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S U M M A R Y  

The l i f e  e x p e c t a n c y  o f  r o t a r y  s e a l s  i n  downho le  m o t o r s  

depends on t e m p e r a t u r e  g e n e r a t e d  by  s l i d i n g  f r i c t i o n  as  w e l l  

as a m b i e n t  t e m p e r a t u r e .  Hea t  t r a n s f e r  c a l c u l a t i o n s  show t h a t  

s l i d i n g  f r i c t i o n  can  p r o d u c e  a s i g n i f i - c a n t  r i s e  i n  t e m p e r a t u r e  

a c r o s s  s e a l  a s s e m b l i e s ,  g r e a t  enough t o  d e t e r i o r a t e  t h e  s e a l  

m a t e r i a l  and c a u s e  p r e m a t u r e  f a i l u r e .  

Therma l  c o n d u c t i v i t i e s  o f  s e a l  m a t e r i a l s  and 

t h i c k n e s s e s  o f  s h a f t ,  s l e e v e ,  and h o u s i n g  a r e  m a j o r  d e s i g n  

f a c t o r s  i n f l u e n c i n g  s t e a d y  s t a t e  t e m p e r a t u r e  p r o f i l e s  a c r o s s  

s e a l  a s s e m b l i e s .  I n  g e n e r a l ,  s m a l l e r  d i m e n s i o n s  a n d  h i g h e r  

t h e r m a l  c o n d u c t i v i t i e s  a l l o w  t h e  f r i c t i o n  g e n e r a t e d  h e a t  t o  

d i s s i p a t e  a t  a l o w e r  t e m p e r a t u r e .  

A p a r a m e t e r  s t u d y  l e d  t o  an i m p r o v e d  r o t a r y  s e a l  

c o n f i g u r a t i o n  w h i c h  w i l l  s i g n i f i c a n t l y  l o w e r  peak  s e a l  t e m p e r -  

a t u r e s  i n  downho le  m o t o r s .  The d e s i g n  w i l l  c h a n n e l  d r i l l i n g  

mud n e a r  t h e  s l i d i n g  f r i c t i o n  s u r f a c e  f o r  b e t t e r  d i s s i p a t i o n  

o f  t h e  f r i c t i o n  g e n e r a t e d  h e a t .  P l a n s  a r e  b e i n g  made t o  

i n c o r p o r a t e  t h i s  improvemen t  i n t o  t h e  b e a r i n g  s e a l  t e s t  

a s s e m b l y  d e v e l o p e d  e a r l i e r  u n d e r  t h i s  c o n t r a c t  f o r  T e r r a  

Tek by M a u r e r  E n g i n e e r i n g .  

I t  i s  d o u b t f u l  t h a t  s e a l s  made o f  Buna-N w i l l  p e r f o r m  

s u c c e s s f u l l y  on  downho le  m o t o r s ,  e v e n  when used  i n  t h e  

i m p r o v e d  d e s i g n .  On t h e  o t h e r  hand, c a l c u l a t e d  maximum 

t e m p e r a t u r e s  a r e  w i t h i n  m a t e r i a l  l i m i a t a t i o n s  o f  G r a f o i l .  





BACKGROUND 

Two b a s i c  components o f  t u r b o d r i l l s  a r e . t h e  t u r b i n e  

s e c t i o n  and t h e  b e a r i n g  pack .  The t u r b i n e  s e c t i o n  c o n v e r t s  

h y d r a u l i c  h o r s e p o w e r ,  c a r r i e d  by  t h e  d r i l l i n g  mud, t o  

m e c h a n i c a l  power a t  t h e  d r i l l  b i t  i n  t h e  f o r m  o f  r o t a r y  

speed and b i t  t o r q u e .  T h r u s t  b e a r i n g s  i n  t h e  b e a r i n g  

p a c k  t r a n s f e r  a x i a l  t h r u s t ,  g e n e r a t e d  b y  a c o m b i n a t i o n  o f  

p r e s s u r e  d r o p  a c r o s s  t h e  t u r b i n e  b l a d e s  and b i t  w e i g h t ,  t o  

t h e  t u r b i n e  h o u s i n g  and d r i l l  c o l l a r s .  R a d i a l  b e a r i n g s  

i n  t h e  b e a r i n g  p a c k  c e n t r a l i z e  t h e  i n n e r  r o t a t i n g  s h a f t .  

F i g u r e  1 shows how t h e  t u r b i n e  s e c t i o n  and b e a r i n g  p a c k  

a r e  comb ined  t o  f o r m  a t u r b o d r i l l .  D r i l l i n g  mud e n t e r s  

a t  t h e  t o p  o f  t h e  t u r b i n e  s e c t i o n ,  i s  d i v e r t e d  t h r o u g h  t h e  
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F i g u r e  1 T u r b o d r i l l  Assembly 
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t u r b i n e  b l a d e s ,  and e x i t s  a t  t h e  b o t t o m  end o f  t h e  b e a r i n g  

pack .  T h e r e  i s  a p r e s s u r e  d r o p  a c r o s s  t h e  t u r b o d r i l l  and 

a n  a d d i t i o n a l  p r e s s u r e  d r o p  a c r o s s  t h e  d r i l l  b i t .  The 

d r i l l i n g  mud c l e a n s  and c o o l s  t h e  b i t  and f l o w s  b a c k  u p  

t h e  w e l l b o r e  i n  t h e  a n n u l a r  space be tween  t h e  t u r b o d r i l l  

and w e l l b o r e  w a l l .  

I f  t h e  b e a r i n g s  a r e  a l l o w e d  t o  o p e r a t e  i n  t h e  d r i l l i n g  

mud e n v i r o n m e n t ,  t h e i r  o p e r a t i n g  l i f e  i s  g r e a t l y  reduced .  

One d e s i g n  scheme f o r  p r o t e c t i n g  t h e s e  b e a r i n g s  f rom d r i l l i n g  

mud ( s e e  F i g u r e  2 )  I s  t o  o p e r a t e  t h e  b e a r i n g s  i n  l u b r i c a n t .  

The l u b r i c a n t  I s  p r e s s u r i z e d  by a f l o a t i n g  p i s t o n  w h i c h  i s  

d i s p l a c e d  by  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  b i t .  

