
NASA CR-72826 
S-71-1017 

A, J, Orsino 
J.A. Findlay 

Dr, H, J. Sneck 
(Retained Consultant - Rensselaer  Polytechnic Institute - Troy, N. Y. ) 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

NASA LEWIS RESEARCH CENTER 

Contract NAS 3-11824 

Andre J. Stromquist, Project Manager 

https://ntrs.nasa.gov/search.jsp?R=19710010858 2020-03-11T20:44:15+00:00Z



NOTICE 
This report was prepared as* an account of Government sponsored 
work. Neither the United States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on 
behalf of NASA 

A.) Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in  this 
report, or that the use of any information, apparatus, 
method, or process disclosed in this report may not 
infringe privately owned rights; or 

5,) Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor- 
mation, apparatus, method or process disclosed in 
this report, 

As used above, "person acting on behalf of NASA" includes 
any employee or contractor of NASA, or employee of such con- 
tractor, to the extent that such employee or contractor of NASA, 
or employee of such contractor prepares, di sseminates, or 
provides access to, any information pursuant to h i s  employment 
or contract with NASA, or h i s  employment with such contractor. 

Requests for copies of this report should be referred to 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Attention: AFSS-A 
Washington, D. C. 20546 



NASA CR-72826 
S-71-1017 

SPIRAL GROOVE FACE SEAL DEVELOPMENT 
FOR SNAP 8 

A. J. Orsino 
J.A. Findlay 

Dr. H. J. Sneck 
(Retained Consultant - Rensselaer  Polytechnic Institute - Troy, N. Y. ) 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

NASA LEWIS RESEARCH CENTER 

Contract NAS 3-11824 

Andre J. Stromquist, Project  Manager 

GENERAL ELECTRIC C O M P A N Y  

CORPORATE RESEARCH A N D  DEVELOPMENT 

Schenectady,  N.Y. 

G E N E R A L  E L E C T R I C  



NASA CR-72826 
S-71-101'7 

F I N A L  REPORT 

S P I R A L  GROOVE FACE SEAL DEVELOPMENT 

FOR 

SNAP- 8 

A. J. Orsino 
J. A. Findlay 
D r .  H. J. Sneck ( R e t a i n e d  C o n s u l t a n t )  

Prepared f o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

AUGUST 7, 1970 

CONTRACT NAS 3-11824 

NASA LEWIS RESEARCH CENTER 
CLEVELAND, OHIO 

ANDRE J. STROMQUIST, PROJECT MANAGER 
POWER CONVERSION SYSTEMS 

GENERAL ELECTRIC COMPANY 
Corporate Research and Developmenf 

Schenect ady, New Y ork 

i 



TABLE OF CONTENTS 
Page 

TITLEPAGE. ,,. e * .  e . .  . . i 

TABLE OF CONTENTS. . . . . e e . . . . . . . . . e e . ii 

F O R E W Q R D . . . . . . . . e . o o . e o . o o p . . . o . . o o o o .  iii 

ABSTRACT. 0 e o e e e e 0 o e o e o e e e e .s e e .  e o o iV 

I, INTRODUCTION AND SUMMARY . . . . e . e . . . . . . . e , e . 1 

ET, SEAL DESIGN AND PERFORMANCE ANALYSIS 

A. Mechanical Design. . . . . e e e . . e . e e e 2 

B. Analysis e e e e e e o e .  0 e 0 0 e e .a o e e o 0 6 

111. TEST APPARATUS 

A. Introduction e e . . . . e . . . e . e . 11 

B. Description of Test Unit e e . . e e . . . e e . . . 11 

C. Description sf Instrumentation e . . e . . e . . e e e 13 

IV. TEST PROCEDURE 

A. Demonstration o f  Design Principle Tests (Bronze Seal). e . . 15 

B. Demonstration o f  Material Compatibility Tests (Steel Seal) . . . 16 

V. TEST RESULTS 

A. Introduction.. e e .  e * .  . 16 

B. Zero Speed Leakage Testing . . . . e . e . 17 

C. Design Speed Preliminary Testing e . e . a . 1 7  

D. Fifty ( 5 0 )  Hour Continuous Test (Test #15) . e . . e . e 18 

E. Start-Stop Testing . . e . ., . e e . e 19 

F. Lift-off Evaluation. e e e e e e a e e 20 

G. Seal Lift O f f  Correlation. . . , . . . . . . 21 

H. Groove Depth Experiments . e e e e . . . . e e 25 

I. Material Compatibility Tests (Steel Seal). e . . . . e . . 28 



TABLE O F  CONTENTS 

Page 

V I .  CONCLUSIONS e a . e e e . ., e e . e . . e . 30 

V I 1  . RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2  

A P P E N D I X A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 

T A B L E D - l . . e  . . . . . . . . . . . . . . . . . . . . . . . . .  38 

FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

ii (con' t) 



FOREWORD 

The work descr ibed here in ,  which was conducted by the  General Electr ic  
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NAS 3-11824. The work was done under the  management of NASA P r o j e c t  Manager, 

M r .  Andre J. Stromquist ,  Power Conversion Systems Sect ion,  NASA-Lewis Research 

Center.  The work was performed fromMay 31, 1968 t o  August 7 ,  1970. 
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SPIRAL GROOVE FACE SEAL DEVELOPMENT 
FOR SNAP 8 

by 
A . 3 .  Orsino, J . A .  Findlay 

D r .  H.J. Sneck 
(Retained Consultant - Rensselaer  Polytechnic  I n s t i t u t e  - Troy, N . Y . )  

ABSTRACT 

This r e p o r t  p re sen t s  d e t a i l e d  information regard ing  t h e  design and t e s t  

of a s p i r a l  groove f ace  s e a l  f o r  use on t h e  SNAP-8 a l t e r n a t o r  a s  a s e l f - a c t u a t e d  

shut-down s e a l .  

s u r i n g  the  presence of l u b r i c a n t  i n  t h e  bear ing c a v i t y  a t  a l l  times. 

per imental  work which was c a r r i e d  o u t  i n  the  i n i t i a l  phase of t he  p r o j e c t  on a 

bronze s e a l ,  i nd ica t ed  t h a t  t he  concept would be an  a t t r a c t i v e  ad junc t  t o  the  

SNAP-8 system and would n o t  compromise the  performance o f  c u r r e n t  pro to type  

s e a l s .  Experiments, performed during the  l a s t  phase of the  p r o j e c t ,  were 

c a r r i e d  ou t  us ing  a s e a l  made from t o o l  s teel .  The purpose was t o  demonstrate 

t h a t  a s e a l ,  which was compatible wi th  the  SNAP-8 system, could s u c c e s s f u l l y  

complete a 2500 hour endurance run and 100 s t a r t - s t o p s .  The s e a l  f a i l e d  a t  

t he  beginning of t hese  tes ts .  The cause of t h i s  f a i l u r e  was most l i k e l y  e i t h e r  

a fo re ign  p a r t i c l e  i n  the  s e a l ,  o r  s e a l  warpage. 

The concept i s  intended t o  improve system r e l i a b i l i t y  by as-  

The ex- 

i v  



I. INTRODUCTION AND SUMMARY 

SNAP-8 i s  a l i g h t  weight nuc lea r  powered e l e c t r i c a l  genera t ing  system f o r  

space app l i ca t ion .  The t h r e e  phase 400 Cycle a l t e r n a t o r ,  r a t e d  a t  35 KW, i s  

dr iven  by a mercury vapor tu rb ine .  

p r e c i s i o n  b a l l  bear ings which a r e  l u b r i c a t e d  wi th  polyphenyl e t h e r  which a l s o  

serves  a s  a coolan t .  

a t o r  i s  equipped wi th  dynamic s e a l s  which prevent  flow of l u b r i c a n t  i n t o  the  

a l t e r n a t o r  c a v i t y  during opera t ion .  These s e a l s  have performed i n  a s a t i s f a c t o r y  

manner se rv ing  t h e  dua l  func t ions  of s e a l s  as well a s  bear ing  c a v i t y  l u b r i c a n t  

scavengers.  

