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SUMMARY 

This  paper dea l s  wi th  t h e o r e t i c a l  a n a l y s i s  of flow induced i n s t a b i l i t y  
f o r c e  due t o  l a b y r i n t h  s e a l .  That i s ,  a  approximate s o l u t i o n  i s  given f o r  t h e  
p a r t i a l  d i f f e r e n t i a l  equat ion r ep re sen t ing  t h e  flow i n  l a b y r i n t h  s e a l  and it i s  
compared wi th  t h e  f i n i t e  d i f f e r e n c e  method which was proposed i n  t h e  previous 
r e p o r t  i n  o rde r  t o  v e r i f y  t h e  accuracy of both methods. Then t h e  e f f e c t s  of  
d i f f e r e n c e  of  i n l e t  and o u t l e t  p ressures  of t h e  s e a l ,  d e f l e c t i o n  of  p re s su re  and 
mass flow from t h e  s teady  s t a t e ,  r o t o r  diameter ,  s e a l  c l ea rance ,  s e a l  i n t e r v a l  
and s e a l  number on t h e  flow induced fo rce  of  t h e  s e a l  a r e  i n v e s t i g a t e d  and it i s  
known t h a t  some of t h e s e  f a c t o r s  a r e  very i n f l u e n t i a l  on t h e  flow induced fo rce .  

INTRODUCTION 

I n  t h e  previous r e p o r t  (l), t h e  fundamental equat ion of  flow i n  t h e  l a b y r i n t h  
s e a l  was der ived  by cons ider ing  t h e  e f f e c t  of  t h e  v a r i a t i o n  of  gland c r o s s  s e c t i o n .  
The equat ion i s  numerical ly  solved by us ing  t h e  f i n i t e  d i f f e r e n c e  method. Then 
t h e  sp r ing  and damping c o e f f i c i e n t s  of t h e  l a b y r i n t h  s e a l  a r e  c a l c u l a t e d ,  and by 
us ing  t h e  r e s u l t ,  t h e  s t a b i l i t y  of  a r o t o r  system having l a b y r i n t h  s e a l  i s  
d iscussed  on t h i s  c o e f f i c i e n t  by us ing  t h e  energy concept.  Furthermore, experi-  
ments a r e  executed t o  observe t h e  flow p a t t e r n  i n  t h e  gland and t o  s tudy  t h e  
c h a r a c t e r i s t i c s  of  t h e  flow induced fo rces  i n  t h e  l a b y r i n t h  s e a l .  

Howeveq f u r t h e r  t h e o r e t i c a l  i n v e s t i g a t i o n s  a r e  r equ i r ed  f o r  t h e  accuracy of  
numerical c a l c u l a t i o n  and more d e t a i l  d e s c r i p t i o n  of l a b y r i n t h  s e a l  behaviour .  
Then i n  t h i s  paper t h e  equat ion i s  solved by another  method and t h e  c a l c u l a t e d  
r e s u l t s  a r e  compared wi th  t h e  s o l u t i o n  of f i n i t e  d i f f e r e n c e  method. Af t e r  t h a t  
i n f luences  of  d e f l e c t i o n  of s teady  s t a t e ,  p re s su re  d i f f e r e n c e  between i n l e t  and 
o u t l e t ,  l a b y r i n t h  s e a l  r ad ius ,  s e a l  c learance ,  s e a l  p i t c h ,  number of  s e a l  cham- 
b e r ,  s e a l  s t r i p  he ight  and divergence and convergence s e a l  on t h e  flow induced 
f o r c e ,  phase angle  and leakage flow r a t e  a r e  i nves t iga t ed .  

