s t i f f n e s s  and damping c o e f f i c i e n t s  produce 
ampl i tudes and phase angles very c l o s e  t o  those meas- 
ured, except a t  speeds w e l l  above t h e  c r i t i c a l  speed. 
A t  these h i g h  speeds, t h e r e  I s  apparen t l y  a r e a l  
decrease I n  s t i f f n e s s  and damplng. This  i s  I n d i c a t e d  
by t h e  measured amp l i t ude  being lower than p r e d i c t e d  
( t e n d i n g  toward t h e  unbalance e c c e n t r l c i t y )  and the  
measured phase ang le  be ing  h i g h e r  than p r e d i c t e d  
( t e n d i n g  toward 180 deg).  Th i s  decrease i n  s t i f f n e s s  
and damping a t  h i g h  speed i s  n o t  p r e d i c t e d  by F leming 's  
(1980) a n a l y s i s ,  no r  was I t  observed i n  t h e  exper lments 
o f  Nelson e t  a l .  (1986).  However, analyses and exper-  
iments on p ressu r i zed  gas bear ings  have shown such 
decreases, f o r  example, S t i f f l e r  and Smith (1975).  and 
Fleming e t  a l .  (1977) .  F igures 5 and 6 show t h e  r e l a -  
t i o n s h i p  o f  t h e  measured s t i f f n e s s  and damping t o  t h e  
least -squares mean. 

The r e s u l t s  o f  t h i s  curve f l t t i n g  procedure w e r e  
encouraging enough t h a t  t h e  c o e f f i c i e n t s  thus de te r -  
mined w i l l  be used i n  p r e s e n t i n g  t h e  remainder o f  the 
r e s u l t s  o f  t h i s  paper.  These a r e  shown I n  F i g s .  8 t o  
10 where s t i f f n e s s  and damping c o e f f i c i e n t s  a r e  p l o t t e d  
as f u n c t i o n s  o f  p ressu re  r a t i o  across t h e  seal .  

F i g u r e  8 I s  f o r  s h a f t  2 w l t h  a r a d i a l  c lea rance  
o f  0.026 mm and a c lea rance  r a t i o  ( r a t i o  o f  i n l e t  t o  
o u t l e t  c learance)  o f  2.0. There I s  l i t t l e  change i n  
s t i f f n e s s  ( t h e  lower  p a r t  o f  t h e  f i g u r e )  w i t h  pressure 
r a t i o .  Th is  smal l  va r iance  i s  a l s o  p r e d i c t e d  by ana l -  
y s i s  (Fleming, 1979). The sudden change i n  t h e  s lope 
o f  t h e  a n a l y t i c a l  curve i s  due t o  t h e  f l o w  becoming 
choked above a p ressu re  r a t l o  o f  4.8. Th is  behavior  
may a l s o  be o c c u r r i n g  i n  t h e  exper imenta l  data;  how- 
ever ,  t h e r e  l s  enough s c a t t e r  t h a t  one cannot say w i t h  
c e r t a i n t y .  The s t i f f n e s s  o f  t h e  d r i v e  end seal  I s  
c o n s i s t e n t l y  h i g h e r  than t h a t  o f  t h e  t h r u s t  end s e a l .  
Th i s  cou ld  be due t o  minor geometry d i f f e r e n c e s  between 
t h e  two seals ;  t o  the  somewhat g r e a t e r  apparent  m i s -  
a l ignment  o f  t he  d r i v e  end seal ;  or t o  t h e  d r i v e  t u r -  
b i n e  augmenting t h e  s t i f f n e s s  o f  t h e  d r i v e  end sea l .  
A l l  o f  t h e  r e s u l t s  a r e  w i t h i n  30 pe rcen t  o f  those 
p r e d i c t e d  by a n a l y s l s .  

7.2 g mm, s u b s t a n t l a l l y  g r e a t e r  than the  4.3 g mm 
represented by t h e  open symbols. The l a r g e r  unbalance 
produced a co r respond ing ly  l a r g e r  amp l i t ude  o f  mot ion.  
The measured s t i f f n e s s  i s  o n l y  s l i g h t l y  l a r g e r ,  how- 
ever .  The maximum amp l i t ude  observed f o r  bo th  unbal -  
ance l e v e l s  was s t l l l  i n  t h e  "smal l  e c c e n t r i c i t y "  
range; t h e  maximum e c c e n t r i c i t y  r a t i o  (E) was 0.5.  