The a l t e r n a t o r  opera tes  on convent ional  

To meet h igh  system r e l i a b i l i t y  requirements  the  a l t e r n -  

Operat ional  tes ts  have ind ica t ed  a need f o r  a s su r ing  the  presence of lub- 

r i c a t i o n  i n  the  bear ing  c a v i t y  a t  t i m e  o f  system s t a r t u p .  

suppl ied  t o  the  bear ing p r i o r  t o  s t a r t u p  but  some adequate s e a l i n g  means must 

be a v a i l a b l e  t o  prevent  excess ive  amounts of o i l  from e n t e r i n g  the  a l t e r n a t o r  

c a v i t y  while  s t i l l  maintaining h igh  system r e l i a b i l i t y .  

cep t ,  a s  descr ibed  i n  LeRCTND-3942,* provides  a t  once a zero speed s e a l i n g  

e f f e c t i v e n e s s  while  s imultaneously possess ing  a means f o r  development of a s i g -  

n i f i c a n t  hydrodynamic f l u i d  f i l m  a t  t h e  s e a l i n g  i n t e r f a c e  under dynamic con- 

d i t i o n s ,  The f l u i d  f i l m  serves  t o  prevent  t he  meta l  t o  meta l  con tac t  which 

g ives  r ise t o  wear, l imi t ed  l i f e  and low r e l i a b i l i t y  a s  found i n  convent ional  

con tac t  type f ace  s e a l s  f r equen t ly  r e f e r r e d  t o  a s  mechanical s e a l s .  A t  t r a n s i -  

t i o n a l  s p e e d s , , p r i a r  t o  development of a f u l l  f l u i d  f i lm,  some meta l  t o  metal 

s l i d i n g  con tac t  may be p r e s e n t ,  

Lubricant can be 

The s p i r a l  groove con- 

This c o n t r a c t  e f f o r t  was devoted t o  the  implementation of t h e  s p i r a l  

groove concept i n t o  a s imulated SNAP-8 a l t e r n a t o r  t e s t  assembly. 

c a l l y ,  t he  work involved the  ana lys i s ,  design, f a b r i c a t i o n  and eva lua t ion  of a 

s p i r a l  groove shutdown s e a l  t h a t  could be incorporated i n t o  the  envelope of t he  

p re sen t  a l t e r n a t o r  without compromising the  opera t ion  of e x i s t i n g  s e a l s ,  

More s p e c i f i -  

The s imulated SNAP-8 a l t e r n a t o r  tes t  assembly had been used f o r  develop- 

ment of the  dynamic s e a l s  c u r r e n t l y  i n  use.  The shutdown s e a l  was designed i n  

coopera t ion  w i t h  personnel  of NASA Lewis  Research Center and was incorpora ted  

a t  t he  outboard a n t i - d r i v e  end of  t he  t e s t  u n i t .  A bellows arrangement was used 

t o  support  t he  nosepiece which was mated d i r e c t l y  t o  the  outboard s l i n g e r .  

* A l s o  "Sp i ra l  Groove Face Sea l  Concepts; Comparison t o  Conventional Face Contact 
Sea l s  i n  Sea l ing  Liquid Sodium (400 t o  1000°F)", T. N. Strom, L. P. Ludwig, G. 

67-WA/LUB 17.  
Allen,  R. L. Johnson, L e w i s  Research Center, NASA, Cleveland, Ohio, ASME 



Testing, on t h e  bronze s e a l ,  included s t a t i c  leakage eva lua t ions  taken  

p e r i o d i c a l l y  during t h e  t e s t  program a s  w e l l  a s  a 50 hour continuous tes t  a t  

r e e d  speed, 

each followed by leakage eva lua t ion  a t  zero  speed were performed. 

eva lua t ion  da ta  a s  determined by capac i tance  probes mounted on the  s e a l  f l ange  

were obtained i n  o rde r  t o  formulate  some c o r r e l a t i o n  wi th  design c r i t e r i a .  

I n  add i t ion ,  100 s t a r t - s t o p  cyc les  executed i n  groups of t e n  c y c l e s  

L i f t  o f f  

Resul t s  of t he  t e s t i n g  during t h i s  phase were considered s a t i s f a c t o r y .  

No evidence of d i s t r e s s  a t  t he  s e a l  i n t e r f a c e  was de tec ted  during any of the  

t e s t i n g  o r  subsequent v i s u a l  i n spec t ions .  Dynamic leakage during t h e  f i f t y  

hour t es t  was not  measurable. 

was g r e a t e r  than  expected, ,but  f o r  low d i f f e r e n t i a l s ,  a s  i s  t h e  case under 

o p e r a t i o n a l  condi t ions ,  t h e  flow was acceptab ly  low. 

S t a t i c  leakage under h igh  d i f f e r e n t i a l  p re s su re  

Bronze is no t  a compatible m a t e r i a l  f o r  t h e  SNAP-8 system. Therefore,  

tests us ing  a s e a l  made from t o o l  s t ee l  were i n i t i a t e d  i n  o rde r  t o  demonstrate 

t he  o p e r a b i l i t y  and m a t e r i a l  compa t ib i l i t y  of t he  f a c e  seal ,  over  a long term 

endurance per iod;  and during s t a r t - s t o p  ope ra t ion ,  The choice of ma te r i a l ,  and 

manufacturing procedure were e s t a b l i s h e d  i n  coopera t ion  wi th  NASA personnel .  The 

SNAP-8 tes t  assembly was modified f o r  unattended opera t ion .  

Resul t s  of t h i s  t e s t i n g  were negat ive.  The s e a l  was seve re ly  damaged 

dur ing  the  f i r s t  a t tempt  t o  run  i t ,  The deep sc ra t ches  i n  the  sea l  and s l i n g e r  

appear  t o  have been caused by a f o r e i g n  p a r t i c l e  e n t e r i n g  the  s e a l  c learance .  

The s e a l  was then r e f i n i s h e d  t o  a shal lower groove depth and r u n  again.  The 

s e a l  su r f ace  was almost completely destroyed during t h i s  t es t .  The r e s u l t s  

i n d i c a t e  t h a t  t h e r e  was i n s u f f i c i e n t  l i f t - o f f  and p o s s i b l e  s e a l  warpage, 

This r e p o r t  p re sen t s  design d e t a i l s  of t he  s e a l  arrangement a s  w e l l  as 

r e s u l t s  of t he  va r ious  tests and t h e  a s soc ia t ed  eva lua t ion ,  

11. SEAL DESIGN AND PERFORMANCE ANALYSIS 

A.  Mechanical Design 

1. Demonstration of Design P r i n c i p l e  Tests (Bronze Sea l )  

Design o f  the  shutdown s e a l  was based on use of t h e  s p i r a l  groove con- 

cept  f r equen t ly  used i n  t h r u s t  bear ing  a p p l i c a t i o n s  f o r  incompressible  as well 
a s  compressible f l u i d s .  Extension of t h i s  p r i n c i p l e  t o  a f ace  s e a l  i s  o u t l i n e d  

i n  NASA LeRC TN D-3942 f o r  a l i q u i d  sodium system. For s e a l  app l i ca t ions ,  t he  

2 



t h e  s p i r a l  i n t e r f a c e  may con ta in  appropr i a t e  "dams" o r  t he  s p i r a l  may be of a 

"herringbone" p a t t e r n .  For t h i s  work the  dam and s p i r a l  arrangement was used. 

A fundamental requirement f o r  success fu l  ope ra t ion  of t he  s p i r a l  

groove s e a l  i s  the  need t o  provide a s u f f i c i e n t  amount of l u b r i c a n t  t o  maintain 

the  f l u i d  f i l m  which i s  cont inuously being pumped by the  groove p a t t e r n .  Two 

d i f f e r e n t  designs were considered f o r  providing a continuous supply of l u b r i c a n t  

t o  the  i n t e r f a c e  namely the  r e - c i r c u l a t i n g  arrangement and the  p o s i t i v e  feed  

arrangement. 

and i s  mated t o  the  outboard s l i n g e r .  The r e - c i r c u l a t i n g  design, Figure 1, 

provides  a series of  r e - c i r c u l a t i o n  passages which al low o i l  t o  flow t o  the  cen- 

t e r  of t he  s p i r a l  groove p a t t e r n .  In  dynamic opera t ion ,  o i l  i n  t he  s p i r a l  

grooves becomes p res su r i zed  and i s  pumped back i n t o  the  o i l  cav i ty .  The s l i n g e r  

ou tput  c o n t r o l s  o i l  c a v i t y  pressure .  I n  the  p o s i t i v e  feed  design, Figure 2, t he  

r e - c i r c u l a t i o n  passage i n  t h e  nosepiece i s  el iminated.  However, t he  outboard 

s l i n g e r  i s  modified t o  provide a pumping a c t i o n  f o r  o i l  which can be subsequent ly  

suppl ied  t o  the  cen te r  of t he  s p i r a l  groove p a t t e r n .  

j e c t e d  

t o  i t s  e n t r y  i n t o  the  "pump" passage. 