SYMBOLS 

t t ime 

R 5 r a d i u s  of l a b y r i n t h  s e a l  

P  p re s su re  i n  s e a l  chamber 
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c pe r iphera l  ve loc i ty  i n  s e a l  chamber 

J' densi ty  of gas 

Q mass flow r a t e  i n  a x i a l  d i r e c t i o n  

9' angle from x a x i s  

f  c ross  sec t ion  of s e a l  chamber 

1 length  of s t r i p  p i t c h  

h  s t r i p  height 

6 r a d i a l  clearance of s e a l  

T' f r i c t i o n  shear s t r e s s  of s t a t o r  surface  

2 " f r i c t i o n  shear s t r e s s  of r o t o r  surface  

U 1  length  of ac t ing  surface  of shear s t r e s s  ( s t a t o r )  

u I 1  l ength  of ac t ing  surface  of shear s t r e s s  ( r o t o r )  

R gas constant 

T absolute temperature of gas i n  s e a l  

7' s p e c i f i c  weight of gas 

v flow coef f i c i en t  

n  r a t i o  of s p e c i f i c  heat  

W r o t a t i n g  speed of r o t o r  

an c r i t i c a l  speed of r o t o r  system 

u=WRs per ipher i ca l  ve loc i ty  of r o t o r  

K coe f f i c i en t  of v i scos i ty  

Y coef f i c i en t  of kinematic v i scos i ty  

Re Reynold1 s number 

A' f r i c t i o n  coe f f i c i en t  ( s t a t o r )  

A* f r i c t i o n  coe f f i c i en t  ( r o t o r )  

subscr ip t  * steady s t a t e  



EQUATION OF MOTION 

Derivation of  Equation of Motion 

Derivation of t h e  equation which describes t h e  l abyr in th  s e a l  flow i s  
followed t h e  previous repor t  ( I ) ,  where t h e  following assumptions a r e  taken and 
schematic flow i s  shown i n  Fig. 1; 

(1) Fluid  i n  l abyr in th  s e a l  i s  assumed t o  be gas and i t s  behavior i s  assumed t o  
be  idea l .  

( 2 )  Temperature of  t h e  f l u i d  i n  t h e  l abyr in th  s e a l  i s  assumed t o  be constant .  

( 3 )  Cross sec t ion  a rea  of t h e  s e a l  gland i s  assumed t o  be constant i n  s p i t e  of 
t h e  de f l ec t ion  of r o t o r  and time de r iva t ive  of  cross  sec t ion  a rea  i s  only consi- 
dered. 

( 4 )  Change of flow s t a t e  i n  t h e  gland i s  assumed t o  be i sen t rop ic  change. 
Thus t h e  fundamental equations with respect  t o  cont inui ty  and momentum f o r  t h e  
i t h  s e a l  element a r e  a s  follows; 

A s  temperature of each gland i s  constant ,  t h e  equation of s t a t e  i n  t h e  i t h  gland 
i s  given a s ;  

where u ' i=f i*  
Next, denoting t h e  gas flow ve loc i ty  through l abyr in th  nozzle ( s e a l  clearance) 
S ,  t h e  r e l a t i o n  between a x i a l  flow r a t e  and pressure i n  t h e  gland i s  given by 
the  thermodynamical energy equil ibrium condit ion a s ,  

where n i s  i sen t rop ic  exponent, v spec i f i c  volume and subsc r ip t s  I and 0 
mean i n l e t  and o u t l e t  of nozzle, respect ive ly .  Assuming t h a t  t h e  flow i s  ad iaba t i c  

I change, i. e .  v, =(P= / P,)% v1 , t h e  flow r a t e  through t h e  nozzle G [kgf/sec 1 i s  
given a s ;  



where F i s  nozzle  c ros s  a r e a  ( a r e a  of s e a l  c learance)  and subsc r ip t s  ( i , ~ )  
correspond t o  t h e  gland number of t h e  l a b y r i n t h  s e a l .  Applying t h e  above r e l a -  
t i o n  t o  flow i n  t h e  l a b y r i n t h  s e a l ,  we assume t h a t  t h e  l a b y r i n t h  s e a l  i s  a 
s e r i e s  of t h e  nozzle ,  p ressure  d i f f e r ence  between each gland i s  small  and en tha l -  
py of  each gland i s  nea r ly  equal.  Then leakage flow r a t e  through l a b y r i n t h  s e a l  
G ( k g f / s e c )  i s  given by us ing  t h e  r e l a t i o n  
PI VI =p2V2= , - -  =p. L v- c. a s ;  

