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IMPROVEMENTS I N  ROTARY SEALS FOR DOWNHOLE MOTORS I N  GEOTHERMAL APPLICATIONS 

James G. Wilson; P.E., Gordon A. T ibb i t t s ,  Alan D. Black 

Terra Tek, Inc., 420 Wakara Way, S a l t  Lake City, Utah 84108 

ABSTRACT 

The major l i m i t a t i o n  o f  downhole mud motors 
f o r  geothermal we l l  d r i l l i n g  as we l l  as s t ra igh t -  
hole and o i l  we l l  d r i l l i n g  i s  the bearing section. 
Reduced bearing l i f e  has been a d i r e c t  r e s u l t  o f  
the i n a b i l i t y  t o  seal l ub r i can t  i n  the bearing sec- 
t ion .  A r e l i a b l e  r o t a r y  seal i s  needed t o  extend 
bearing l i f e  and t o  al low h igh  pressure drops a- 
cross the  d r i l l  b i t  f o r  improved bottomhole clean- 
i ng  and increased d r i l l i n g  ra te .  The endurance o f  
"high temperature" ro ta ry  seal candidates i s  being 
measured i n  a f u l l - s c a l e  laboratory seal t e s t e r  ca- 
pable o f  s imulat ing the  pressures and temperatures 
o f  geothermal we l l  d r i l l i n g .  A descr ip t ion  o f  t he  
cu r ren t l y  most successful "high temperature" seals 
and seal t e s t  resu l t s  and f ind ings  are presented. 

Work performed f o r  t he  U.S. Department o f  
Energy/Division o f  Geothermal Energy, Contract No. 
07-7298 w i t h  Terra Tek. mime contractor. and 
Maurer Engineering, subcontractor. 

INTRODUCTION 

The paper describes work continued from a pa- 
per presented a t  the  Geothermal Resources Council 
annual meeting, 1978. (Black, e t .  a l .  1978) The 
basel ine tes ts  performed i n  an e a r l y  phase o f  t h i s  
work were on an elastomer seal. This was an o f f -  
the-shelf seal i n  a standard compound. The empha- 
s i s  on seals t o  be tested i s  present ly being placed 
on non-elastomer mater ia ls  t h a t  have higher temper- 
a tu re  1 i m i  t s .  

An add i t iona l  l i m i t a t i o n  on the  l i f e  o f  down- 
hole motors has been the  t h r u s t  bearing package. 
The r e s u l t  has been the  r e s t r i c t e d  use o f  the down- 
hole motors t o  deviated ho le  operations. 

The l i m i t i n g  fac to rs  i n  the  l i f e  o f  the bear- 
ings are  the mud environment t h a t  they operate i n  
and the  high loading they a re  subjected to. The 
d r i l l i n g  mud may contain sand, cu t t i ngs  from the  
we l l  bore, other sol ids,  and caus t ic  chemicals. 
The bearings are much more dependable, s tab le  and 
pred ic tab le  when operated i n  a lubr ican t ,  and a 
r o l l e r  t h r u s t  bearing w i t h  higher load capab i l i t y  
can be subs t i tu ted  f o r  a b a l l  t h r u s t  bearing. 
Testing i s  being done t o  screen and formulate h igh  

temperature lubr ican ts .  (T ibb i t t s ,  et .a l .  1979) 
f o r  t h i s  app l i ca t ion .  

This paper discusses the  tes t i ng  and work 
done t o  develop a r o t a r y  seal t o  be used w i t h  
downhol e d r i  11 i ng motors i n  geothermal we1 1 s . 
seals made from h igh  temperature materials, an e- 
lastomer seal and a special back up system have 
been tested and the  resu l t s  a re  discussed. 

Two 

TEST CONDITIONS 

Conventional d r i l l  b i t s  requ i re  a pressure 
drop across the  b i t  o f  approximately 1,000 p s i  f o r  
good bottomhole cleaning. The d i f f e r e n t i a l  pres- 
sure ca r r i ed  by the  ro ta ry  seal i s  equal t o  the  
pressure drop across the  b i t .  