15 l b / i n  

supply i s  maintained i n  the  s l i n g e r  dam. 

I n  both arrangements t he  nosepiece i s  supported by a metal  bellows 

A p o r t i o n  of t he  o i l  in -  

on to  the  s l i n g e r  by t h e  o i l  r i n g  i s  r e t a i n e d  i n  the  s l i n g e r  dam p r i o r  

A t  r a t e d  speed a p re s su re  i n  excess  of 
2 could be generated i n  t h e  s l i n g e r  passages providing an adequate o i l  

The s p i r a l  groove p a t t e r n  would be i d e n t i c a l  f o r  e i t h e r  design and i s  

shown i n  p lane  view, a long  wi th  i t s  a s soc ia t ed  dams, i n  Figure 3 .  The equat ion 

used f o r  t he  coord ina tes  shown were obta ined  from t h e  fol lowing equat ion:  

r = r e  1 
8 t a n 4  

where 

r = r ad ius  

r l= i n s i d e  

coord ina te  of s p i r a l  

r ad ius  of s p i r a l  p a t t e r n  

8 = angular  coord ina te  of s p i r a l  

h= s p i r a l  angle  

The r e - c i r c u l a t i n g  arrangement was s e l e c t e d  f o r  d e t a i l  design.  Figure 

4 i s  a d e t a i l  drawing of the  nosepiece showing t h e  c e n t e r  d i s t r i b u t i o n  groove 

a s  wel l  a s  t he  in t e rconnec t ing  passages.  

Bellows s e l e c t i o n  was based on s p r i n g  r a t e  and mean e f f e c t i v e  diameter ,  

To f a c i l i t a t e  procurement,a s tandard  bellows wi th  a mean e f f e c t i v e  diameter 

3 



equa l  t o  2.176 inch  was purchased. The bellows sp r ing  r a t e  was approximately 

40 l b / i n . .  Some v a r i a t i o n s  i n  mean e f f e c t i v e  diameter a s  w e l l  a s  s p r i n g  r a t e  

were found i n  the  bellows assembly obtained,  however these  were no t  considered 

c r i t i c a l  t o  t h e  t e s t .  The mean e f f e c t i v e  diameter i s  s i g n i f i c a n t  only at s t a t i c  

s e a l i n g  condi t ions  and consequently d id  no t  e f f e c t  t he  dynamic p o r t i o n  of t he  

t e s t i n g .  

cause any problem s i n c e  i t  was poss ib l e  t o  provide a d d i t i o n a l  d e f l e c t i o n  t o  ob- 

t a i n  t h e  des i r ed  loading. 

The s p r i n g  r a t e  was somewhat lower than  des i r ed  but  t h i s  d id  not  

The s t a i n l e s s  s t e e l  bellows a r e  of an a l l  meta l  welded 

cons t ruc t ion .  

Two seal  nosepieces  were manufactured of SAE 660 bronze t o  f a c i l i t a t e  

manufacture. It was recognized t h a t  t h i s  m a t e r i a l  would not  be acceptab le  f o r  

f i n a l  SNAP-8 pro to type  a p p l i c a t i o n .  Two d i f f e r e n t  techniques were employed t o  

develop t h e  s p r i a l  groove p a t t e r n ;  namely, chemical e t ch ing  and end m i l l i n g .  

The e t ch ing  d id  provide a sha rpe r  p a t t e r n ,  a l though some undercut t ing  was evid- 

e n t .  Etching of harder  ma te r i a l s  such a s  M-50 bear ing  s t ee l  i s  p o s s i b l e  i n  

the  annea l led  o r  hardened cond i t ion  al though machining of t h e  c e n t e r  d i s t r i b u t i o n  

channel and the  in te rconnec t ing  passageways would be b e s t  accomplished i n  t h e  

s o f t  condi t ion .  

An extended view of t he  bellows assembly, t he  nosepiece and the  s l i n g e r  

is shown i n  Figure 5. The bellows housing i s  shown wi th  t h r e e  o i l  e x i t  p o r t s .  

Although no t  evident  i n  t h e  photograph, t he  s l i n g e r  mating f ace  was coated wi th  

0.003 inches of flame p l a t e d  tungsten carb ide .  

2.  Demonstration of Mate r i a l  Compatibi l i ty  Tests ( S t e e l  Sea l )  

The bear ing  bronze m a t e r i a l  SAE 660 used f o r  the  hydrodynamic t e s t i n g  

i s  considered t o  be adequate f o r  meeting the  l i f e  requirements i n  an  o i l  envi r -  

onment, but no t  adequate f o r  meeting requirements i n  t h e  presence of mercury. 

Based on t h i s  knowledge, a change i n  nosepiece m a t e r i a l  i s  necessary t o  allow 

use of t h i s  type of shutdown s e a l  i n  the  SNAP-8 system, To a s s u r e  increased  

r e s i s t a n c e  t o  wear, under condi t ions  of boundary lub r i ca t ion ,  a m a t e r i a l  capable  

of provid ing  a r e l a t i v e l y  h igh  hardness i s  des i red .  Increased hardness promotes 

increased  d i f f i c u l t y  of f a b r i c a t i o n  s i n c e  groove depth a s  w e l l  a s  f l a t n e s s  must 

be maintained t o  f a i r l y  c l o s e  to l e rances .  Although machining techniques a r e  

a v a i l a b l e  f o r  use on h igh  hardness ma te r i a l s ,  t h e i r  a p p l i c a t i o n  t o  complex fab- 

r i c a t i o n s  i s  f r equen t ly  of a developmental na ture ,  prone t o  unpredic tab le  r e s u l t s  

and t i m e  consuming. A p r e f e r r e d  approach would be t o  accomplish a s  much of t he  
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machining as poss ib l e ,  employing convent ional  techniques before  hea t  t rea tment  

t o  o b t a i n  the  des i r ed  hardness.  Unfortunately,  i t  i s  extremely d i f f i c u l t  t o  

c o n t r o l  d i s t o r t i o n s  which may appear a f t e r  hea t  t rea tment ,  

The use of low d i s t o r t i o n  d i e  s teels  was considered s i n c e  i t  was f e l t  

t h a t  they  might allow complete f a b r i c a t i o n  p r i o r  t o  hea t  t reatment  without  

excess  d i s t o r t i o n .  Some minor d i s t o r t i o n s  could be permi t ted  providing a f i n a l  

g r inding  and lapping of t h e  s e a l  su r f ace  would remove t h e  d i s t o r t i o n  without  

compromising groove depth o r  otherwise adverse ly  a f f e c t i n g  the  s e a l  su r f aces .  

A favorable  m a t e r i a l  might be found i n  one of t h e  bear ing  steels, such 

a s  vacuum m e l t  52100 o r  M50, o r  i n  a 400 s e r i e s  hardenable s t a i n l e s s  s tee l .  It 

was recommended t h a t  s o l i d  tungsten ca rb ide  not  be considered because of c o s t  

and the  cyc le  t i m e  might be long. Flame p l a t i n g  of tungs ten  ca rb ide  was no t  

recommended s i n c e  t h e  techniques f o r  masking t h e  d e t a i l s  of t he  s e a l  appeared 

t o  be r a t h e r  undefined. A vendor contacted f o r  flame p l a t i n g  on an inqu i ry  

b a s i s  could not  o f f e r  any encouraging approach. 

Both chemical e t ch ing  and EDM were considered a s  techniques t o  a i d  

i n  the  manufacture of t he  s e a l .  Both of t hese  techniques a r e  s u b j e c t  t o  cer- 

t a i n  unknowns which may produce unexpected d i f f i c u l t i e s .  It was decided a g a i n s t  

us ing  e i t h e r  of t hese  techniques because of t h e  expense and the  masking problem. 

Whereas these  methods may be used f o r  forming t h e  s p i r a l  groove p a t t e r n ,  t h e r e  

a r e  o i l  feed  holes  and a deep c i r cumfe ren t i a l  groove t h a t  must a l s o  be put  i n .  

It was d i f f i c u l t  t o  determine a sequence f o r  accomplishing these  s t e p s  i n  t h e  

manufacture of t he  s e a l  t h a t  was s a t i s f a c t o r y .  