A p r e s s u r e  s e a l  c o n t r o l s  l e a k a g e  f r o m  t h e  o i l  r e s e r v o i r  

and p r e v e n t s  d r i l l i n g  mud i n  t h e  a n n u l u s  f r o m  s e e p i n g  i n t o  

t h e  b e a r i n g s .  N o r m a l l y ,  t h e  b e a r i n g s  f a i l  s h o r t l y  a f t e r  t h e  

p r e s s u r e  s e a l  fails. 

DRILLING FLUID 

RADIAL BEARING 

THRUST BEARINGS 

SEAL 
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D e s i g n i n g  e f f e c t i v e  r o t a r y  s e a l s  has been a p r o b l e m  

f o r  s e v e r a l  y e a r s ,  and i n  many p i e c e s  o f  e q u i p m e n t  r o t a r y  

s e a l s  a r e  t h e  weakes t  component .  R e c o g n i z i n g  t h i s ,  t h e  

U . S .  D e p a r t m e n t  o f  E n e r g y / D i v i s i o n  o f  Geo the rma l  E n e r g y  

f u n d e d  a l a b o r a t o r y  s t u d y  o f  r o t a r y  s e a l s  i n  downho le  d r i l l -  

i n g  m o t o r s .  The t e s t  progra'm i s  s e t  up a t  T e r r a  Tek ( S a l t  

Lake  C i t y )  and i s  d e s i g n e d  t o  e s t a b l i s h  t h e  l i f e  e x p e c t a n c y  

o f  d i f f e r e n t  t y p e s  o f  r o t a r y  s e a l s .  H o p e f u l l y ,  t h e  s t u d y  

w i l l  l e a d  t o  a l o n g  l i f e  s e a l  f o r  downho le  m o t o r s .  

11,12 





TERRA TEK . S E A L  TESTER 

The T e r r a  Tek s e a l  . t e s t e r  u t i l i z e s  a r o t a t i n g  s h a f t  

and a s t a t i o n a r y  h o u s i n g  as  shown i n  F i g u r e  3 .  The 

s e a l s  o p e r a t e  a g a i n s t  a p o l i s h e d  wear  s l e e v e  p l a t e d  w i t h  

a h a r d  m a t e r i a l  s u c h  as chrome. T h e r m o c o u p l e s  p l a c e d  i n  

t h e  s l e e v e  and i n  t h e  h o u s i n g  a r e  used  t o  m o n i t o r  s e a l  

t e m p e r a t u r e s  d u r i n g  t h e  t e s t s .  The c o o l a n t  f l u i d  i n s i d e  

t h e  t e s t e r  f l o w s  a d j a c e n t  t o  t h e  i n s i d e  o f  t h e  s l e e v e ,  

c o n s e q . u e n t l y ,  no  h e a t  t r a n s f e r  t a k e s  p l a c e  a c r o s s  t h e  

s h a f t .  H e a t  is d i s s i p a t e d  more e f f e c t i v e l y  i n  t h e  seal 
t e s t e r  t h a n  i n  t h e  b e a r i n g  p a c k  where  t h e  h e a t  mus t  flow 
t h r o u g h  t h e  d r i v e  s h a f t  b e f o r e  It can  be c o n v e c t e d . b y  

t h e  mud i n s i d e  t h e  m o t o r .  F o r  a d e t a i l e d  d e s c r i p t i o n  

o f  t h e  t e s t e r  and a summary o f  t e s t  r e s u l t s ,  r e f e r  t o  

a n  e a r l i e r  r e p o r t  ( B l a c k  e t  a l . ,  1 9 7 8 ) ?  

13 
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B E A R I N G  S-EAL P A C K  

A s  s u b c o n t r a c t o r  t o  t h i s  p r o j e c t ,  Maure r  E n g i n e e r i n g  

d e s i g n e d  and b u i l t  t h e  b e a r i n g  s e a l  t e s t  a s s e m b l y  shown i n  

F i g u r e  2 .  C r o s s - s e c t i o n a l  d i m e n s i o n s  o f  t h e  s e a l  a s s e m b l y  

a r e  g i v e n  i n  F i g u r e  4 .  I t  i s  t h e  h e a t  t r a n s f e r  t h r o u g h  

t h i s  s e c t i o n  t h a t  was a n a l y z e d  and i s  c o v e r e d  i n  t h i s  

r e p o r t .  

CHROME 
PLATING - 

.007 THICK 

A I I I I 
2.25 2.500 3.555 I I I 3[ I 3 p  

F i g u r e  4 C r o s s - S e c t i o n a l  D i m e n s i o n s  
o f  B e a r i n g  Sea l  Assembly 
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S i n c e  t h i s  a s s e m b l y  was d e s i g n e d  and s u b m i t t e d  t o  

T e r r a  Tek,  much has been l e a r n e d  d u r i n g  t h e  p r o j e c t  a b o u t  

h e a t  g e n e r a t i o n  and t e m p e r a t u r e  d i s t r i b u t i o n  a c r o s s  r o t a r y  

s e a l  a s s e m b l i e s .  E x c e s s i v e  l o c a l  t e m p e r a t u r e  can  r e d u c e  

t h e  s t r e n g t h  o f  t h e  s e a l  m a t e r i a l  and i s  one  p o s s i b l e  c a u s e  

o f  f a i l u r e  i n i t i a t i o n  i n  r o t a r y  s e a l s .  We now know t h a t  i t  

i s  i m p o r t a n t  t o  d e s i g n  s e a l  a s s e m b l i e s  s o  t h a t  h e a t ,  caused  

by s l i d i n g  f r i c t i o n  be tween  s e a l  and s l e e v e ,  c a n  be removed 

by s u f f i c i e n t l y  l o w  t e m p e r a t u r e  g r a d i e n t s  w h i l e  k e e p i n g  s t e a d y  

s t a t e  t e m p e r a t u r e s  w i t h i n  a c c e p t a b l e  l i m i t s .  

I t  was shown e a r l i e r  ( D a r e i n g ,  1978)2 t h a t  c a l c u l a t i o n s  

based o n  a one d i m e n s i o n a l  h e a t  t r a n s f e r  model  gave  r e a s o n -  

a b l e  p r e d i c t i o n s  o f  t e m p e r a t u r e  p r o f i l e s  a c r o s s  r o t o r  s e a l  

a s s e m b l i e s .  T e m p e r a t u r e  p r o f i l e s  p r e d i c t e d  b y  t h e  one  

d i m e n s i o n a l  t h e o r y  compared f a v o r a b l y  w i t h  t e m p e r a t u r e s  

measured by  t h e r m o c o u p l e s  i n  t h e  T e r r a  Tek s e a l  t e s t e r .  