The t e s t  system i s  capable o f  t es t i ng  seals 
a t  temperatures o f  50OoF. The subject  seals were 
tested a t  ambient temperatures o f  25OoF on a 5 
inch  diameter sha f t  tu rn ing  a t  412 rpm (Table 1). 
Rotary speed can be var ied up t o  1,500 rpm. A 
pressure d i f f e r e n t i a l  up t o  5,000 ps i  can be ap- 
p l i e d  t o  the  t e s t  seal. 

Shaft 
Coating 

Duration Finlsh 
no. Of 

Test Ending Seal Pressure Back Up AP 
10 Date Type Rlngr Rings (psi) RPM (hrs.) (4 

A l m l n m  lS00 412 4.55 
Bronze 

16 019 10127178 I .  Graphite- 3 
Metal 
h t r i x  

020 11/6/78 I .  Graphite- 1-Top Alunlnm 1500 412 13.05 13 
& t a l  2-Bottom Bronze 
h t r l x  

Becu 
A l m i n m  15M 412 5.90 17 - 18 
Bronze 

Almlnum 1500 412 10.62 17 - 18 
BlWlZe 

A l m l n m  1500 412 26.55 17 
Bronze 

021 11116178 WdZR- 3 

022 11122178 J44 vru.pocR 3 

023 1216178 J4 WepaaR 3 

Phosphor lS00 412 40.9 4 
8mnze 

Teflon 6 1500 412 (2.03) 4 - 8  
Phosphor 
Bronze 

Teflon 6 l5M 412 1.98 4 - 8  
Phosphor 
Bronze 

Bronze 

024 1115179 W d p -  3 
W U  

metal matrix 
025 1125179 11. 171 Graphite- 3 

026 2120179. 11. 171 Graphite- 3 
Metal Matrix 

Phosphor l5M 412 23.5 4 - 8  027 5/4/79 111.  194 Graphite- 3 
Metal h t r i x  

Table 1 
Seal Test Record with Test Parameters 

The surface of the shaft which ro ta tes  against 
t he  seals can be varied. I n i t i a l l y ,  a l l  seals were 
tes ted  on a f i n i s h  o f  approximately 16 pinches. 
The non-elastomer seals a re  now being tes ted  on 
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surface f i n i shes  o f  4 pinches. 

The f i r s t  non-elastomer seals, Graf&ZR- BeCu, 
a re  made w i th  a mater ia l  manufactured by Union Car- 
b ide  and a preformed beryllium-copper r i ng .  The 
seal i s  formed by sandwiching a 0.005 inch  t h i c k  
" V "  r i n  o f  beryllium-copper between two layers o f  
Grafoit w ( f i g .  1). 

' m f o d  

Test  Seals 

. Beryl1 ium-Copper 

Back Up Ring 

Figure 1 
GrafoiZR- BeCu Seal Pack with New Back Up System 

The graphite-metal mat r i x  seal, t he  second 
non-elastomer seal, i s  formed from powdered gra- 
p h i t e  which i s  co ld  pressed i n t o  a woven metal core 
and he ld  together i n  a "V" cross sect ion w i t h  an 
adhesive binder. The assembly i s  heat cured and 
r e s u l t s  i n  a r e l a t i v e l y  hard and b r i t t l e  r i ng .  It 
has a high gloss surface; the  pa t te rn  o f  the  metal 
mesh i s  v i s i b l e  on the surfaces; and f r e e  ends o f  
t he  metal mesh protrude from the  surface ( f i g .  2). 
There have been three generations o f  t h i s  seal type 
tested so far. Each u t i l i z e s  a d i f f e r e n t  binder 
w i t h  the  graph i te  powder. 