It was decided t o  s e l e c t  a m a t e r i a l  t h a t  would al low t h e  s e a l  t o  be 

The m a t e r i a l  choice  was narrowed down made e n t i r e l y  by mechanical machining. 

t o  two; A I S I A 2 a i r  hardened d i e  s t e e l  (1% carbon, 5% chrome) and 17-4 PH s t a i n -  

less s t ee l ,  A t e s t  blank was made from each m a t e r i a l  and hea t  t r e a t e d .  Mea- 

surements taken before  and a f t e r  the  hea t  t reatment  i nd ica t ed  d i s t o r t i o n s  of 

.0002" o r  less. 

of t h e  SNAP-8 prime con t r ac to r ,  t he  d i e  s t ee l  was chosen a s  the  sea l  ma te r i a l .  

The hea t  t rea tment  sequence decided upon f o r  the  s p i r a l  grooved s e a l  was a s  

fol lows : 

I n  c o n s u l t a t i o n  w i t h  NASA m e t a l l u r g i s t s ,  and w i t h  t h e  agreement 

a )  Rough machine t h e  seal  

b) Sof ten  a t  16;00°F 

c) Machine a l l  over leav ing  .002", m i l l  i n  grooves .004" deep 
(,002" overs ize)  using t h e  Masterline Tracer,  machine i n  the  
c i r cumfe ren t i a l  groove, and d r i l l  t he  o i l  ho les .  
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d) Harden by; 
hea t ing  slowly t o  1300-1400°F, 
e q u i l i b r a t e ,  
hea t  f a s t e r  t o  1750-1800°F, 
a i r  quench, 
temper twice a t  700°F (RC57). 

e) F i n a l  machine (gr ind)  except  face ,  
leave ,002" on face .  

f )  Temper once a t  700°F, 
temper a second t i m e  a t  600 F. 

g) F i n a l  machine (gr ind)  f ace  and lap.  

0 

When the  f i n a l  g r inding  and lapping was s t a r t e d ,  t he  seal  was found 

t o  have a warp of ,0006" t o  .0008". This  i s  compared t o  .0002" o r  less measured 

i n  tes ts  p r i o r  t o  f a b r i c a t i o n .  

of the  grooves. 

f i n a l  groove depths were a s  fol lows:  

I n  a d d i t i o n  t h e r e  was some v a r i a t i o n  i n  t h e  depth 

The s e a l  was ground and lapped f l a t  t o  w i t h i n  .000020" and t h e  

.0018 

,0017 

0018 

0 0019 

* 0020 

D 0022 

0 0020 

0017 

0018 

.0020 

e 0020 

0 0020 

e 0020 

,0020 

0 002 1 

e 0021 

.0021 

0018 

.0024 

0022 

.0020 

,0023 

.0020 

.0019 

0 0020 

s 0020 

e 0021 

.0020 

.0024 

0024 

.0025 

0029 

a 0028 

a 0029 

,0028 

0028 

B. Analysis  

1. In t roduc t ion  

The a n a l y s i s  used w i l l  incorpora te  t h a t  employed by Muijderman* i n  

h i s  book on s p i r a l  groove t h r u s t  bear ings .  This a n a l y s i s  was developed f o r  

s p i r a l  groove t h r u s t  bear ings which t y p i c a l l y  have l a r g e r  r a d i a l  spans than  

f ace  s e a l s .  The theory developed by Muijderman i s  approximate i n  the  sense 

t h a t  i t  does no t  s a t i s f y  the  boundary condi t ions  a t  t h e  inne r  and o u t e r  r a d i i .  

Correc t ions  a r e  made t o  the  theory which a r e  supposed t o  make up f o r  t h i s  de- 

f i c i ency .  For t h r u s t  bear ings  these  c o r r e c t i o n s  a r e  small ,  but  when app l i ed  

t o  narrow rad ia l - span  f ace  s e a l s  they can be q u i t e  l a rge .  For t h i s  reason, 

the p red ic t ions  based on t h e  theory which appears below can only be considered 

*E. A .  Muijderman, S p i r a l  Groove Bearings, Springer-Verlag,  New York, 1966. 
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a s  rough estimates whose p r e c i s i o n  i s  uncer ta in .  

s e c t i o n a l  view of  the  s p i r a l  groove f ace  s e a l  geometry used f o r  t h i s  a n a l y s i s .  

Figure 6 i s  a r a d i a l  c ross -  

2. Back-up Region 

The back-up d i s t ance  a s  p red ic t ed  by the  simple theory taken from 

Muijderman i s  given by 

where g1 i s  a geometric f a c t o r  of the  form 
2 3 yH C o t &  (1 - H) (1 - H 1 

When co r rec t ed  f o r  end-ef fec ts  t h i s  d i s t ance  is  

OL dl = do 4- a l  (1 - gj) t a n  

Since the  back-up reg ion  i s  a non-flow region,  no leakage c a l c u l a t i o n s  a r e  per-  

formed on i t .  i s  important i n  t h a t  i t  must no t  exceed t h e  d i s -  

tance R - R 2 1 

The d i s t a n c e  d 1 
i f  leakage t o  the  i n s i d e  of t h e  sea l  i s  t o  be prevented. 

The s e p a r a t i n g  f o r c e  due t o  t h e  p re s su re  i n  t h i s  reg ion  is  ca l cu la t ed  
n 

from 

F1 = 2P2S d R - 
1 2  

3 .  Region Between Sea l  Inner  Radius and F lu id  I n t e r f a c e  

In  t h i s  reg ion  the  i n t e r n a l  h y d r o s t a t i c  p re s su re  a c t s  on the  seal  

su r face  so t h a t  

F 0 = (Po = P1) % [(Rp - dl)2 - % 2 ]  

4 ,  Feeding Groove Region 

A s  wi th  t h e  previous region,  t he  p re s su re  i s  uniform over t h e  region,  

F4 = 2 a R P D 
so  t h a t  

2 2  
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S p i r a l  Groove Pumping Region 

This reg ion  is  s i m i l a r  t o  the  back-up reg ion  wi th  t h e  except ion t h a t  

t he  pumping e f f e c t s  t he  pressure  d i s t r i b u t i o n  and hence t h e  s e p a r a t i n g  force .  

This f o r c e  i s  computed from the  formula 
2 

3aRu R; 

2hi  

2 

4 

where 

H2 (1 + C o t 2 a )  ( y +  H3) - - 
g2 (1 +I H3) (1 + H3) + H3 (Cot a ) 2  (1 +?)2  

and St  i s  the  through-flow pumping r a t e .  

5 .  Outer Dam Region 

In  t h i s  reg ion  the  s e p a r a t i n g  fo rce  i s  given by* 
2 2  (P3 - P4) 

In  (R4/R3) 
F3 = TC P3 (R4 - R3) + 

In 

6 .  Flow Rate Matching 

The f low-ra te  across  the  s p i r a l  groove p o r t i o n  of t he  s e a l  must equal  

t he  f low-rate  across  the  o u t e r  dam. Both of these  f low-rates  a r e  c o n t r o l l e d  

by t h e  pressure  P I f  P i s  e l imina ted  from the  f low-rate  equat ions f o r  these  

regions,  t he  mass f lovTra te  from R t o  R i s  given by 
3 '  3 

2 4 

*Equation (30) of "Effec ts  of Geometry and I n e r t i a  on Face S e a l  performance - 
Laminar Flow", Jr. of Lub. Tech., Vole 90, S e r i e s  F, No. 2, A p r i l  ' 6 8 ,  p. 333. 
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I I 

In this equation the distance d is not the radial span of the spiral 
groove pumping section. 

both the inner and outer radii, and is computed from 

It is that distance corrected for the end effects at 

7, Computational Procedure 

P2' and f are known, If the seal geometry, fluid properties and Pll 4 
then d, dl, and St can be computed directly. 

computed from 

The pressure P can then be 3 

6 1  St In (R4/R3) 
P 3 = P  + 4 

and the total force found from 

F = F  + F 1 + F  + F  +F4 
0 2 3  

A computer program was set up to facilitate the numerical computation 
of the above quantities, A listing of this program in time-sharing FORTRAN 

language is given in Appendix A. 