The c o m p u t e r  p r o g r a m  p r e s e n t e d  i n ' r e f e r e n c e  2 has  s i n c e  

been used  as  a d e s i g n  a i d  t o  d e t e r m i n e  t h e  a f f e c t s  o f  s e a l  

p r o f i l e s  and t h e  i n t e n s i t y  o f  maximum l o c a l  t e m p e r a t u r e  a t  

t h e  s l i d i n g  s e a l / s l e e v e  i n t e r f a c e .  Our s t u d y  has l e a d  t o  

a s e a l  assembty  w h i c h  Is an improvemen t  o v e r  t h e  o n e  shown 

i n  F i g u r e  4 .  
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T E M P E R A T U R E  CALCULATIONS 

H e a t  T r a n s f e r  F o r m u l a t i o n  

The t e m p e r a t u r e  p r o f i l e  a c r o s s  a s e a l  a s s e m b l y  depends 

o n  a m b i e n t  t e m p e r a t u r e ,  b o t h  I n s i d e  and o u t s i d e  t h e  a s s e m b l y ,  

as  w e l l  as t h e  r a t e  a t  w h i c h  h e a t  i s  b e i n g  g e n e r a t e d  a t  

t h e  s l i d i n g  s e a l / s l e e v e  i n t e r f a c e .  The r a t e  o f  h e a t  g e n e r a t i o n  

a t  t h e  s l i d i n g  s u r f a c e  i s  d e t e r m i n e d  by  

2nT'.S B t u l m i n  Q = m  
where  

T - F r i c t i o n  T o r q u e ,  f t - l b s  

N - R o t a r y  Speed, rpm 

N o t e  t h a t  f r i c t i o n  t o r q u e  Is 

T = V P c n  ( 2 n c ) c  

w h e r e  

p - c o e f f i c i e n t  o f  f r i c t i o n  

pc - s e a l / s l e e v e  c o n t a c t  p r e s s u r e ,  

11 - l e n g t h  o f  s e a l  c o n t a c t ,  i n c h e s  

c - r a d i a l  d i s t a n c e  t o ' s l i d i n g  s u r f a c e ,  i n c h e s  

p s i  

I n  g e n e r a l ,  t h i s  h e a t  i s  d i s s i p a t e d  by c o n d u c t i o n  

i n w a r d l y  t h r o u g h  t h e  s h a f t  and o u t w a r d l y  t h r o u g h  t h e  h o u s i n g ;  

d u r i n g  d r i l l i n g  t h e  h e a t  i s  c a r r i e d  away by d r i l l i n g  mud 

o n c e  i t  r e a c h e s  t h e  f l u i d  c o n t a c t  b o u n d a r i e s  o f  t h e  t u r b i n e .  

17 



F o l l o w i n g  t h e  one d i m e n s i o n a l  h e a t  t r a n s f e r  mode l ,  

h e a t  t r a v e l s  o n l y  i n  a r a d i a l  d i r e c t i o n  and t h e  t e m p e r a t u r e  

p r o f i l e  a c r o s s  each c y l i n d e r  ( s u c h  as s h a f t ,  s e a l ,  h o u s i n g )  

i s  d e f i n e d  by 

The b o u n d a r y  c o n d i t i o n  a t  t h e  s l i d i n g  i n t e r f a c e  f o r  t h e  s l e e v e  

w h i l e  t h e  b o u n d a r y  c o n d i t i o n  a t  t h e  s l i d i n g  i n t e r f a c e  f o r  

t h e  s e a l  i s  

I n  e q u a t i o n s  4 and 5 ,  t h e  s u b s c r i p t  2 r e f e r s  t o  t h e  s l e e v e  

w h i l e  t h e  s u b s c r i p t  3 ,  r e f e r s  t o  t h e  s e a l .  B o u n d a r y  c o n d i t i o n s  

a t  t h e  f l u i d  c o n t a c t  b o u n d a r i e s  a r e  a m b i e n t  t e m p e r a t u r e s .  

A s s u m p t i o n s  made on  t h e  one  d i m e n s i o n  h e a t  t r a n s f e r  model a r e  

1 .  The rma l  c o n d u c t i v i t i e s  a r e  i n d e p e n d e n t  o f  t e m p e r a t u r e  

2 .  Thermal  c o n d u c t i v i t y  o f  f l u i d  b o u n d a r y  l a y e r  i s  i g n o r e d .  

W h i l e  t h e  m a t h e m a t i c a l  model  i s  n o t  an  e x a c t  r e p r e s e n t -  

a t i o n  o f  r e a l i t y ,  i t  does g i v e  t e m p e r a t u r e  p r e d i c t i o n s  w h i c h  

compare f a v o r a b l y  w i t h  measured d a t a .  S i n c e  R e f e r e n c e  2 was 

w r i t t e n ,  t h e  c o m p u t e r  p r o g r a m  was expanded t o  i n c l u d e  f o u r  

c y l i n d r i c a d  l a y e r s  t o  a c c o u n t  f o r  

1 .  S h a f t  

2 .  S l e e v e  

3 .  S e a l  

4 .  H o u s i n g  

A s c h e m a t i c  o f  a t y p i c a l  t e m p e r a t u r e  p r o f i l e  i s  shown i n  

F i g u r e  5 .  



SHAFl 

RADIUS 

F i g u r e  5 S c h e m a t i c  o f . T e m p e r a t u r e  Profile 
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R e f e r e n c e  P a r a m e t e r s  

The s e a l  a s s e m b l y  ( F i g u r e  4 )  i n  t h e  b e a r i n g  p a c k  

has d i f f e r e n t  d i m e n s i o n s  f r o m  t h e  T e r r a  Tek s e a l  t e s t e r  

( F i g u r e  3 ) .  D i m e n s i o n s  o f  t h e  two s e a l  a s s e m b l i e s  a r e  

g i v e n  i n  T a b l e  1 .  