Applying ~ q . ( 6 )  t o  t h e  flow through t h e  i t h  s e a l  element, mass flow r a t e  f o r  
u n i t  a r e a  i s  given a s ;  

Rewriting E q . ( 7 ) ,  t h e  following equat ion i s  obtained;  

where 

L inea r i za t ion  of Fundamental Equation 

For t h e  l i n e a r i z a t i o n  of t h e  equat ion,  t h e  pe r tu rba t ions  o f ' p r e s s u r e ,  
p e r i p h e r a l  v e l o c i t y  and flow r a t e  from those  of t h e  s teady  s t a t e  and a l s o  mean 
va lue  and pe r tu rba t ion  of s e a l  c learance  a r e  introduced a s  

where g , ,cNLand q,Lare p re s su re ,  pe r iphe ra l  v e l o c i t y  and a x i a l  flow r a t e  of  
s teady  s t a t e  i n  t h e  i t h  gland and 6; , t L a n d  r i a r e  nondimensional pe r tu rba t ion  
terms of p re s su re ,  p e r i p h e r a l  v e l o c i t y  and a x i a l  flow r a t e .  Also a, and q* 
a r e  mean va lue  and pe r tu rba t ion  of s e a l  c learance .  

Assuming t h a t  t h e  r o t o r  i s  wh i r l i ng  along e l l i p t i c a l  o r b i t ,  Ti i s  repre-  
sen ted  a s  

QL v'= - Zi cos w t  cosy- 6 WL 



Then t h e  c ros s  s e c t i o n  a r e a  i n , t h e  i t h  gland i s  represented  a s  

As t h e  change of s t a t e  i n  t h e  gland i s  i s e n t r o p i c ,  t h e  fol lowing r e l a t i o n s  a r e  
obta ined;  

t h e r e f o r e  

S u b s t i t u t i n g  Eqs. (10) - ( 1 4 )  i n t o  Eqs. (1) and ( 2 ) ,  and denoting t h e  t ime 
d e r i v a t i v e  -&- and s p a t i a l  d e r i v a t i v e  & (: ) and ( *  ) ' , r e s p e c t i v e l y ,  t h e  
fol lowing equat ions  a r e  obta ined  f o r  t h e  i t h  s e a l  element;  



For t h e  n s t a g e  l a b y r i n t h  s e a l ,  Eqs . ( 15 ) and (16 ) a r e  represented  i n  mat r ix  form 

+ b*ms('f-wtj + G 2 [ - & ~ i n ( ~ + ~ t ) + & s i f l ( ~ - w t , , + ~ s ~ n  iy+wt) 

+ b+sin (Y -wt] + G3[g ,c~s(y+~t )  +8aos(y- ~~)-&,cos (y+wt) 

+ ebcos(?- w t j  + &[-80 sin (T + ( ~ t )  t &sin (y- w t )  + &,sin ( y  + 
+ &,sin (q-wt)]  

where P+~o = Po ( i n l e t  p re s su re )  and P*n = Pn ( o u t l e t  p re s su re ) .  

ANALYSIS 

Analysis of  Steady S t a t e  

S e t t i n g  t h e  pe r tu rba t ion  terms tj and ti  zero i n  Eqs. (15 )  and (16 )  i n  o rde r  
t o  ob ta in  t h e  p re s su re  and pe r iphe ra l  v e l o c i t y  of each s e a l  s t a g e  i n  s teady  
s t a t e ,  

qi+l= qi = 9, (18) 

As t h e  m u l t i  l a b y r i n t h  s t a g e  i s  considered a s  a s e r i a l  nozz le ,  t h e  a x i a l  flow 
r a t e  i n  t h e  s teady  s t a t e  i s  ob ta ined  a s  fol lows 

where PTL-, i s  t h e  pressure  of ( i - 1 ) t h  chamber which is  taken i n t o  account of 
draughty flow. The pressure  i s  given by Ref. ( 3 )  a s ;  

where A i i s  determined by t h e  shape of l a b y r i n t h  s e a l ;  - 

where C c  i s  c o e f f i c i e n t  of vena con t r ac t a .  
From t h e s e  equat ions,  s t a t e  v a r i a b l e s  i . e .  t h e  pressure  and flow r a t e  s a t i s f i e d  
t h e  equi l ibr ium condi t ion ,  i s  obtained by i t e r a t i n g  Eqs . ( l8 )  and (19 ) .  The 
p e r i p h e r a l  v e l o c i t y  i s  ob ta ined  by us ing  Eq. ( l9)  i n  t he  same manner. 