As a back-up to the force calculations, a simplified calculation was 
also made assuming that there were straight line pressure distributions between 

the pressures P19 P29 P3$ and P 
an approximate separation force (W) was computed and printed out for comparison 
with the presumably more accurate value F. This force was always lower than F, 

With this assumed trapiaoidal distrfbution, 4' 

indicating that the simplified linear pressure distribution assumption yields 

conservative estimates of the separating force generated by the seal. Intuit- 
ively, this is what was expected, 
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8. Nomenclature (For Seal Analysis) 

- 
“1 - 

A1 - 
c1 - 

a =  2 
- 

- 

d =  

D =  

d =  
0 

- 
dl - 

d2 - 

Fo - 

F1 - 

F2 - 
F3 - 
F4 - 
81 - 
g2 

ho - 

hl - 

h2 - 

- 

F =  

- 

- 

P 

- 
- 

- 
- - 
- 
- 

- 

H =  

k =  

P =  
0 

- 
p1 - 

p2 - 
- 

Tangential width of the groove 

Tangential width of the ridge 

Pressure distribution constant (See Muijderman) 

Pressure distribution constant (See Muijderman) 

Distance d corrected for end effects 

Width of circumferential feeding groove 

Uncorrected radial length of the back-up region 

Radial length of fluid back-up region 

Radial length of spiral groove pumping region 

Total separating force 

Separating force exerted by internally applied pressure P 

1 Separating force exerted by pressure in back-up region d 

Separating force exerted by pressure in spiral groove pumping region d 

Separating force exerted by pressure in the outer dam region 

Separating force exerted by pressure P2 in circumferential feeding groove 

2 

= P1 0 

2 

Geometry factor 

Geometry factor 

Groove depth 

ho +h2 

h2’hl 

Dam clearance = 

for pressure drop 

for pressure force 

minimum clearance 

Number oE grooves 

Internally applied pressure 

P 

Supply pressure at feeding groove 
0 
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- 
p3 - 
p4 - 
st - 
u2 - 
u3 - 

Y =  
t l =  
P =  

- 
- 

- 

- 

4 =  

w =  

Pressure at step entrance to dam 

Externally applied pressure 

Mass flow-rate leakage through seal 

Tangential velocity at R2 ; (U2 = R2a ) 

Tangential velocity at R3 ; (U3 = R3a ) 

Spiral groove angle 

a2’al 

Vis cos i ty 

Density 

Rotational angular velocity 

1x1. TEST APPARATUS 

A. Introduction 

The experimental work was performed on the SNAP-8 test equipment previously 

fabricated under NAS 5-417 in conjunction with development of non-contracting 

dynamic seals for the SNAP-8 alternator. The apparatus is capable of simulating 
the alternator operating conditions to an extent considered sufficient for 
testing of the alternator bearing and seal system. No provision is made to 

simulateweightlessness as associated with a zero-gravity.environment. 

temperatures, speed, and oil flow are readily controlled. Principal radial and 
axial dimensions are similar to the prototype alternator. To facilitate the 

testing, the spiral groove shutdown seal was incorporated into the outboard 

anti-drive end of the test apparatus. 

Pressures, 

B, Description of Test Unit 

The test assembly consists of the following major elements mounted on a 
slotted base plate: 

Rotor and Casing Assembly 
Thymotrol Drive Assembly 
Lubricant System Assembly 

Figure 7 shows the unmodified alternator test assembly with the arrangement of 
bearings and seals as tested under NAS 5-417. The modification incorporated in 
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t h e  outboard a n t i - d r i v e  end f o r  t h e  work descr ibed  i n  t h i s  r e p o r t  i s  shown i n  

Figure 8. The outboard screw seal was removed and t h e  necessary  changes made 

t o  incorpora te  the  s p i r a l  groove s e a l  and bellows assembly. 

t he  t es t  appara tus  i s  shown i n  Figure 9. 

graph were used i n  conjunct ion w i t h  t h e  capac i tance  probes during l i f t  eva lua t ion  

t e s t i n g  

A photograph of 

The e l e c t r o n i c  console  and o s c i l l o -  

The r o t o r  i s  mounted on 208 angular  con tac t  bear ings which are  preloaded 

by two sets  of wavy sp r ings .  The q u i l l  d r ive  was used t o  allow torque measure- 

ment i n  t h e  previous t e s t  program. 

surround t h e  r o t o r  a r e  used t o  s imula te  po le  face  lo s ses .  

The 250 wa t t  ca l rod  hea t ing  elements which 

Surrounding t h e  cas ing  i s  an o u t e r  shroud used t o  s imula te  t h e  s t a t o r  

cool ing  passages used i n  t h e  pro to type  a l t e r n a t o r .  A t  t h e  d r i v e  end two 

convent ional  carbon f a c e  s e a l s  a re  used, 

Four p l a s t i c  c o l l e c t i o n  t r a p s  were provided t o  monitor leakage from the  

seals. 

a n t i - d r i v e  end was monitored f o r  record s i n c e  t h i s  was t h e  loca t ion  of t h e  seal  

under t es t .  

For t h e  t e s t i n g  descr ibed  i n  t h i s  r e p o r t ,  only leakage a t  the  outboard 

Vacuum condi t ions  were maintained i n  t h e  system wi th  mechanical o i l -  

s ea l ed  r o t a r y  sumps. 

a Welch Model 1405 pump (33.4 l e t e r s /min  a t  10 

held a t  approximately 29 inches Hg vacuum by a Welch Model 1402 (76 le ters /  

min a t  1 mm Hg) 

The sump p res su re  was he ld  a t  approximately 5 p s i a  w i th  

mm) and the  s t a t o r  c a v i t y  was -3 

The "thymatrol" d r ive  assembly f e a t u r e s  a 7 1 / 2  HP d i r e c t  c u r r e n t  motor 

w i th  a wide range speed of 13,200 rpm. The dynamic breaking f e a t u r e  was n o t  

used due t o  the  l imi t ed  torque range of t h e  q u i l l .  The f l e x i b l e  q u i l l  was 

s i z e d  t o  a l low a de te rmina t ion  of s t e a d - s t a t e  i npu t  torque.  P r e c i s i o n  c o l l e t s  

were used t o  connect t he  q u i l l  t o  t h e  main r o t o r  and t o  t h e  d r i v e  sp ind le .  

A schematic of t h e  l u b r i c a t i o n  system i s  shown i n  F igure  10, The seven 

ga l lon  c y l i n d r i c a l  o i l  sump con ta ins  a 2 KW ca l rod  h e a t e r  w i t h  automatic  t e m -  

p e r a t u r e  c o n t r o l ,  

200). 

A hea t  exchanger was connected t o  the  pump d ischarge  and was used  t o  provide 

f u r t h e r  c o n t r o l  of l u b r i c a n t  i n l e t  temperature.  A 10 micron g l a s s  element 

f i l t e r  was used i n  the  bear ing feed  l i n e s  t o  a s s u r e  a c l e a n  o i l  supply.  The 

O i l  i s  c i r c u l a t e d  by 3 GPM gear  pump (Sunstrand Model BPD-052- 

Sump p res su re  could be maintained without  aud ib le  evidence of c a v i t a t i o n .  
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l u b r i c a t i o n  system was connected t o  t h e  r o t o r  and cas ing  assembly by f l e x i b l e  

braided hoses. 

C, Descr ip t ion  of Instrumentat ion 

I d e n t i f i c a t i o n  and l o c a t i o n  of the  ins t rumenta t ion  used during tes t  can  

be made by r e fe rence  t o  Figure 10 and Figure 11. 

s e n t i a l l y  i d e n t i c a l  t o  t h a t  used on previous SNAP-8 tests al though s e v e r a l  ad- 

d i t i o n s  were made t o  s a t i s f y  requirements of t he  c u r r e n t  t e s t i n g .  For example 

a d i f f e r e n t i a l  p re s su re  gauge was i n s t a l l e d  ac ross  the  s p i r a l  groove s e a l  t o  

provide a d i r e c t  reading.  For the  l i f t  eva lua t ion  t e s t i n g ,  capac i tance  probes 

(number 24 i n  Figure 11) were i n s t a l l e d .  

The ins t rumenta t ion  i s  es- 

Pressure  measurements were made wi th  Bourdon tube gauges having an  ac- 

curacy of 112% of f u l l  s c a l e .  

0 t o  60 p s i g  gauge whereas bear ing  cav i ty ,  o i l  sump, bear ing o u t l e t  o i l ,  and 

a l t e r n a t o r  c a v i t y  p re s su res  were measured on -30 t o  4-30 p s i  compound p res su re  

gauges. The d i f f e r e n t i a l  p ressure  ac ross  the  s e a l  was measured on a 0 t o  25 p s i  

gauge. 

Bearing i n l e t  o i l  p re s su re  was measured on a 

Bearing temperatures were taken wi th  sp r ing  loaded temperature probes 

Three equa l ly  spaced probes were loca ted  d i r e c t l y  a g a i n s t  t h e  o u t e r  r aces ,  

used. Standard bare  wire copper-constantan thermocouples were used a t  o t h e r  

l oca t ions  and t h e i r  ou tput  was cont inuously recorded on a Leeds and Northrup 

temperature recorder .  A mercury i n  g l a s s  thermometer showed o i l  sump temperature.  