T a b l e  1 

Terra Tek Bearing Seal 
Seal Tester Assemb 1 y 

-?r 
Shaft Wall Thickness, inches 0 

Housing Wall Thickness, inches 1.125 

Radius t o  S l i d i n g  Surface, inches 2.5 
Seal Thickness, inches . 5  

Sleeve Thickness, inches 0.5611 
1.34 

0.25 

9 875 
2.5 
-5 

* E f f e c t i v e l y  zero since coolant contacts sleeve. 

To d a t e ,  s e a l  t e s t s  have been c o n d u c t e d  w i t h  an a v e r a g e  

c o o l a n t  f l u i d  t e m p e r a t u r e  o f  80OF. The o u t s i d e  t e m p e r a t u r e  

has been a d j u s t e d  s o  t h a t  t h e r m o c o u p l e  t e m p e r a t u r e ,  T g ,  ( s e e  

F i g u r e  3 )  i s  m a i n t a i n e d  a t  25OoF.  D u r i n g  t e s t s  o f  Buna-t i  

s e a l s ,  t h e  o u t s i d e  t e m p e r a t u r e  i s  a p p r o x i m a t e l y  e q u a l  t o  T3 

because  Buna-N - i n s u l a t e s  t h e  s e a l  h o u s i n g  f r o m  f r i c t i o n  h e a t .  

On t h e  o t h e r  hand,  d u r i n g  t e s t s  o f  G r a f o i l  s e a l s ,  t h e  o u t s i d e  

t e m p e r a t u r e  i s  much l e s s  t h a n  25OoF because G r a f o i l  c o n d u c t s  

f r i c t i o n  h e a t  t o  T 3 .  

D r i l l i n g  mud t e m p e r a t u r e  i n s i d e  and o u t s i d e  o f  a d o w n h o l e  

m o t o r  w i l l  t y p i c a l l y  be 1 8 0 ' ~  i n  h o t  g e o t h e r m a l  w e l l s  

(McDonald,  1 9 7 6 ) .  The mud r e a c h e s  h i g h e r  t e m p e r a t u r e s  as  i t  

f l o w s  up t h e  h o t  w e l l b o r e  a n n u l u s ,  b u t  t h i s  does  n o t  a f f e c t  

t h e  s e a l  t e m p e r a t u r e  i n  t h e  m o t o r .  

3 
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S e v e r a l  p a r a m e t e r s  c a n  be s e l e c t e d  a s  i n p u t  f o r  c o m p u t e r  

c a l c u l a t i o n  o f  t e m p e r a t u r e .  F o r  each  s e t  o f  c a l c u l a t i o n s  

o n l y  one  p a r a m e t e r  was v a r i e d  a t  a t i m e  w h i l e  t h e  o t h e r s  

w e r e  f i x e d .  The r e f e r e n c e  d e s i g n  p a r a m e t e r s  w e r e  t h e  same 

as  t h o s e  s e l e c t e d  f o r  t h e  b e a r i n g  s e a l  a s s e m b l y  ( F i g u r e  4 )  
w h i l e  t h e  r e f e r e n c e  o p e r a t i n g  p a r a m e t e r s  were  t h e  same as  

t h e  ones  measured f r o m  t h e  s e a l  t e s t e r ;  t h e  r e f e r e n c e  a m b i e n t  

t e m p e r a t u r e  f o r  t h e  b e a r i n g  s e a l  assemb ly  was 180°F. T a b l e s  1 

and 2 summar ize t h e  r e f e r e n c e  p a r a m e t e r s .  
I 
1 

TABLE 2 

R E F E R E N C E  P A R A M E T E R S  FOR COMPUTER CALCULATIONS 

Rotary Speed (rpm) 

Seal Pressure Drop ( p s i )  

F r i c t i o n  Torque ( f t - l b s )  

F r i c t i o n  Power (hp) 

Shaft Thermal Conduct iv i ty 
(Btu/hr/ f t / "F) 

Sleeve Thermal Conduct iv i ty 
(Btu/hr/ f t / "F) 

G r a f o i l  Seal Thermal Conduct iv i ty 
(Btu/hr/ f  t/'F) 

Buna-N Seal Thermal Conduct iv i ty 
(Btu/hr/ f  t/'F) 

Inner F l u i d  Mud Temperature Ta ( O F )  

Outer F l u i d  Temperature Te (OF) 

** 

** 

SEAL 
TESTER 

21 2 

1,500 

50" 

2 

25 

25 

80 

0.1 

80 
**t 

BEAR I NG 
P A C K  

21 2 

1,500 

50* 

2 

25 

25 

80 

0.1 

180 

180 

* 50 f t - l b s  per seal ** Steel 
*** Varied t o  maintain T g  a t  25OoF 
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P R E D I C T E D  T E M P E R A T U R E S  IN S E A L  T E S T E R  

T e m p e r a t u r e  p r o f i l e s  g i v e n  i n  t h i s  s e c t i o n  a r e  r e p r o d u c e d  

f r o m  r e f e r e n c e  2 f o r  c o m p a r i s o n  w i t h  t e m p e r a t u r e  p r o f i l e s  

p r e d i c t e d . f o r  t h e  b e a r i n g  pack  s e a l  a s s e m b l y .  A s  shown i n  

r e f e r e n c e  2 ,  t h e s e  c a l c u l a t e d  t e m p e r a t u r e s  compare f a v o r a b l y  

w i t h  t e m p e r a t u r e s  measured i n  t h e  s e a l  t e s ' t e r .  

F i g u r e  6 shows t h a t  a maxlmum s e a l  t e m p e r a t u r e  o f  535°F  

i s  g e n e r a t e d  a t  t h e  s l i d i n g  i n t e r f a c e  be tween  t h e  s e a l  a n d  

t h e  wear  s l e e v e .  T h i s  t e m p e r a t u r e  i s  much h i g h e r  t h a n  t h e  

35OoF t e m p e r a t u r e  a t  w h i c h  Buna-N d e t e r i o r a t e s  and i s  c o n s i s t e n t  

w i t h  t h e  s e v e r e  d e t e r i o r a t l o n  o f  t h e  Buna-N s e a l s  o b s e r v e d  

d u r i i g  t h e  t e s t s .  I n  some t e s t  cases ,  t h e  s e a l s  w e r e  v u l c a n i z e d  

t o g e t h e r  t o  t h e  e x t e n t  t h a t  t h e y  c o u l d  n o t  b e  p u l l e d  a p a r t .  