Figure 2 
Graphite-Metal Mat r i x  Seal Ring 

The on ly  elastomer seals tested since theR 
basel ine tes ts  were the Johns-Manville Uneepac 
seals. These seals are formed i n  a "W" cross sec- 
t i o n  and nest r e a d i l y  i n  a seal pack ( f i g .  3). The 
elastomer tested was neoprene w i t h  f locked asbestos 
re in fo rc ing .  

Ear ly  i n  the  test ing,  the i ns ide  diameter o f  
the  aluminum-bronze back up r i n g  was reduced t o  
minimize the clearance t o  the  r o t a t i n g  shaft .  Due 
t o  thermal expansion, the  back up r i n g  closed down 
on the  shaft and stopped ro ta t i on .  Tests were con- 
t inued a t  t h a t  p o i n t  w i th  the  manufactured back up 
r i n g s  providing a 0.010 - 0.015 inch  diametr ical  
clearance. 

Figure 3 
Johns-Manville UneepacR Seal Pack 

The f a i l e d  seals from tes ts  DMT-019 through 
DMT-021 exh ib i ted  a loss o f  GrtzfoiZR o r  graphite. 
The metal reinforcement i n  both types o f  seals was 
i n t a c t  and s t i l l  i n  the seal cavi ty,  bu t  a not ice- 
able amount of t he  mater ia l  was missing from the 
f a i l e d  seal. 

The back up system was examined and means 
were discussed by which t o  contain the seal mater- 
i a l .  
most promising were fabr icated and have been tes t -  
ed. 

Several designs were proposed and the  two 

The f i r s t  new back up system consists o f  an 
SAE 660 bearing bronze seal r i n g  and an O-ring 
( f i g .  1). The l i p  on the i ns ide  diameter o f  the 
bronze r i n g  i s  undercut t o  minimize contact  area 
w i t h  the r o t a t i n g  shaft and t o  introduce a weak 
area i n t o  the  r i n g  t h a t  w i l l  a l low i t  t o  f l e x  un- 
der pressure, e f f e c t i v e l y  reducing the clearance 
t o  zero between back up r i n g  and r o t a t i n g  shaft. 

The pos i t i on  and depth o f  the undercut i n  the  
back up r i n g  can be optimized f o r  contact  area, 
wear compensation and operating pressure. These 
parameters w i l l  be var ied as t h i s  back up system 
increases the  l i f e  o f  the  non-elastomer seal types. 

The second back up system consists o f  a TFE 
r i n g  and an SAE 660 bronze r i n g  ( f i g .  4). The TFE 
r i n g  i s  s o f t  and w i l l  f l e x  under pressure, f o rc ing  
the  bronze r i n g  t o  zero clearance w i t h  the  r o t a t -  
i ng  shaft .  

TFE-upwng 

t 
mom. R I ~  In.- 

Figure 4 
TFE Back Up System 

TEST RESULTS 

Nine seal t e s t s  were performed on f i v e  d i f f e p  
ent seals and th ree  d i f f e r e n t  back up systems with 
dura t ion  varying from two hours t o  forty-one hours. 

The program goal i s  no t  aimed a t  opt imizing a 

706 



Wilson, e t .  a l .  

seal a t  t h i s  t ime w i t h  regards t o  torque, tempera- 
ture, abrasion o r  other operat ing charac ter is t i cs ,  
bu t  ra the r  t o  develop a seal t h a t  w i l l  su rv ive  200 
hours downhole. A detr iment t o  the  l i f e  o f  t he  
seal pack, p a r t i c u l a r l y  elastomer seals, has been 
t h a t  t he  seal r i ngs  a t  the  low pressure s ide  o f  t he  
seal pack may never come i n  contact w i t h  f l u i d ,  bu t  
due t o  the  transmission o f  f l u i d  pressure through 
the  stacked seals, the seal r i ngs  apply a r a d i a l  
pressure on the  shaf t  surface. This generates heat, 
a1 te rs  the  surface f i n i s h  and unnecessari ly d i s s i -  
pates horsepower t h a t  could be del ivered t o  the  b i t .  