The speed s i g n a l  was generated by a magnetic pickup which sensed t h r e e  

p i n s  loca ted  on the  sp ind le  pu l l ey .  A d i g i t a l  d i sp l ay  of  speed was provided by 

a s tandard  H e w l e t  Packard e l e c t r o n i c  counter .  

Sea l  o i l  f i l m  th ickness  was measured by means of c a p a c i t i v e  type t r ans -  

ducers  made f o r  use wi th  Wayne-Kerr DMlOOii d i s t ance  meters.  Data was taken by 

photographing the  meter outputs  a s  displayed on an  osc i l l o scope .  The output  

s e n s i t i v i t y  was 250 microinches pe r  cent imeter ,  The t ransducers  have a l i n e a r  

ou tput  over a range of ,002 inches.  Figure 12 shows an  unmounted t ransducer  

w i th  i t s  i n t e g r a l  c o a x i a l  lead.  Three t ransducers  were mounted t o  t h e  bellows 

s e a l  assembly a s  shown i n  Figure 13 f o r  l i f t  o f f  eva lua t ion .  The probes were 

pos i t ioned  .001 below t h e  su r face  of t he  s e a l  i n t e r f a c e .  

Leakage was c o l l e c t e d  a t  t he  p l a s t i c  t r a p s .  Since 

t r a p s  was e s s e n t i a l l y  room temperature and s u b s t a n t i a l l y  

the  temperature of these  

below the  temperature 
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of o i l  c i r c u l a t i n g  i n  t h e  t e s t  r i g  they did tend t o  a c t  a s  co ld  t r a p s .  

a co ld  t r a p  a t  lower temperature would have had a g r e a t e r  pumping e f f i c i ency ,  

c a l c u l a t i o n s  showed t h a t  any a d d i t i o n a l  l u b r i c a n t  vapor l o s s  from t h e  system 

would be n e g l i g i b l e  e 

Although 

The t r a p s  a r e  made of 6.25 cm diameter p l a s t i c  tube wi th  a capac i ty  of 

The sma l l e s t  u n i t  of he ight  measurement d i s -  3.07 c c  pe r  mm of tube he ight .  

c e r n i b l e  was 0.25 mm. This gave a s e n s i t i v i t y  of 0.766 cc, 

I n  o r d e r  t o  accomplish the  endurance eva lua t ion  (2500 hours)  a t  a minimum 

c o s t ,  it was necessary t o  modify the  SNAP-8 tes t  assembly t o  a l low prolonged 

unattended opera t ion .  The u n i t  was equipped w i t h  va r ious  monitor ing devices  

capable  of provid ing  adequate  s a f e t y  f o r  t h e  equipment during i t s  ope ra t ion ,  

The fo l lowing  a d d i t i o n s  were made t o  the  system: 

a )  Speed Monitor - The system i s  shu t  down f o r  e i t h e r  high speed 

(12,500 rpm) o r  low speed (9,500 rpm). A t  

low speed the  s e a l  may not  l i f t  o f f  f a r  enough 

and r e s u l t  i n  excessive s e a l  wear and poss ib l e  

f a i l u r e  

b) Draintank and Heater - A d r a i n  tank is  necessary t o  a l low 

s u f f i c i e n t  capac i ty  f o r  malfunct ion shutdown,, 

c) O i l  Pump T i m e r  - I f  the  system is  shut  down, i t  i s  necessary  

t o  maintain l u b r i c a t i n g  o i l  flow u n t i l  the  r o t o r  

c o a s t s  down. The o i l  pump timer i s  a c t i v a t e d  

when power t o  the  t es t  u n i t  i s  shu t  o f f .  

d) Vibra t ion  Motor - I f  t h e  v i b r a t i o n  of t he  t es t  u n i t  exceeds 

i t s  normal ope ra t ing  l eve l ,  then the  u n i t  i s  

shut  down automat ica l ly .  This assumes t h a t  t h e  

excess  v i b r a t i o n s  was caused by some malfunct ion 

o r  f a i l u r e .  

e> Temperature Monitors - I f  the  oil temperatures r i se  above 320'F, 

power t o  the  t es t  u n i t  i s  au tomat ica l ly  s h u t  o f f .  

f )  O i l  Level Monitor - I f  t h e  o i l  l e v e l  i n  the  o i l  supply tank f a l l s  

below the  minimum set  poin t ,  the  u n i t  i s  stopped. 

g) O i l  Pump Pressure  Monitor - The power i s  shut  o f f  i f  t he  system 

p res su re  f a l l s  below 15 ,5  p s i ,  
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h)  Cavity Pressure  Monitor - The set  po in t  i s  18" Hg vacuum f o r  t h e  c a v i t y  

p re s su re  and 14" Hg f o r  the  tank.  

i) Light  Ind ica to r  Board - I f  t he  t e s t  u n i t  i s  shu t  down by one of t he  

monitor ing systems, then a Light on t h e  i n d i c a t o r  

board w i l l  t u r n  on t o  show what se t  po in t  caused 

the  t roub le .  

Pressure  t ransducers  were added t o  the  system t o  supply t h e  e l e c t r i c a l  

s i g n a l s  necessary f o r  t he  p re s su re  monitors ,  

I V .  TEST PROCEDURE 

A ,  Demonstration of Design P r i n c i p l e  Tests (Bronze Sea l )  

1. In t roduc t ion  

P r i o r  t o  t e s t i n g ,  a l l  c a l i b r a t i o n s  were checked and completed. A s  

i n  t h e  previous tests, the  temperature readings were cont inuously recorded. 

A l l  o t h e r  readings were manually recorded a t  s e l e c t e d  p e r i o d i c  i n t e r v a l s ,  i n  

gene ra l  a t  each h a l f  hour. To f a c i l i t a t e  maintenance of t h e  c o r r e c t  p re s su re  

p r o f i l e  ac ross  t h e  s p i r a l  groove, a p r e c i s i o n  d i f f e r e n t i a l  gauge was i n s t a l l e d .  

Although leakage was monitored a t  a l l  t r a p  loca t ions ,  da ta  was recorded a t  t he  

outboard a n t i - d r i v e  l o c a t i o n  only  s i n c e  t h i s  was the  loca t ion  of t he  s p i r a l  

groove s e a l  being t e s t e d .  

2. Standard S t a r t  Up and Test Procedure 

The fol lowing procedure was gene ra l ly  used f o r  a l l  tests during t h i s  

program: 

t o  200°F. 
1. Sump o i l  h e a t e r s  were turned on and sump o i l  temperature r a i s e d  

2. O i l  system c i r c u l a t i n g  pump was turned on and o i l  flow was es- 
t ab l i shed  t o  cas ing  ou te r  j a c k e t  and carbon face  s e a l  assembly. 

3 .  The vacuum system was turned on and the  system was evacuated, 

4 .  When the  des i r ed  vacuum condi t ions  were a t t a i n e d ,  the  d r i v e  was 

s lowly a c t i v a t e d  

5. O i l  was admit ted t o  bear ings and speed was increased  t o  design 

condi t ions .  
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6 .  The necessary f i n a l  adjustments  t o  a t t a i n  the  nominal cond i t ions  

f o r  t es t  were then executed. 

7 .  Data were recorded every ha l f  hour of t e s t  o r  a t  otherwise accept -  

a b l e  t i m e  i n t e r v a l .  

8. Shutdown was a t t a i n e d  by power cu to f f  t o  d r i v e  u n i t  and a f r e e  

coast-down t o  zero speed. 

a s su re  adequate o i l  t o  bear ings.  

O i l  flow was reduced manually, but  maintained t o  

B. Demonstration of Mate r i a l  Compat ib i l i ty  Tests ( S t e e l  Sea l )  

The tes t  procedure used f o r  t h i s  p a r t  of the  program was e s s e n t i a l l y  t h e  

same a s  before .  It was necessary,  however, t o  d e a c t i v a t e  the  monitor ing system 

during s t a r t - u p .  Once s t e a d y - s t a t e  condi t ions  had been reached, then  t h e  moni- 

t o r i n g  system was a c t i v a t e d .  

S t a t i c  leakage tes t s  were made before  t h e  u n i t  was s t a r t e d  up and a f t e r  

i t  was shut  down. 

V. TEST RESULTS 

A .  In t roduc t ion  

To accomplish the  intended program ob jec t ives ,  t h e  t e s t i n g  work was separ -  

a t e d  i n t o  the  fol lowing c a t e g o r i e s :  

B. 

C. 