F i g u r e  6 shows t h a t  r e d u c i n g  t h e  s e a l  c o e f f i c i e n t  o f  f r i c t i o n  

by S O % ,  ( i . e . ,  r e d u c i n g  t h e  f r i c t i o n  l o s s e s  f r o m  2 h p  t o  1 hp)  

w o u l d  r e d u c e  t h e  s e a l  t e m p e r a t u r e  f r o m  5 3 5 ° F  t o  3 0 8 0 ~ .  

2 3  
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Figure 6 Buna-ti Seal Temperatures i n  Seal Tester 



P R E D I C T E D  TEMPERATURES I N  B E A R I N G  SEAL P A C K  

C a l c u l a t i o n s  show t h a t  t h e  t e m p e r a t u r e s  i n  t h e  

b e a r i n g  s e a l  p a c k  w i l l  be much h i g h e r  t h a n  t h e  t e m p e r a t u r e s  

i n  t h e  s e a l  t e s t e r  ( F i g u r e  7 ) .  The c o m p u t e r  model p r e d i c t s  

a peak  t e m p e r a t u r e  o f  1,950"F i n  t h e  b e a r i n g  s e a l  a s s e m b l y  

compared t o  a peak  t e m p e r a t u r e  o f  535°F i n  t h e  s e a l  t e s t e r .  

T h i s  h i g h  s e a l  t e m p e r a t u r e  i s  p r o d u c e d  because  h e a t  m u s t  

f l o w  t h r o u g h  t h e  s h a f t  i n  t h e  b e a r i n g  p a c k  whereas i t  does 

n o t  i n  t h e  s e a l  t e s t e r  because  f l u i d  f l o w s  a d j a c e n t  t o  

t h e  wear  s l e e v e  i n  t h e  t e s t e r .  The h i g h  s e a l  t e m p e r a t u r e  

i n d i c a t e s  t h a t  t h e  s e a l  w i l l  f a i l  much f a s t e r  i n  t h e  

b e a r i n g  p a c k  t h a n  i n  t h e  s e a l  t e s t e r .  -- I t  i s  t h e r e f o r e  

c r i t i c a l  t h a t  t h e  b e a r i n g  p a c k  be m o d i f i e d  --- so t h a t  t h e  

s e a l  t e m p e r a t u r e s  -- w i l l  be r e d u c e d  - t o  a c c e p t a b l e  l i m i t s .  

The o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  a n a l y z e  t h e  v a r i o u s  

p a r a m e t e r s  t h a t  a f f e c t  s e a l  t e m p e r a t u r e  i n  t h e  b e a r i n g  

p a c k  and t o  make recommenda t ions  o n  how t o  r e d e s i g n  t h e  

e x i s t i n g  b e a r i n g  p a c k  t o  r e d u c e  s e a l  t e m p e r a t u r e s .  

-- 
- 
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F i g u r e  7 B u n a - N  S e a l  T e m p e r a t u r e  
( 5 0  f t - l b s ,  212 r p m )  



Effect of Seal Material 

Seal temperature is highly dependent upon the thermal 
conductivity of the seal material because any friction 
heat that flows to the outside of the tool mugt flow through 
the seal. Figure 8 shows the effect of the two different 
thermal conductivities on temperature profiles for the 
bearing pack assembly. Buna-N has a thermal conductivity 

of .1  Btu/hr/ft/"F compared to 80 Btu/hr/ft/"F for Grafoil. 

An increase in the thermal conductivity b y  a factor of 
800 reduces maximum seal temperature in the bearing seal 
pack from 1,950"F to 607°F. The improved heat flow is one 

of the important advantages of using Grafoil as a seal 

material. Another advantage is that Grafoil is 99+ percent 
carbon and can operate at temperatures in excess of 
1,OOO"F compared to the 350°F limitation of Buna-N rubber. 
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F i g u r e  8 B e a r i n g  P a c k  Assembly  S e a l  T e m p e r a t u r e s  
(SO f t - l b s ,  2 1 2  rprn) 



E f f e c t  o f  S h a f t  W a l l  T h i c k n e s s  

Q A s  shown e a r l i e r ,  e x c e s s i v e  s e a l  t e m p e r a t u r e s  w i l l  

be p r o d u c e d  i n  t h e  b e a r i n g  p a c k  because  o f  l o w  h e a t  f l o w  

t h r o u g h  t h e  m o t o r  s h a f t .  F i g u r e  9 shows t h a t  t h e  Buna-N 

s e a l  t e m p e r a t u r e  c a n  be r e d u c e d  f r o m  1,950"F t o  370°F 

by r e d u c i n g  t h e  s h a f t  t h i c k n e s s  f r o m  1 . 3 4  i n c h e s  t o  z e r o .  

A d e s i g n  shown l a t e r  c a n  e f f e c t i v e l y  r e d u c e  t h e  s h a f t  

t h i c k n e s s  t o  z e r o  by  f l o w i n g  d r i l l i n g  mud n e x t  t o  t h e  

wear  s l e e v e ,  t h e r e b y  r e d u c i n g  t h e  s e a l  t e m p e r a t u r e  t o  

3 7 O o F .  

One c o n c l u s i o n  f r o m  t h e s e  d a t a  Is t h a t  even  w i t h  o n l y  

a . 2 5  i n c h  s t e e l  s l e e v e ,  ( ! . e . ,  z e r o  s h a f t  t h i c k n e s s )  

maximum t e m p e r a t u r e  exceeds  t h e  3 5 0 ° F  a l l o w a b l e  o p e r a t i n g  

t e m p e r a t u r e  o f  Buna-N. S e a l s  made o f  Buna-N have  t h e r e -  

f o r e  l i t t l e  chance  o f  w o r k i n g  as  r o t a r y  s e a l s  i n  d o w n h o l e  

m o t o r s .  T h i s  i s  c o n s i s t e n t  w i t h  p a s t  e x p e r i e n c e  as 

r e s e a r c h e r s  have been u n s u c c e s s f u l l y  a t t e m p t i n g  t o  use  

v a r i o u s  t y p e s  o f  r o t a r y  s e a l s  c o n t a i n i n g  Buna-N r u b b e r  

s i n c e  t h e  m i d  1 9 2 0 ' s .  
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Figure 9 Effect o f  Shaft Thickness on Buna-M 
Bearing Pack Seal Temperatures 



Figure 10 shows t h a t  the bearing pack Grafoil seal 
temperature can be reduced from 6 0 7 O F  to 321°F b y  reducing 

the shaft thickness from 1.34 to zero inches. Changes in 
shaft thickness have less affect on the Grafoil seal temper- 
ature than on Buna-N seal temperature because more heat 
flows through Grafoil a n d  across the housing to the d r i l l -  
ing m u d  in the annulus. 