'A s i n g l e  pressure r i n g  of the Type I graphi te-  
metal ma t r i x  was tested i n  DMT-020. An aluminum- 
bronze back up r ing ,  i den t i ca l  t o  the  one used i n  
DMT-019, was used i n  t h i s  tes t .  The surface f i n i s h  
of the  r o t a t i n g  shaf t  was measured a t  13 pinches. 
This s ing le  seal had almost three times the l i f e  o f  
t he  th ree  seals tested i n  DMT-019. 

Type I 1  graphite-metal mat r i x  seals were t e s t -  
ed i n  DMT-025 and DMT-026. The seal pack contained 
three pressure r ings;  the sha f t  surface f i n i s h  was 
measured a t  4 pinches; and the back up system was 
the  second new design, i.e., TFE and bronze. The 
seals tes ted  i n  DMT-026 had a l i f e  o f  about two 
hours. The leakage o f  l ub r i can t  began soon a f t e r  
the  t e s t  s ta r ted  and was q u i t e  rap id  t o  the end o f  
the  tes t .  
s ince the  l a t t e r  t e s t  was terminated a f t e r  two 
hours because the seal was damaged i n  handling. 

Test DMT-026 was a r e p i t i t i o n  o f  DMT-025, 

DMT-027 was a t e s t  o f  Type I11 graphite-metal 
mat r i x  seals. The seal pack contained th ree  pres- 
sure r ings;  the  shaf t  surface was ground t o  a 4 - 8 
uinch f i n i s h ;  and the  back up system was the  f i r s t  
new design, i.e., SAE 660 bronze and an O-ring. 
The l i f e  o f  t h i s  seal was 23.5 hours. 

021 and DMT-024. 
w i t h i n  manufacturing tolerances. 

The Graf&ZR- BeCu seals were tested i n  DMT- 
These seal r i ngs  were i d e n t i c a l  

Test DMT-021 used a sha f t  surface f i n i s h  o f  
17 - 18 vinches and the back up system was an alum- 
inum-bronze r i n g  supplied by the  manufacturer. The 
seal had a l i f e  o f  almost 6.0 hours. 

DMT-024 was a lso  a t e s t  o f  a three seal r i n g  
pack. The shaft surface f i n i s h  was measured a t  4 
pinches. and the  back up system u t i l i z e d  the f i r s t  
new design w i t h  bronze r i n g  and O-ring. The l i f e  
o f  the seal i n  t h i s  t e s t  was near ly  41 hours. It 
had been removed and r e i n s t a l l e d  three times dur- 
i n g  the  tes t .  

The seal leaked about 4% i n  the f i r s t  th ree  

Only 61% o f  the  l u b r i c a n t  

hours, b u t  d i d  no t  leak again u n t i l  the  twenty- 
seventh hour. A t  t h a t  time, 35% of the  l u b r i c a n t  
leaked pas t  t he  seal. 
had been l o s t  a t  40 plus hours when the  seal f a i l e d  
ca tas t roph ica l  ly. 

The Johns-Manvi 11 e heepacR seals were tes ted  
i n  DMT-022 and DMT-023. l h e  seal r i ngs  were iden- 
t i c a l  w i t h i n  manufacturing tolerances. The surface 
f i n i s h  of the sha f t  used i n  t e s t  DMT-022 was 17 - 18 
1linches and t h a t  used i n  t e s t  OMT-023 was 17 p in -  
ches. The back up systems were both aluminum-bronze 

r ings  as supplied by the manufacturer o f  the seals. 
The r i n g  used i n  the f i r s t  t e s t  had a diametr ical  
clearance o f  0.003 inches and the r i n g  used f o r  
the  second t e s t  had a clearance o f  0.015 inches. 