Analysis of Dynamic Force 

Referring to the left term in Eq.(17), the solutions are assumed as follows 

R = P * i + E i { ~ + i ~ i n ( ~ + ~ t ) + ~ + i ~ ~ ( ~ + ~ t ) + ~ - i ~ i n ( ~ - ~ t ) t ~ , ~ ~ ~ o s ( + ~ t ) ]  (23) 

C;=C*~+C* ; \E+~S~~ (q+ wt)+ F + ~ c o ~ ( ~ + ~ ~ J + E . , s ~ ~  (9-d)  t F.,COS((~+&} 
(2il) 

Representing the above coefficients in matrix form as 

the solution is written as; 

~ = $ ~ S ~ ~ ( ~ + O ~ ) + ~ ~ C O S ( ~ ~ W ~ ) + ~ ~ S ~ ~ ~ ( ~ - W ~ I + & C ~ S ( ( P - W ~ )  ( 2 5 )  

Substituting Eq.(25) into Eq.(17), and separating it to the elements cos((p+@t), 
sin(v+~t), cos((p-ot) and sin((p-~t), the coefficients are represented as 
follows ; 

CC,~$I 

-u)Tb~ -V! I  tAd l=G,&+G4e~+Gbbt+G~6b 
- (3ad2 +V& tMz=Ht ,~*+ &$at Hsb*+ H7Qb 
wT82 -VI/P, t Adz-H2at + Hltea+ Hlr b* + H l a O b  

where G I  N G8 and H I  - Hg are coefficient matrices which is composed of the 
matrices ,Q , and&. Solving Eqs. (26) ,(27) and Eqs. (28), (29) simultaneous- 
ly, 
d( ,  , ,&, ,d2 and p2 are obtained. Then velocity and pressure in the gland is 
calculated by substituting the coefficients into Eq.(23), and the flow induced 
force for whole seal is obtained by integrating the pressure for each gland. 
Representing the x and y direction force by Prand P3, 

The flow induced force F and phase angle from x axis are described as 

Spring coefficients and damping coefficients are obtained from Eqs.(30) and (31) 
in the following matrix form; 



When Eqs. ( 30) and ( 31) a r e  r e w r i t t e n  t o  Eq. ( 32) i n  t h e  above, t h e  fol lowing form 
i s  used a s  tL, 

'thL&h s inwt  + 4 7 i ~ b ~ ~ ~ ~ t +  t p - ~ b ~ i n w t  L 

Using t h e  above expression,  t h e  fol lowing r e l a t i o n s  a r e  obtained between coe f f i -  
c i e n t s ;  

Kxz= KjY Ke,u= Koyy K q  =-KP KexY=+%yx 
Cu=Cyj Ceu= Ceyy Czv=-C~x Caru=-Cerx 

NUMERICAL EXAMPLE AND DISCUSSIONS 

The l a b y r i n t h  s e a l  having t h r e e  t e e t h ,  which i s  shown - i n  F ig .2 ,  i s  used as 
a  numerical model. D e t a i l s  of t h e  l a b y r i n t h  s e a l  i s  shown i n  Table 1 and f o r  
t h e  parameter survey each element of s e a l  dimension i s  independently changed i n  
order  t o  i n v e s t i g a t e  t h e  inf luence  of i t s  s e a l  s i z e  on t h e  flow induced fo rce .  
I n  order  t o  eva lua te  t h e  s e a l  fo rce ,  c i r c u l a r  o r b i t  (a,  = b, i n  Eq. (17) )  a r e  
used a s  a  whi r l ing  of l a b y r i n t h  s e a l ,  and i t s  r ad ius  a, =O.lmm. For t h e  ca lcu la-  
t i o n  t h e  fol lowing equat ion i s  used a s  t h e  f r i c t i o n  c o e f f i c i e n t  between r o t o r  
and s t a t o r ;  
f o r  s t a t o r  su r f ace ;  