Peak temperature data from Figure 9 and 10 are summarized 
in Figure 1 1 .  The intersection o f  the dashed line with 

the two curves identifies peak temperature corresponding 
to each seal material when used in the bearing seal 

assembly (Figure 4). 
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F i g u r e  10 E f f e c t  o f  S h a f t  T h i c k n e s s  on G r a f o i l  
B e a r i n g  Pack S e a l  T e m p e r a t u r e s  
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Figure 1 1  Effect of Shaft Thickness on Bearing 
Pack Peak Seal Temperatures 
( S O  ft-lbs, 212 rpni) 
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Effect of Ambient Temperature 

Ambient temperature chosen for the previous 
calculations Is 1 8 0 ~ ~ .  Changes in ambient temperature 
have the effect o f  shifting the entire temperature profile 
by the incremental temperature change; the temperature 

profile is not distorted. For a given rate of  heat 
generation, all temperature gradients will be the same 
for each ambient temperature condition. This point is 
illustrated b y  the computer data plotted in Flgure 12. 



I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

1 2 3 ' 4  
RADIAL DISTANCE - INCHES 

5 

Figure 12 Effect o f  M u d  Temperature on Bearing Pack 
Grafoil Seal Temperatures 
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E f f e c t  o f  R o t a r y  Speed 

?he r a t e  a t  w h i c h  h e a t  i s  g e n e r a t e d  a t  t h e  s l t d i n g  

s u r f a c e  i s  p r o p o r t i o n a l  t o  r o t a r y  speed and f r i c t i o n  

t o r q u e  ( E q u a t i o n  1 ) .  T o r q u e  i s  p r o p o r t i o n a l  t o  s e a I / s h a f t  

c o n t a c t  p r e s s u r e  and c o e f f i c i e n t  o f  f r i c t i o n  ( E q u a t i o n  2 ) .  

C a l c u l a t i o n s  show t h a t  peak t e m p e r a t u r e  i n c r e a s e s  l i n e a r l y  

w i t h  e a c h  o f  t h e s e  p a r a m e t e r s ,  

F o r  example,  t h e  maximum t e m p e r a t u r e  i n  a G r a f o i l  seal 
i n c r e a s e s  l i n e a r l y  f r o m  18OOF t o  1,380°F as t h e  r o t a r y  s p e e d  

i s  I n c r e a s e d  f r o m  0 t o  600 RPM ( F i g u r e  1 3 ) .  A t  z e r o  r o t a r y  

speed,  t e m p e r a t u r e  i s  u n i f o r m  t h r o u g h  t h e  s e a l  a s s e m b l y .  

These c u r v e s  show why Buna-N s e a l s  have n e v e r  been  s u c c e s s f u l  

i n  h i g h - s p e e d  d r i l l i n g  m o t o r s  (300 t o  1000 R P M ) .  
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E f f e c t  o f  P r e s s u r e  Drop  

Sea l  f r i c t i o n  t o r q u e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  

t h e  c o n t a c t  p r e s s u r e ,  p c ,  be tween t h e  s e a l  and t h e  

r o t a t i n g  s l e e v e  ( E q u a t i o n  2 ) .  E x p e r i e n c e  has shown 

t h a t  r o l l e r  b i t  s e a l s + a n d  o t h e r  downho le  r o t a r y  s e a l s  

u n d e r g o  e s s e n t i a l l y  n o  wear due t o  t h e  h y d r o s t a t i c  p r e s -  

s u r e  i n  t h e  w e l l b o r e  and t h a t  t h e  s e a l  wear  i s  d i r e c t l y  

r e l a t e d  t o  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  s e a l .  The 

a s s u m p t i o n  i s  t h e r e f o r e  made t h a t  t h e  c o n t a c t  p r e s s u r e ,  

be tween t h e  s e a l  and wear s l e e v e  v a r i e s  as :  
p C  , 

= b p  ( 6 )  
p C  

where  Ap i s  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  b i t .  I t  was 

shown e a r l i e r  t h a t  1,500 p s i  p r e s s u r e  d r o p  p r o d u c e d  a ' 

t o r q u e  o f  50 f t - l b s .  The f r i c t i o n  t o r q u e  a t  l o w e r  p r e s -  

s u r e  d r o p s  w i l l  t h e r e f o r e  a p p r o x i m a t e l y  e q u a l :  

T h i s  r e l a t i o n s h i p  has  been used  t o  g e n e r a t e  t h e  c u r v e s  

i n  F i g u r e s  1 4  - 16 .  These c u r v e s  show t h a t  r e d u c i n g  t h e  

p r e s s u r e  d r o p  a c r o s s  t h e  Buna-N s e a l s  f r o m  1,500 p s i  t o  

375 p s i  r e d u c e s  t h e  peak  s e a l  t e m p e r a t u r e  f r o m  1,950"F 

t o  622°F- ( F i g u r e  1 4 ) .  R e d u c i n g  t h e  p r e s s u r e  d r o p  a c r o s s  

t h e  G r a f o i l  s e a l s  f r o m  1,500 p s i  t o  375 p s i  r e d u c e s  

t h e  t e m p e r a t u r e  f r o m  607°F t o  285°F ( F i g u r e  1 5 ) .  These 

c u r v e s  show why m o t o r s  u t i l i z i n g  Buna-N s e a l s  a r e  c u r r e n t l y  

l i m i t e d  t o  b i t  p r e s s u r e  d r o p s  o f  100 t o  300 p s i .  