D, 
E.  

F. 

G. 

H. 

I. 

Zero Speed Leakage Tes t ing  (Bronze Sea l )  

Design Speed Pre l iminary  Tes t ing  (Bronze Sea l )  

F i f t y  Jhur  Continuous T e s t  (Bronze Sea l )  

S ta r t -S top  Tes t ing  (Bronze Sea l )  

L i f t - o f f  Evaluat ion (Bronze S e a l )  

Sea l  L i f t  Off Cor re l a t ion  (Bronze Seal) 

Groove Depth Experiments (Bronze Sea l )  

Ma te r i a l  Compat ib i l i ty  Tes ts  ( S t e e l  Sea l )  

A l l  dynamic t e s t i n g  was based on t h e  fol lowing nominal ope ra t ing  cond i t ions :  

Sump Pressure  5 PSIA 

S l i n g e r  Pressure  Rise 7 .5  PSI 

O i l  I n l e t  Temperature 2 10°F 
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S p i r a l  Groove Sea l  

Speed 

O i l  Flow 

10.0 PSID 

12000 R P M  

0.32 GPM (per  brg.)  

Following bench tes ts  t o  a s su re  the  bas i c  i n t e g r i t y  of the  s p i r a l  groove 

s e a l  assembly, a series of s t a t i c  leakage tes ts  (zero s h a f t  speed) were performed. 

For these  tests the  shutof f  va lves  t o  Traps 2 ,  3, and 4 were c losed  and the  a l -  

t e r n a t o r  c a v i t y  was f i l l e d  wi th  o i l  s u f f i c i e n t  t o  a s s u r e  an  o i l  l e v e l  above 

the  bear ing  housing. 

was monitored a t  Trap $11. 
a t  5, 10, 15, and 20 PSIG wi th  a hold t i m e  of one hour a t  each pressure .  No 

leakage was observed, 

The a l t e r n a t o r  c a v i t y  was then p res su r i zed  and leakage 

Tes t ing  wi th  o i l  a t  room temperature was performed 

0 
The t e s t  was then repea ted  wi th  o i l  a t  158 F, a s  determined by bear ing  

con tac t  thermocouples, and wi th  the  a l t e r n a t o r  c a v i t y  a t  a p re s su re  of 20 PSIG. 

Over a one hour t e s t  t i m e  some we t t ing  was seen, but no measurable q u a n t i t y  

could be accumulated, These t e s t s  showed t h a t  t he  i n i t i a l  s t a t i c  leakage, 

even f o r  r e l a t i v e l y  high p res su re  d i f f e r e n t i a l s ,  was very  acceptab le .  This  

information served a s  a b a s i s  f o r  subsequent s t a t i c  leakage tes ts  which were 

performed p e r i o d i c a l l y  t o  determine s e a l i n g  e f f e c t i v e n e s s .  

C. Desipn Speed Pre l iminary  Tes t ing  (Tests 3 through 14) 

Immediately fol lowing s t a t i c  leakage t e s t i n g ,  a number of tes ts  a t  vacuum 

and a t  atmospheric p re s su re  were conducted t o  eva lua te  dynamic s e a l i n g  e f f e c t i v e -  

ness a s  w e l l  as t o  

t o t a l  t e s t  t i m e  i n  excess  of 65 hours a t  nominal design condi t ions  was accumu- 

l a t e d .  Some leakage was noted during the  i n i t i a l  po r t ion  o f  t h i s  t e s t i n g .  How- 

ever ,  i t  was a t t r i b u t e d  t o  an  i n c o r r e c t l y  i n s t a l l e d  o i l  r i n g  which was de t ec t ed  

a t  disassembly fol lowing Test $18. Subsequent t e s t i n g ,  Test  #lo,  f o r  a t o t a l  

t i m e  o f  6 1 / 2  hours a t  a p re s su re  d i f f e r e n t i a l  of approximately 1 2  PSI d id  

no t  produce any measurable leakage. Shor t  du ra t ions  t o  15 PSID were a l s o  ia- 

v e s t i g a t e d  wi th  the  same r e s u l t .  Addi t iona l  t es t  da ta  a t  r a t e d  condi t ions  

w i l l  be presented  s e p a r a t e l y  and a s  p a r t  of the  50 hour continuous tes t .  

i n su re  the  o v e r a l l  i n t e g r i t y  of t he  t e s t  equipment. A 

Test $111 of t h i s  s e r i e s  was a c t u a l l y  a s t a t i c  t e s t  a t  zero speed. It 

was intended t o  provide information regard ing  the  s t a t i c  s e a l i n g  e f f e c t i v e n e s s  

of t he  s p i r a l  groove s e a l  fol lowing more than  f i f t y  hours of r a t e d  condi t ions .  
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For t h i s  t es t ,  t he  a l t e r n a t o r  c a v i t y  was f looded and leakage was monitored a t  

Trap #l, A summary of t h e  r e s u l t s  i s  a s  fo l lows:  

TEST 

STATIC LEAKAGE DATA 

Pres .  Test Temp. 
Dif .  Time (Brg.) 
PSI H r s .  OF - - 

0 5 1112 

1.0 3 182 

5.0 3 176' 

10,o 0.5 182 

20.0 0.5 182 

1 - S t a r t  a t  140°F 

2 - S t a r t  a t  188'F 

3 - Not measurable 

Le aka g e 
cc /hr  

3 0.0 
0.2 

10.0 
20.0 

32.0 

The da ta  shows t h a t  s t a t i c  leakage was considerably g r e a t e r  during Test 

#I1 than i t  was p r i o r  t o  dynamic t e s t i n g ,  Although no d i s t r e s s  of t he  mating 

su r faces  could be seen  apparent ly  some d e t e r i o r a t i o n  of t h e  su r faces  d id  t ake  

p lace .  This i s  not  e n t i r e l y  conclus ive  s i n c e  subsequent s t a t i c  t e s t i n g ,  follow- 

ing s i g n i f i c a n t l y  more t i m e  a t  r a t e d  speed, provided much lower leakage r a t e s .  

This w i l l  be reviewed i n  connect ion wi th  the  s t a r t - s t o p  t e s t i n g .  I n  any event,  

once the  hydraul ic  design has been se l ec t ed ,  a more favorable  m a t e r i a l  combina- 

t i o n  can be obtained.  It i s  q u i t e  poss ib l e  t h a t  a t  very low speed meta l  t o  

metal con tac t  of  s u f f i c i e n t  magnitude may g ive  r i s e  t o  i n c i d e n t a l  su r f ace  mark- 

ings which w i l l  promote s t a t i c  leakage. Although a f i l t e r  was used i n  the  lub- 

r i c a t i o n  system the  presence of small  d i r t  p a r t i c l e s  i s  poss ib l e .  These might 

no t  a f f e c t  a hard su r face  dur ing  dynamic ope ra t ion  but  might e a s i l y  mark t h e  

bronze i n t e r f a c e  used on these  tes ts .  

Upon completion of t he  s t a t i c  t es t ,  a d d i t i o n a l  t e s t i n g  a t  design condi t ions  

(Tests 12, 13, and 14) were performed t o  f u r t h e r  e s t a b l i s h  t h e  leakage perform- 

ance of t he  s p i r a l  groove shutdown s e a l .  An a d d i t i o n a l  13 hours was accumulated 

whi lea t  r a t e d  condi t ions  w i t h  no evidence of measurable leakage. 

D. F i f t y  (50) Hour Continuous Test (Test #lS) 

I n  o rde r  t o  o b t a i n  an extended t i m e  leakage eva lua t ion  of t he  s p i r a l  

groove design a t  nominal ope ra t ing  condi t ions ,  a 50 hour continuous t e s t  was 
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performed. 

condi t ions  was cont inuously monitored a t  Trap #le 
d i t i o n s  were due t o  major power changes a s soc ia t ed  wi th  p l a n t  work schedules .  

For example, normal p l a n t  shutdown a t  the  end of t he  f i r s t  s h i f t  gave r ise t o  

a speed inc rease  whereas t h e  s t a r t  of f i r s t  s h i f t  ope ra t ion  produced a s l i g h t  

speed decrease.  

of t he  speed con t ro l .  

This was e s s e n t i a l l y  a "hands o f f "  t es t  i n  which leakage a t  dynamic 

S l i g h t  changes i n  t es t  con- 

These swings were normally co r rec t ed  by the  automatic  f e a t u r e  

The tes t  da t a  i s  shown i n  Table D-land i s  reproduced i n  i t s  e n t i r e t y  a s  

r e p r e s e n t a t i v e  of t he  da t a  taken dur ing  a l l  dynamic t e s t i n g  on t h i s  program. 