R ; ~  = 
D( U - C*L) 

V 
where D i s  wetted perimeter  l eng th  considered t h e  r o t a t i n g  Reynold's Number 

Rd; 1 2 00 , &= 64/ R$; , R;; 2 - I200 , At.= 0.3164 Re".'5 
f o r  r o t o r  su r f ace ;  

Rgi z D(U - C*;) u R;; < 1200, xi. = 64/~&, , g L 2  l200, A: = 0 . 3 / 6 4 @ " ~ ~  

Two methods a r e  used f o r  t h e  numerical c a l c u l a t i o n ,  one i s  t h e  method which i s  
shown i n  previous s e c t i o n ,  t h e  o the r  i s  one which i s  t h e  f i n i t e  d i f e r ence  method 
t h a t  w a s  proposed i n  R e f . ( l ) .  A t  f i r s t  ca l cu la t ed  r e s u l t s  f o r  t h e s e  two methods 
a r e  compared wi th  and a s  t h e  r e s u l t  it i s  known t h a t  t h e s e  two r e s u l t s  agree.  
Then parameter surveys of l a b y r i n t h  s e a l  a r e  c a r r i e d  out t o  s e e  t h e  inf luence  
on t h e  flow induced fo rce  which e x i t s  t h e  i n s t a b i l i t y .  

In  t h i s  paper c r i t i c a l  speed of a r o t o r  system i s  assumed t o  be 5 O O O  rpm, 
and r o t a t i n g  speed of t h e  r o t o r  i s  represented  i n  nondimensional expression a s  

W / w n ( u  ( rpm) : ro t a t ing  speed of t h e  r o t o r ) .  F and FA1 shown i n  f i g u r e s  mean t h e  
abso lu t e  value of t h e  fo rce  induced by l a b y r i n t h  s e a l  and i t s  phase angle  from x 
a x i s .  



a )  Accuracy of Two Calcula t ion  Method 
F ig .3  shows t h e  s p r i n g  c o e f f i c i e n t s  and damping c o e f f i c i e n t s  which a r e  

obta ined  by twomethodsi .e .  approximate method and f i n i t e  d i f f e r e n c e  method. In 
t h e  f i g u r e ,  f u l l  l i n e  and broken l i n e  show t h e  c o e f f i c i e n t s  f o r  i n l e t  p re s su re  Po 
= 1 9 6 . 1 3 ( ~ ~ a )  and 1 4 7 . 1 ( ~ ~ a )  r e s p e c t i v e l y  and o u t l e t  p re s su re  ~ n = 9 8 . 0 7 ( ~ p a )  which 
a r e  obta ined  by t h e  approximate method and doted l i n e  shows t h e  c o e f f i c i e n t  f o r  
i n l e t  p re s su re  po=196, 1 3 ( ~ ~ a )  and o u t l e t  p re s su re  p3=98. O ( K P ~ )  which i s  obta ined  
by t h e  f i n i t e  d i f f e r e n c e  method. Also s i g n  ( - )  on l i n e  means nega t ive  va lue .  
From t h i s  f i g u r e  f u l l  l i n e  and d o t t e d  l i n e  coincide very w e l l  so each c a l c u l a t i o n  
method has good accuracy. 