I n  R e f e r e n c e  2 ,  pc was assumed t o  be 1,000 p s i  when 

t h e  p r e s s u r e  d r o p  a c r o s s  t h e  s e a l  was 1,500 p s i  (pc  - 2 / 3  A p ) .  
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F i g u r e  1 4  E f f e c t  o f  P r e s s u r e  Drop on 
Buna-N S e a l  T e m p e r a t u r e  
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T h i s  c o n t a c t  p r e s s u r e  s a t i s f i e s  E q u a t i o n  2 when - 0.0695 
and t h e  f r i c t i o n  t o r q u e  i s  5 0  f t - l b s .  A s  s t a t e d  above,  

we a r e  assuming  i n  t h i s  r e p o r t -  t h a t  t h e  c o n t a c t  p r e s s u r e  

and t h e  p r e s s u r e  d r o p  a c r o s s  t h e  s e a l  a r e  e q u a l  ( E q u a t i o n  6 ) .  
T h i s  c o r r e s p o n d s  t o  a c o e f f i c i e n t  o f  f r i c t i o n  o f  0.0463 
w i t h  5 0  f t - l b s  t o r q u e .  The t e m p e r a t u r e  p r o f i l e s  a r e  

i d e n t i c a l  i n  b o t h  r e p o r t s  because t h e  f r i c t i o n  t o r q u e s  

were e q u a l .  
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SIMULATING DOWNHOLE C O N D I T I O N S  W I T H  SEAL TESTER 

Our c a l c u l a t i o n s  show t h a t  t h e  maximum t e m p e r a t u r e  i n  

r o t a r y  s e a l  o c c u r s  a t  t h e  s e a l / s h a f t  s l i d i n g  i n t e r f a c e .  

T h i s  i s  a l s o  t h e  l o c a t i o n  where  s h e a r  s t r e s s e s  a r e  g e n e r a t e d  

and i s  no  d o u b t  t h e  p o i n t  w h e r e  s e a l  f a i l u r e  o r i g i n a t e s .  

I n  o r d e r  t o  s i m u l a t e  d o w n h o l e  o p e r a t i o n  c o n d i t i o n s  o n  

a s e a l  w i t h  t h e  s e a l  t e s t e r ,  i t  i s  i m p o r t a n t  t o  e s t a b l i s h  

s i m i l a r  i n t e r f a c e  t e m p e r a t u r e s  and f r i c t i o n  t o r q u e s .  F o r  

example,  t h e  t e m p e r a t u r e  p r o f i l e  w i t h  a G r a f o i l  s e a l  c o r r e s p o n d -  

i n g  t o  t h e  b e a r i n g  s e a l  a s s e m b l y  ( F i g u r e  4) i s  shown i n  

F i g u r e  17  a l o n g  w i t h  t h e  t e m p e r a t u r e  p r o f i l e  f o r  t h e  same 

r o t a r y  speed and f r i c t i o n  t o r q u e  i n  t h e  T e r r a  Tek s e a l  t e s t e r  

( F i g u r e  3 ) .  The maximum t e m p e r a t u r e s  a t  t h e  s l i d i n g  i n t e r f a c e  

a r e  d i f f e r e n t  f o r  t h e  two  s e a l  c o n f i g u r a t i o n s  because  b o u n d a r y  

t e m p e r a t u r e s  and w a l l  t h i c k n e s s e s  a r e  d i f f e r e n t .  However,  

t h e  T e r r a  Tek t e s t e r  can  c r e a t e  t h e  downho le  maximum temp- 

e r a t u r e  by i n c r e a s i n g  r o t a r y  speed i n  t h e  t e s t e r  f r o m  212 rprn 

t o  410 rpm. The dashed p r o f i l e  i n  F i g u r e  17  shows t h a t  t h e  

i n t e r f a c e  t e m p e r a t u r e  i n  t h e  l a b o r a t o r y  t e s t  w i l l  be  t h e  

same as t h e  i n t e r f a c e  t e m p e r a t u r e  i n  t h e  b e a r i n g  s e a l  a s s e m b l y .  

T h i s  s i m u l a t i o n  depends o n  t h e  f r i c t i o n  t o r q u e  b e i n g  f a i r l y  

i n d e p e n d e n t  o f  r o t a r y  speed.  Sea l  wear  i s  n o t  mode led  by 

t h i s  s i m u l a t i o n .  L o c a l  s h e a r  s t r e s s  and t e m p e r a t u r e s  a r e .  

The s e a l  t e s t e r  was d e s i g n e d  w i t h  a h e a t i n g  e l e m e n t  

a r o u n d  t h e  h o u s i n g  f o r  t h e  p u r p o s e  o f  m a i n t a i n i n g  a f i x e d  

t e m p e r a t u r e  i n  l o c a t i o n  T3 ( F i g u r e  3 ) .  The t h e r m o c o u p l e  T3 

n e a r  t h e  o u t s i d e  s u r f a c e  o f  t h e  s e a l  i s  m a i n t a i n e d  a t  a g i v e n  

l e v e l .  The c o n t r o l  t e m p e r a t u r e  a t  T 3  has  been s e t  a t  250°F 
f o r  t h e  t e s t  r u n s .  
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A s i m u l a t i o n  t e s t  has mean ing  o n l y  w i t h  r e g a r d  t o  

G r a f o i l  s e a l s .  I n  w h i c h  case  i t  w i l l  be n e c e s s a r y  t o  

u n c o u p l e  t h e  t e m p e r a t u r e  c o n t r o l  mechanism s o  t h a t  t h e  

t e m p e r a t u r e  a t  l o c a t i o n ,  T 3 ,  c a n  s e e k  i t s  own l e v e l .  The 

o u t s i d e  s u r f a c e  o f  t h e  h o u s i n g  can  be exposed  t o  room 

t e m p e r a t u r e .  