The ins ide  seal ing surface of the  pack tes ted  
i n  DMT-022 appeared worn smooth. Wear and d i s t o r -  
t i o n  were more pronounced on the  low pressure s ide  
o f  the seal pack. The corresponding surface o f  
the  seal pack tested i n  DMT-023 was more severely 
worn and d is to r ted .  
the  low pressure s ide o f  the  pack was worn away 
completely. 

The l i p  o f  the seal r i n g  on 

Useful informat ion i s  being gained from other 
r o t a t i n g  seals used i n  the t e s t  vessel. There are  
two such seals, each one a redundant s a1 composed 
o f  two sizes o f  Johns-Manville IhneepaB seals, 
both w i t h  an i ns ide  diameter h a l f  t h a t  o f  the t e s t  
seals. These t e s t  vessel seals r o t a t e  on replace- 
able chrome surfaced sleeves. 
cu la t i ng  constant ly on the  i ns ide  o f  the  sleeves 
ca r r i es  heat away from these seals. 

Cooling water c i r -  

A problem persisted o f  f r e t t i n g  and scor ing 
o f  the chrome sleeves by the seals. Because o f  
i t s  h igh thermal conduct iv i ty,  GrafoiZR was added 
t o  each vessel seal pack. While rebu i l d ing  the  
vessel 2eal packs f o r  a tes t ,  a t h i n  layer  o f  
GrafoiZ tape, was inser ted  between the e igh t  seal 
r i ngs  o f  each seal pack i n  an attempt t o  solve 
t h i s  problem. 

Post- test  inspect ion o f  the  vessel seals and 
the  chrome surface showed a d e f i n i t e  improvement 
i n  the cond i t ion  o f  both components over the  same 
components run  approximately the  Sam length  o f  
t ime without the add i t ion  o f  GrafoiZ . E 

A hybr id  seal o f f e r s  the  p o s s i b i l i t y  o f  i n -  
creasing the l i f e  o f  elastomer seals and extend- 
i n g  the upper temperature l i m i t s  fo r  elastomers. 
The pressure r i ngs  could be o f  any o f  the  higher 
temperature elastomeric compounds a1 ternated w i t h  
r i ngs  o f  s o l i d  GrafoiZR mater ia l .  This seal con- 
cept f o r  the Johns-Manville seals, u t i l i z e d  i n  
the  t e s t  vessel, proved a successful so lu t i on  fo r  
extending seal l i f e .  

DISCUSSION 

The elastomer seals were tested on shafts o f  
12 - 16 pinches f i n i s h  as recommended by the  manu- 
fac tu rer ,  and the  carbon seals were tested on 
shafts o f  4 - 8 pinches f i n i s h ,  except as noted. 
Between tes ts  DMT-019 and DMT-020, the  surface 
f i n i s h  was' improved from 16 t o  13 pinches. The 
number o f  pressure r i n g s  was decreased from 3 t o  1, 
bu t  the seal l i f e  increased by near ly  a f a c t o r  of 
three. The l i f e  o f  non-elastomer seals i s  enhanc- 
ed w i th  the  surface f i n i s h  o f  the shaft .  Of t he  
two parameters t h a t  were changed ( i  .e., the shaft 
surface f i n i s h  and the  number of pressure r i n g s )  
between DMT-019 and DMT-020, i t  i s  bel ieved the  
greater e f f e c t  on the seal l i f e  was due.to the i m -  
proved sha f t  f i n i s h  because reducing the  amount of 
seal mater ia l  should reduce the  l i f e  of t he  seal. 
Further work may reveal an optimum f i n i s h ,  bu t  f o r  
t he  present, the  surface f i n i s h  w i l l  be 4 pinches 
f o r  a l l  shafts. 
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As stated earlier, i t  is believed decreasing 
the number of seals or  amount of sealing material 
would have a negative effect on the l i f e  of non- 
elastomer seals. Conversely, i t  appears t h a t  w i t h  
elastomer seals, one pressure r i n g  will perform 
longer t h a n  three pressure rings under the same 
conditions. In  a seal pack of more than one ring, 
the first r i n g  carries a l l  of the pressure ini t ia l -  
ly. 
i s  transmitted to the rest of the rings, effective- 
ly loading those rings and creating higher t h a n  
normal radial  forces on the shaft due t o  the Pois- 
son effect. Consequently, the torque i s  higher 
and the pressure rings not sealing any fluid are 
heated, worn and destroyed f i r s t .  