b )  Inf luence  of Def l ec t ion  of  Steady 
I n  t h i s  paper p re s su re ,  p e r i p h e r a l  v e l o c i t y  and flow r a t e  i n  s t eady  s t a t e  

a r e  i t e r a t i v e l y  ca l cu la t ed ,  however, Kostyuk and o t h e r  au thors  o b t a i n  them by 
another  method and t h e r e  a r e  some d i sc repanc ie s  between both s teady  s t a t e  
va lues .  Moreover, s teady  s t a t e  va lues  i n  f i e l d  and t h e  ca l cu la t ed  va lues  may 
have d iscrepancies .  So it i s  important t o  i n v e s t i g a t e  t h e  inf luence  of def lec-  
t i o n  from s teady  s t a t e  on t h e  accuracy of t h e  induced f o r c e .  Then Fig .4  shows 
t h e  flow induced f o r c e  and i t s  phase angle  when p re s su re  i s  a  l i t t l e  d e f l e c t e d  
from s teady  s t a t e  where t h e  number on l i n e s  correspond t o  t h e  number i n  Table 3. 
The c a l c u l a t e d  d a t a  a r e  shown i n  t a b l e  2. From t h e  c a l c u l a t e d  r e s u l t , i t  i s  
known t h a t  even i f  t h e  flow r a t e  i s  d e f l e c t e d  20% from t h e  s teady  s t a t e ,  flow 
induced fo rce  and phase angle  a r e  not  so i n f l u e n c e a a n d  t h e s e  curves become l i k e  
one l i n e ,  s o  t h i s  f i g u r e  i s  neglected.  On t h e  o t h e r  hand i f  t h e  p re s su re  i s  
d e f l e c t e d  0.5% from s teady  s t a t e  va lue ,  they  a r e  inf luenced very  much. Also it 
i s  known t h a t  t h e  induced fo rce  i s  not  inf luenced by r o t a t i n g  speed of  r o t o r  bu t  
i f  it i s  separa ted  t o  component, i n f luence  of r o t a t i n g  speed i s  remarkable a s  
shown i n  Fig.5.  From t h e  above d i scuss ions  it i s  concluded t h a t  i n  t h e  c a l c u l a t i o n  
of flow induced fo rce ,  s teady  s t a t e  va lues  must b e  c a l c u l a t e d  wi th  h igh  accuracy. 

c )  Inf luence  o f  P re s su re  Dif fe rence  Between I n l e t  and Out le t  
~ i g . 6  shows t h e  inf luence  of  p re s su re  d i f f e r e n c e  between i n l e t  and o u t l e t  

on t h e  flow induced f o r c e  when i n l e t  ( en t r ance )  p re s su re  i s  kept  cons tan t  value 
(209 atm) and o u t l e t  ( e x i t )  p re s su re  i s  changed. The f i g u r e  shows t h a t  a s  t h e  
o u t l e t  p re s su re  becomes l a r g e ,  i . e .  t h e  p re s su re  d i f f e r e n c e  between i n l e t  and 
o u t l e t  becomes s m a l l ,  t h e  flow induced fo rce  becomes small .  As t h e  flow r a t e  
dec reases ,  t h e  induced fo rce  p ropor t iona l ly  decreases .  

d )  In f luence  o f  Labyrinth S e a l  Radius 
Fig.7 shows t h e  in f luence  of l a b y r i n t h  s e a l  r ad ius  on t h e  flow induced 

f o r c e ,  where t h e  s e a l  r ad ius  i s  v a l i a b l e  and o the r  dimensions a r e  f i x e d  a t  
cons tan t  va lues .  Here flow r a t e  means t o t a l  flow r a t e  as shown i n  t h e  express ion;  

From t h e  f i g u r e  t h e  flow induced fo rce  propor t iona ly  inc reases  a s  t h e  s e a l  
r a d i u s  i nc reases .  Therefore, the flow induced fo rce  due t o  l a b y r i n t h  s e a l  can be  
e a s i l y  eva lua ted  by t h e  s i m i l a r i t y  l a w ,  when t h e  s e a l  r ad ius  i s  known. 

e )  Inf luence  of S e a l  Clearance 
F ig .8  shows t h e  r e l a t i o n  between s e a l  c learance  and t h e  flow induced f o r c e  

and t h e  leakage flow r a t e  ( leakage  mass flow r a t e  per  u n i t  l e n g t h ) ,  where a s  t h e  
c learance  inc reases ,  t h e  induced fo rce  F decreases  and t h e  flow r a t e  i nc reases  
p ropor t iona l ly .  