Damping c o e f f i c i e n t s  a r e  shown i n  t h e  upper p a r t  
o f  f i g .  8. S i m i l a r  t o  t h e  r e s u l t s  f o r  s t i f f n e s s ,  t h e  
amp l i t ude  o f  mo t ion  (as  I n f l u e n c e d  by t h e  unbalance 
l e v e l )  has o n l y  a small  e f f e c t  on damping. Damping 
increases w i t h  p ressu re  r a t i o  as p r e d i c t e d  by a n a l y s l s .  
The damping va lues measured, however, a r e  on l y  about 
h a l f  o f  t h e  p r e d i c t e d  va lues.  Th is  i s  p robab ly  due t o  
t h e  l i m i t a t i o n  o f  t he  one-dimensional  a n a l y s i s  used. 
I t  was shown p r e v i o u s l y  (Flemlng, 1986) t h a t  f o r  t u r -  
b u l e n t  f l o w  the  one-dimenslonal  a n a l y s i s  p r e d i c t s  
damplng c o e f f i c i e n t s  about t w i c e  as l a r g e  as t h e  two- 
d imensional  a n a l y s i s  o f  Nelson (1985) .  A two- 
d imensional  a n a l y s l s  would be expected t o  y i e l d  more 
accu ra te  r e s u l t s .  Nelson 's  r e s u l t s  a re  o n l y  a v a i l a b l e  
f o r  t u r b u l e n t  f l o w ;  however, one would expect t he  

The s o l i d  symbols a r e  f o r  a s h a f t  unbalance o f  

r e l a t i o n s h l p  between two-dimenslonal  and one- 
d imenslonal  analyses t o  be s i m i l a r  f o r  l am ina r  f l o w .  

F i g u r e  9 i s  f o r  s h a f t  3. w i t h  a c lea rance  o f  
0.040 mn. Resu l t s  a r e  g e n e r a l l y  s i m l l a r  t o  those f o r  
s h a f t  2; observed s t i f f n e s s  and damping a r e  somewhat 
h i g h e r  r e l a t i v e  t o  a n a l y s i s  than f o r  s h a f t  2, however. 
Again, t h e  r e s u l t s  show o n l y  a smal l  e f f e c t  f rom 
changlng t h e  amount o f  unbalance. 

o f  0.014 mm, t h e  s m a l l e s t  t e s t e d .  The s t i f f n e s s  
r e s u l t s  a r e  very c l o s e  t o  those p r e d i c t e d .  The meas- 
ured damping values a r e  lower,  r e l a t i v e  t o  a n a l y s i s .  
t h a n  f o r  t h e  o the r  s h a f t s .  The r e s u l t s  o f  F ig .  1 0  a r e  
c o n s i s t e n t  w l t h  those o f  F igs.  8 and 9, i n  t h a t  l a r g e r  
c learances produce l a r g e r  s t i f f n e s s  and damping r e l a -  
t i v e  t o  a n a l y s i s .  The e f f e c t  o f  misa l ignment  would be 
g r e a t e r  f o r  a sma l le r  c learance;  on t h e  bas i s  o f  t h e  
p resen t  data,  however, i t  cannot be a s c e r t a i n e d  whether 
i t  i s  t h i s  or some o t h e r  e f f e c t  caus ing t h e  change 
r e l a t i v e  t o  Dred lc ted  va lues.  

F igu re  10 shows da ta  f o r  s h a f t  1, w l t h  a c lea rance  

CONCLUDING REMARKS 

Exper imenta l  da ta  have been ob ta ined  f o r  dynamlc 
s t i f f n e s s  and damping i n  tapered bore r i n g  sea ls .  
Resu l t s  show t h a t  s t i f f n e s s  i s  f a i r l y  w e l l  p r e d i c t e d  
by a one-dimensional  a n a l y s i s .  Damping i s  cons ide rab ly  
overest imated by t h e  a n a l y s i s ,  however. 
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FIGURE 2. - TAPERED BORE SEAL. 

.4 

.2 

0 

- .10 
E 
E 

n - ?.OS 
W 

CI 

4 

n DATA - LEAST SQUARES F I T  
- 

0 I I 
5000 10 000 15 000 20 000 25 000 

SPEED, RPM 

FIGURE 3. - SHAFT AMPLITUDE AT LOWER SEAL. UNBALANCE, 
7.29 mm: PRESSURE RATIO 6.2.  



180 I- A DATA 
LEAST SQUARES F I T  - 

'> I 
n I I ~~~~~ 

5000 10 000 15 000 20 000 25 000 
SPEED, RPM 

FIGURE 4 .  - PHASE ANGLE AT LOWtR SEAL, UNBALANCE, 
7.2 g mm; PRESSURE RATIO, 6.2. 

A DATA 
LEAST SQUARES MEAN 

*15 t 
I Y 

v) 
v) 

0 
5000 10 000 15 000 20 000 25 000 

SPEED, RPM 

FIGURE 5. - STIFFNESS OF LOWER SEAL. UNBALANCE. 
7.29 mm; PRESSURE RATIO, 6.2. 