A l t e r n a t i v e l y ,  t h e  o u t s i d e  s u r f a c e  o f  t h e  h o u s i n g  

c a n  be e l e v a t e d  w i t h  t h e  h e a t i n g  e l e m e n t  i n  o r d e r  t o  

r e d u c e  t h e  r o t a r y  speed r e q u i r e d  t o  g e n e r a t e  t h e  downho le  

maximum s e a l  t e m p e r a t u r e  i n  t h e  s e a l  t e s t e r .  
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Figure 17 Simulating Bearing Seal Assembly 
Temperatures in Seal Tester 
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R E C O M M E N D E D  B E A R I N G  P A C K  D E S I G N  

A 

The p r e v i o u s  s e c t i o n  showed t h a t  peak t e m p e r a t u r e s  

a r e  s m a l l e s t  when s h a f t  w a l l  t h i c k n e s s  i s  z e r o .  However ,  

t h e  0 .25  i n c h  t h i c k  s l e e v e  a l o n e  w o u l d  n o t  be  s t r o n g  

enough t o  t r a n s m i t  t h e  r e q u i r e d  t o r q u e  and t h r u s t  t o  t h e  

d r i l l  b i t .  I t  i s  p o s s i b l e  t o  a c h i e v e  t h e  same h e a t  f l o w  

c o n d i t i o n s  t h r o u g h  t h e  s l e e v e  w h i l e  m a i n t a i n i n g  an  i n n e r  

s h a f t  by  c h a n n e l i n g  t h e  d r i l l i n g  f l u i d  t o  t h e  s l e e v e  as 

shown i n  F i g u r e  18. T h i s  c o n c e p t  was d e v e l o p e d  by  Dave 

Nage l  w i t h  M a u r e r  E n g i n e e r i n g .  I t  w o u l d  be n e c e s s a r y  t o  

i n s e ’ r t  a choke  or r e s t r i c t i o n  i n  t h e  s h a f t  t o  d e v e l o p  a 

s m a l l  p r e s s u r e  d r o p  (e.g. ,  5 t o  10 p s i )  a c r o s s  t h e  

c h a n n e l  t o  f o r c e  f l u i d  f l o w  p a s t  t h e  s l e e v e .  T o r q u e  and 

b i t  w e i g h t  w o u l d  be c a r r i e d  by t h e  s h a f t ,  a l l o w i n g  t h e  

s l e e v e  t o  accommodate t h e  s l i d i n g  f r i c t i o n  and h e a t  f l o w .  

The t e m p e r a t u r e s  p r o d u c e d  w i t h  t h i s  d e s i g n  w o u l d  c o r r e s p o n d  

t o  t h e  z e r o  s h a f t  t h i c k n e s s  dashed  c u r v e s  i n  F i g u r e  9 
and 10. 
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F i g u r e  18 Recommended B e a r i n g  Pack D e s i g n  



The peak s e a l  t e m p e r a t u r e s  c o u l d  be f u r t h e r  r e d u c e d  

b y  u s i n g  a m a t e r i a l  w i t h  h i g h  t h e r m a l  c o n d u c t i v i t y  f o r  

t h e  s l e e v e  ( F i g u r e  19) .  The e a r l i e r  c u r v e s  a l l  c o r r e s p o n d  

t o  s t e e l  s h a f t s  and s t e e l  s l e e v e s .  W h i l e  t h e r e  i s  some 

r e d u c t i o n  i n  peak t e m p e r a t u r e s  w i t h  t h e  h i g h e r  t h e r m a l  

c o n d u c t i v e  s l e e v e s ,  t h e  improvemen t  does n o t  a p p e a r  t o  be  

s u f f i c i e n t  t o  w a r r a n t  s u b s t i t u t i n g  p h o s p h o r  b r o n z e  o r  

b e r y l l i u m  c o p p e r  f o r  s t e e l  i n  t h e  s l e e v e s .  F i g u r e  1 3  a l s o  

shows t h a t  i f  b r a s s  i s  s e l e c t e d  as b u s h i n g  m a t e r i a l  t h e r e  

i s  l i t t l e  d i f f e r e n c e  be tween  peak  t e m p e r a t u r e s  f o r  Buna-N 

and G r a f o i l  b e c a u s e  n e a r l y  a l l  o f  t h e  h e a t  f l o w s  t o  t h e  

d r i l l i n g  f l u i d  i n s i d e  t h e  s h a f t  t h r o u g h  t h e  s l e e v e  and v e r y  

l i t t l e  escapes  t o  t h e  o u t s i d e  t h r o u g h  t h e  h o u s i n g .  

A h i g h l y  c o n d u c t i v e  s l e e v e  (e.g. ,  b e r y l l i u m  c o p p e r )  

u s e d  w i t h  t h e  s l e e v e  and  s h a f t  a r r a n g e m e n t  shown i n  F i g u r e  4 
w o u l d  n o t  s u b s t a n t i a l l y  r e d u c e  peak  t e m p e r a t u r e s  because  t h e  

t h e r m a l  c o n d u c t i v i t y  o f  t h e  1 . 3 4  i n c h  t h i c k  s t e e l  s h a f t  

d o m i n a t e s  t h e  o v e r a l l  t h e r m a l  c o n d u c t i v i t y  o f  t h e  s l e e v e / s h a f t  

comb i n a t  i on .  
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CONCLUSIONS & RECOMMENDATIONS 

The following conclusions were reached as a result 

of th,is study: 

1. Rotay seals containing Buna-N rubber will not 
work in downhole motors because the seal tem- 
peratures exceed the 300 to 350°F temperature 
limitation of the Buna-N rubber. 

2. Seal temperatures in the bearing pack will be much 
higher than those in the seal tester because the 
bearing pack shaft severely restricts heat flow 
from the seal. 

3. Seal temperatures in Grafoil seals are much lower 
than in Buna-N seals because the higher thermal 
conductivity of the Grafoil seal allows more heat 
to flow t h r o u g h  the seal to the m u d  in the wellbore 
annulus. A t  212 r p m  and 1,500 psi pressure drop, 
the bearing pack Grafoil seal peak temperature is 
.607"F compared to 1,950"F for the Buna-N seal. 

4. Seal temperature increased rapidly with increased 
rotary speed and with increased pressure drop 
across the seal. For example, the Grafoil seal 
temperature increased from 784°F to 1,388"F a s  
the rotary speed is increased from 300 to 600 r p m  
and from 393°F to 607°F  as the pressure drop is 
increased from 750 to 1,500 psi. 

5. Allowing d r i l l i n g  f l u i d  to flow between the shaft 
and wear sleeve will reduce the temperature of 
the Grafoil seal from 607°F to 321°F when operating 
at 212 rpm and 1,500 psi pressure drop. 

6. Future emphasis should be placed on developing 
Grafoil seals because of their high-temperature 
capabilities and good thermal conductivity. 

allow drilling m u d  to flow adjacent to the wear 
sleeve in order to reduce seal temperature. 

7. The existing bearing pack should be redesigned to 
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