f )  Inf luence  of S e a l  P i t c h  
F ig .9  shows t h e  inf luence  of  s e a l  p i t c h  on t h e  flow induced fo rce ,  when 

s t r i p  he ight  i s  kept cons tan t .  From t h e  f i g u r e  it i s  known t h a t  as t h e  s e a l  
p i t c h  inc reases ,  t h e  induced force  inc reases ,  bu t  t h e  leakage flow r a t e  q  does 
not  so much changed. Thus t h e  l a r g e  p i t c h  i s  no t  good from t h e  view po in t  of 
t h e  flow induced fo rce .  

g )  Inf luence  of Number of  S e a l  Chamber 
Fig.10 shows t h e  in f luence  of chamber number on t h e  induced fo rce  and t h e  

leakage flow r a t e ,  where i n i e t  and o u t l e t  p re s su re  i s  cons tan t  and each chamber 
dimension i s  a l s o  same. From t h e  f i g u r e  t h e  induced f o r c e  inc reases  l i k e  hyper- 
b o l i c  a s  t h e  chamber number increas ing .  On t h e  o t h e r  hand leakage flow r a t e  
decreased l i k e  exponent ia l ly .  Therefore optimum number of  chambers may be 
determined when i n l e t  and o u t l e t  p ressure  a r e  known. 

h )  Inf luence  of  S e a l  S t r i p  Height 
~ i ~ . l l ( a ) ( b )  shows t h e  inf luence  of s e a l  s t r i p  he igh t .  I n  t h i s  case  t h e  

induced f o r c e ,  phase angle  and leakage flow r a t e  do not  in f luenced  so  much. But 
i f  t h i s  r e s u l t  i s  represented  i n  t h e  spr ing  and damping c o e f f i c i e n t s ,  t h e  i n f l u -  
ence due t o  t h e  s t r i p  he igh t  i s  remarkable. F ig  l l ( c )  shows t h e  sp r ing  c o e f f i c i e n t s  

kxx 
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i )  Inf luence  of Divergence and Convergence Type Labyrinth S e a l  
Fig.12 shows a  comparison of  s e a l  types ,  t h a t  ' i s ,  comparison of  s t r a i g h t  

through type ,  convergence type  and divergence type.  Tn t h i s  c a l c u l a t i o n  t h e r e  
i s  l i t t l e  d i screpancies  of t h e  flow r a t e  q ,  so i t s  f i g u r e  i s  neglected.  From 
F i g . l 2 ( a ) ,  it i s  known t h a t  t h e  flow induced f o r c e  f o r  t h e  convergence type  i s  
t h e  sma l l e s t  of a l l  and divergence type  i s  t h e  l a r g e s t  i n s p i t e  of t h e  same 
leakage flow r a t e .  From F i g . l 2 ( c ) ,  t h e  flow induced coupling s t i f f n e s s  kxz  i s  
s i m i l a r  c h a r a c t e r i s t i c s ,  but  convergence type i s  e x c e l l e n t  from the  viewpoint 
of s t a b i l i t y .  

CONCLUSION 

I n  t h i s  r e p o r t  t h e  flow induced fo rce  due t o  l a b y r i n t h  s e a l  which i s  some- 
t imes t h e  cause of  i n s t a b i l i t y  i s  s tud ied  f o r  t h e  s p e c i a l  model. That i s ,  t h e  
l a b y r i n t h  s e a l  of shroud of steam t u r b i n e  i s  used a s  an example and i t s  flow 
induced fo rce  and 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  t h e o r e t i c a l l y  ca lcu la-  
t e d  by two method. Then in f luences  o f  d e f l e c t i o n  of s teady  s t a t e ,  p re s su re  
d i f f e r e n c e  between i n l e t  and o u t l e t ,  l a b y r i n t h  s e a l  r a d i u s ,  s e a l  c learance ,  s e a l  
p i t c h ,  number of  s e a l  chamber and s e a l  s t r i p  he ight  on t h e  flow induced f o r c e  
and leakage flow r a t e  a r e  i nves t iga t ed .  As t h e  r e s u l t s ,  it i s  known t h a t  t h e  
above f a c t o r s  a r e  very i n f l u e n t i a l  on t h e  flow induced force .  However f u r t h e r  
t h e o r e t i c a l  and experimental i n v e s t i g a t i o n  a r e  r equ i r ed  i n  o rde r  t o  ob ta in  a  
more p r e c i s e  d e s c r i p t i o n  of l a b y r i n t h  s e a l  c h a r a c t e r i s t i c s .  
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T A B L E  1 .  - L A B Y R I N T H  S E A L  D I M E N S I O N S  F O R  N U M E R I C A L  E X A M P L E  