7 



A DATA 
m LEAST SQUARES R A N  AA .J 
\ 

4 A A 
A 

25 000 
0 
5000 10 000 15 000 20 000 

SPEED, RPM 

FIGURE 6. - DAMPING OF LOWER SEAL. UNBALANCE, 7.2g mm: 
PRESSURE RATIO. 6.2. 

8000 RPM 

Y 
A 

t 
PHASE 
A GLE 7 

FIGURE 7. - SHAFT ORBITS, SHAFT 2, LOWER SEAL; 4.3 g mm UNBALANCE, PRESSURE RATIO, 3.4. 

8 

~~ ~ 



6 

5 

2 

1 

.14 

9 
0 e hl' 12 

V 
Y 
v) 
v) 

LL 
Y 

z 
.10 

UPPER SEAL 
LOWER SEAL 
ANALY S I S 

UNBALANCE, 

4 . 3  
A 
V 

9 mm 
7.2 
A 
v 

ANALYSIS/2 7 

0 
0 

0 

0 

A 
A 

A 
T v  

I V  I I 

A 
A A  

A 

.08 
2 3 4 5 6 7 

SEAL PRESSURE RATIO P,/P3 

FIGURE 8. - STIFFNESS AND DAMPING FOR SHAFT 2. 
CLEARANCE, 0.026 m rn. 

9 



12 

10 

m, 

‘N 
2 

2 8  

1 

e 
I 

L3 
L 
c.l 

3 n 

6 

4 

.16 

.14 

n 

n 
1 
0 

‘N 
V 
Y 

. I 2  
W 
L 
LL 

I- 
v, 
!5 

.10 

UNBALANCE, g mm 
2.9 5 , 8  8.6 11 .5  

UPPER SEAL 0 A A 
LOWER SEAL 0 V v 
ANALYSIS 

: 
A A 

0 
3’ 

0 
0’ 

r v  
8 

H 

&--- ANALYSIS/2 
/ 

.08 
2 3 4 5 6 

SEAL PRESSURE RATIO P,/P3 

FIGURE 9. - STIFFNESS AND DAMPING FOR SHAFT 3. 
CLEARANCE, 0.040 m m. 

70 



2 . 5  

2 . 0  

ihl 
1 .5  

L3 

z 1 . 0  
%i n 

.5 

0 

.14  

d 
0 n 

‘&J . 12  
u 
Y 

.08 
2 

A UPPER SEAL 
V LOWER SEAL 

ANALYS I S - 

ANALYSIS/2 7 
\ 

A 
V 

B 

3 4 5 6 
SEAL PRESSURE RATIO P,/P3 

FIGURE 10. - STIFFNESS AND DAMPING FOR SHAFT 1.  
CLEARANCE, ,014 MM: UNBALANCE, 2 . 9  g mm. 

7 

11 



1. Report No. 
NASA TM-89895 

2. Government Accession No. 3. Recipient’s Catalog No. 

4. Title and Subtitle 

Experiments on Dynamic Stiffness and Damping of 
Tapered Bore Seals 

5. Report Date 

505-63-1 1 

7. Author(s) 

David P .  Fleming 

9. Performing Organization Name and Address 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

2. Sponsoring Agency Name and Address 

8. Performing Organization Report No. 

E-3552 

10. Work Unit No. 

11. Contract or Grant No. 

.. 
13. Type of Report and Period Covered 

Technical Memorandum 
National Aeronautics and Space Administration 
Washington, D.C. 20546 

9. Security Classif. (of this report) 
Unclassified 

14. Sponsoring Agency Code 

20. Security Classif. (of this pa e 21. No. of pages 22. Price. 
Unclassi! led 12 A02 

I 

5. Supplementary Notes 

Prepared for the Vibrations Conference sponsored by the American Society of 
Mechanical Engineers, Boston, Massachusettes, September 27-30, 1987. 

6. Abstract 

Stiffness and damping were measured in tapered bore ring seals with air as the 
sealed fluid. Excitation was provided by a known unbalance in the shaft which 
rotated in the test seals. Results were obtained for various seal supply pres- 
sures, clearances, unbalance amounts, and shaft speeds. Stiffness and damping 
varied little with unbalance level, indicating linearity of the seal. Greater 
variation was observed with speed and particularly supply pressure. A one- 
dimensional analysis predicted stiffness fairly well, but considerably overesti- 
mated damping. 

7. Key Words (Suggested by Author@)) 

Seals; Annular seals; Dynamic stiffness; 
Rotor dynamics 

18. Distribution Statement 

Unclassified - unlimited 
STAR Category 37 

*For sale by the National Technical Information Service, Springfield, Virginia 221 61 