Both the GrafdZR and graphite deteriorated 
when i n  contact with heated lubricant. The 
GrafoiZR tended t o  come apar t  in small flakes. In 
the graphite seals , the heat weakened the adhesive 
binder resulting i n  the release of graphite powder. 
Both  the GrafoiZR flakes ( f i g .  5) and graphite pow- 
der migrated to the low pressure side of the seal 
pack. Due t o  additional design changes, the later 
generation graphi te-metal matrix seals are sustain- 
i n g  longer seal l i f e  t h a n  their predecessors. 

* 

This pressure differential on the f i r s t  ring 

I t  i s  believed t h a t  an areaRof great impor- 
tance t o  the l i f e  of the GrafoiZ and graphite 
seals i s  the number of seals i n  a pack or the a- 
mount  of material i n  the seal cavity. Thus  i t  ap- 
pears t h a t  the cross sectional geometry of the non- 
elastomer seal i s  not  as critical as i t  i s  for el- 
astomer seals. 

Gra f oi Z R  

undercut 

back up r i n g  

Figure 5 
GrafoiZR Build Up a t  the Back Up Ring 

Progress has been made t o  increase the l i f e  
of the non-elastomer seals by concentrating on the 
design of a back up system. By custom machining a 
back up r i n g  t o  f i t  each shaft sleeve w i t h i n  0.001 
inch clearance on the diameter, the loss of seal 
material has been reduced; and ,  consequently, the 
endurance of non-elastomer seals has been signifi- 
cantly improved. The longest lived GrafoiZR- BeCu 
seal (more t h a n  double the l i f e  of the next'long- 
est t es t  of this seal type) and the longest lived 
graphite-metal matrix seal (an increase of 55% over 
the next longest t es t  of this seal type), were bo th  
backed up w i t h  the bronze ring w i t h  the flexing 
lip. 

DMT-025 and DMT-026. 

CONCLUSIONS 

The non-elastomer seals as tested have inher- 
ent lubricating qualities and are not as dam- 
aging t o  the surface finish of the rotating 
shaft as the elastomer seals tested. The 
non-elastomer seals can operate without the 
introduction of external lubricants. This a- 
llows the non-elastomer seals t o  operate on a 
highly polished shaft, generating less torque 
and heat, wearing less and exhibiting longer 
l i fe .  
The l i f e  of non-elastomer seals i s  increased 
with improved shaft surface finish. 
Tests show t h a t  the l i f e  of non-elastomer 
seals i s  directly related t o  the amount of 
material i n  the seal cavity a t  the beginning 
of a test. Increasing the amount of seal ma- 
terial increases the l i f e  of the seal given 
t h a t  the rate o f  migration o f  material o u t  of 
the seal cavity is constant. 
Reducing the cleardnce between back u p  system 
and ro ta t ing  shaft t o  essentially zero in- 
creases the l i f e  of non-elastomer seals. 
These conclusions are based on the tests per- 
formed to date. 

Hiqh temPerature, r0tar.y seal testinq i s  an 
ongoing project. As-developments are foFthcoming 
i n  the area of h i g h  temperature materials, the d i -  
rection of the tes t  matr ix  can be altered. 
the present, however, testing will continue to fo- 
cus on the non-elastomer seals and on improvements 
i n  the geometry of the back up system. 
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seals. T h i s  conclusion is  demonstrated in tests 
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