T A B L E  2 .  - GAS C O N D I T I O N  F O R  N U M E R I C A L  E X A M P L E  

SEAL RADIUS Rs 
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T A B L E  3 .  - D E F L E C T I O N  OF P R E S S U R E  A N D  FLOW R A T E  F R O M  S T E A D Y  S T A T E  
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P 3 
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19678.4 
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r o t o r  

Figure 1. - Cross section of labyrinth seal 
and definition of the coordinate. 

I n l e t  

Figure 2. - Labyrinth seal model 
for numerical example. 
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NONDIMENSIONAL FREQUENCY NONDIMENSIONAL FREQUENCY 

NONDIMENSIONAL FREQUENCY NOND IMENS IONAL FREQUENCY 

(d 

F i g u r e  3. - A c c u r a c y  o f  t w o  c a l c u l a t i n g  m e t h o d s  and i n f l u e n c e  o f  p r e s s u r e  
d i f f e r e n c e  b e t w e e n  inlet and outlet. 



I 0 1  
NONDIMENSIONAL FREQUENCY 

( b )  

F i g u r e  4 .  - I n f l u e n c e  o f  p r e s s u r e  d e f l e c t i o n  f r o m  s t e a d y  s t a t e  o n  

the  f l o w  i n d u c e d  f o r c e .  
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NONDIMENSIONRL FREQUENCY 

F i g u r e  5.  - I n f l u e n c e  o f  p r e s s u r e  d e f l e c t i o n  f r o m  s t e a d y  s t a t e  o n  
t h e  c r o s s  c o u p l i n g  s t i f f n e s s .  
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Q q 8 0  
EXIT PRESSURE 

F i g u r e  6. - I n f l u e n c e  o f  p r e s s u r e  d i f f e r e n c e  between inlet and outlet. 

( b )  

F i g u r e  7. - I n f l u e n c e  of labyrinth seal radius. 
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CLEARANCE d (mm) 

( a )  

F i g u r e  8. - I n f l u e n c e  o f  s e a l  c l e a r a n c e .  

, a 8  SERL PITCH L C m m )  

F i g u r e  9. - I n f l u e n c e  o f  s e a l  p i t c h  l e n g t h .  



NUMBER OF CHAMBER N 

(a) 

b i 2 i i i 6 i i 3 :  
NUMBER OF CHAMBER N 

(b) 

F j g u r e  10. - I n f l u e n c e  o f  n u m b e r  o f  s e a l  chamber. 

F i g u r e  11. - I n f l u e n c e  o f  s e a l  s t r i p  h e i g h t  o n  t h e  f l o w  i n d u c e d  
f o r c e  a n d  p h a s e  angle. 
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STRIP HEIGHT h(mrn) 

(c) 

F i g u r e  1 1 .  - I n f l u e n c e  o f  s e a l  s t r i p  
h e i g h t  o n  f l o w  i n d u c e d  c r o s s - c o u p l i n g  
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NONDIMENSIONAL FREQUENCY 

( b )  NONDIMENSIONAL FREQUENCY 

( c )  
F i g u r e  1 2 .  - I n f l u e n c e  o f  d i v e r g e n c e  a n d  c o n v e r g e n c e  t y p e  l a b y r i n t h  s e a l .  