No change i n  the  o i l  l e v e l  a t  Trap #l was de tec ted  during the  e n t i r e  tes t .  

The t e s t  was p l eas ing ly  unevent fu l  w i th  l i t t l e  change i n  the  va lue  of  var ious  

readings.  Although da ta  was taken a t  each ha l f  hour i n t e r v a l  f o r  the  f irst  

twelves hours of t e s t ,  the  da ta  was recorded only a t  hour i n t e r v a l s  t h e r e a f t e r .  

The s e a l  was disassembled f o r  i n spec t ion  and photographed f o r  record  

Evidence of running d id  e x i s t  a t  the  bronze nosepiece i 'neerface,  purposes.  

However, t he re  was no evidence of su r face  d i s t r e s s .  

E. S ta r t -S top  Tes t ing  (Test #16 through 26) 

A t o t a l  i n  excess  of 100 s t a r t - s t o p  tests,  exc lus ive  of those a s soc ia t ed  

w i t h  o t h e r  dynamic tes ts  were performed. 

i n  groups of t e n  s t a r t - s t o p  cyc les .  Af t e r  each t e n  such cyc les ,  a one hour 

s t a t i c  leakage check was made a t  a d i f f e r e n t i a l  p ressure  of 10 PSI, 

Test ing  was performed under vacuum 

Since the  t e s t i n g  was done a t  vacuum, a cons iderable  amount of o i l  was 

c o l l e c t e d  a t  Traps 2, 3, and 4 .  This occurred s i n c e  a t  reduced speed the  

s l i n g e r  s e a l s  are  no longer  capable  of  pumping l u b r i c a n t  back t o  t h e  sump, 

and the re  i s  s t i l l  a need t o  maintain o i l  a t  t h e  bear ing.  The coastdown t i m e  

i s  approximately f i v e  minutes s i n c e  no braking I n  a t y p i c a l  t es t  

of t e n  s t a r t - s t o p  cyc les  approximately two ga l lons  of l u b r i c a n t  were c o l l e c t e d  

from Traps 2, 3, and 4 .  I n t e r e s t i n g l y ,  no a d d i t i o n a l  o i l  was c o l l e c t e d  a t  

Trap #l during t h e  dynamic t e s t i n g .  

i s  p re sen t .  

During these  tes ts ,  only a minimal amount of da ta  were recordedo The 

t e s t s  were executed from zero  speed wi th  a r ap id  r i s e  t o  12000 RPM and a 

coastdown back t o  ze ro  speed. Vacuum was maintained i n  the  system. O i l  i n l e t  

temperature a s  w e l l  a s  bear ing ou te r  r ace  temperature were cont inuously monitored. 
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Speed da ta  from these  tests a r e  a matter of record  but  w i l l  no t  i n  themselves 

appear t o  be a mat te r  of s i g n i f i c a n t  i n t e r e s t ,  

a t  the  conclusion of each cyc le s  of t e n  cyc le  tes t  i s  as fol lows:  

The s t a t i c  leakage da ta  obta ined  

START-STOP LEAKAGE DATA 
( i o  PSID) 

Leakage* 
Test # cc /h r  

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

12 
24 
10 
46 
50 
14 
4 
0 
6 
6 

* O i l  temperature approximately 200°F 

The v a r i a t i o n  i n  s t a t i c  leakage was not  e n t i r e l y  r a t i o n a l i z e d  al though 

t h e r e  was some evidence t o  i n d i c a t e  t h a t  i t  was r e l a t e d  t o  t h e  technique used 

f o r  f looding  the  a l t e r n a t o r  c a v i t y  i n  p repa ra t ion  f o r  s t a t i c  rest. 

was accomplished by admi t t ing  o i l  through t h e  bear ing  o i l  r i n g .  

t h a t  only f i l t e r e d  o i l  would e n t e r  t he  bear ing  cav i ty .  Rapid f looding,  ac- 

complished by r a i s i n g  bear ing  c a v i t y  pressures ,  u sua l ly  lead  t o  more s t a t i c  

leakage. By way of comparison, i t  is  noted t h a t  t he  comparable s t a t i c  leakage 

a f t e r  Test #11 was 20 cc /h r  This  would 

i n d i c a t e  t h a t  a l though some anomalous leakage behavior was p re sen t ,  t h e r e  was 

no gross  change i n  s e a l i n g  e f f e c t i v e n e s s  between Test !Ill and Test #26. 

over,  f o r  p re s su re  d i f f e r e n t i a l s  of t h e  o rde r  of t h e  s t a t i c  o i l  head p resen t  

i n  the  a l t e r n a t o r  c a v i t y  no measurable o i l  leakage was de tec t ed  dur ing  Test 

#25. 

Flooding 

This assured  

0 a t  a temperature of 176 F and lower. 

More- 

F. L i f t - o f f  Evaluat ion 

L i f t  speed c h a r a c t e r i s t i c s  were eva lua ted  by means of  t he  capac i tance  probes 

i n s t a l l e d  on the  bellows assembly. Figure 13 shows t h e  probes a s  i n s t a l l e d  f o r  

t h i s  series of tests.  The da ta  i s  important  f o r  two very s p e c i f i c  reasons.  

That is ,  the  speed a t  which i n i t i a l  l i f t  can be de t ec t ed  i s  considered of g r e a t  



i n t e r e s t .  

p red ic t ed  l i f t  i s  s i g n i f i c a n t  s i n c e  i t  could form the  b a s i s  f o r  s e a l  performance 

c o r r e l a t i o n s .  

In  add i t ion ,  tes t  da t a  which would al low comparison of a c t u a l  versus  

Figure 14 is  r e p r e s e n t a t i v e  of t h e  l i f t  c h a r a c t e r i s t i c  no ted  dur ing  tes ts  
0 s t a r t e d  wi th  bear ing  o u t e r  r ace  temperature a t  140 F, L i f t  i s  noted immediately 

a f t e r  s t a r t  and r ises t o  a va lue  of approximately .0008 inch  a t  1,000 rpm. A s  

speed increases  and a s  s l i n g e r  pressure  increases ,  t h e r e  i s  a reduct ion  of l i f t  

t o  t he  s teady  va lue  of approximately 450 microinches.  The a c t u a l  curve i s  in-  

f luenced by r a t e  of speed inc rease  a s  w e l l  a s  the  i n l e t  o i l  temperature and 

flow. For s t a r t s  made wi th  a h igh  bear ing  o u t e r  r ace  temperature the  i n i t i a l  

l i f t  i s  somewhat lower, The d i f f e r e n c e  i s  due t o  t h e  g r e a t l y  reduced o i l  visco-  

s i t y  r e s u l t i n g  from the  inc rease  i n  o i l  temperature.  

Data was a l s o  obtained from the  comparison of a c t u a l  s e a l  l i f ts  wi th  t h e  

s e a l  l i f t  p red ic t ed  from the  r a t h e r  s i m p l i f i e d  a n a l y s i s  presented  i n  Sec t ion  I1 

of t h i s  r e p o r t .  Figure 1 5  shows the  r e s u l t s  obtained from the  t h r e e  capac i tance  

probes a t  speeds of 12,000, 10,000 and 8,000 rpm. The r e s u l t s  are  p l o t t e d  a s  

a func t ion  of d i f f e r e n t i a l  p re s su re  ac ross  the  s p i r a l  groove s e a l .  The probe 

da ta  i n d i c a t e s  t h a t  t he  s e a l  l i f t  i s  no t  symmetrical. A t  a d i f f e r e n t i a l  p re s su re  

of 10 p s i ,  Probe 3 i n d i c a t e s  an average l i f t  of 370 microinches whereas Probe 1 

shows an average l i f t  of 490 microinches.  An a d d i t i o n a l  v a r i a t i o n  i n  probe 

da ta  can be seen i n  Figure 16, The smal l  amplitude i s  undoubtedly due t o  wavi- 

ness  o r  lack  of squareness  between the  s l i n g e r  and the  s h a f t ,  Absolute va lues  

of l i f t  a r e  somewhat d i f f i c u l t  t o  determine without  an  ex tens ive  survey of a l l  

t he  poss ib l e  inf luences  which might a l t e r  probe readings.  Consequently, the  

values  from Figure 15 should be considered t o  be somewhat approximate i n  na tu re .  

It was poss ib l e  t o  o b t a i n  da t a  a t  a groove depth of 0.004 inch.  This i s  

represented  i n  Figure 1 7  f o r  a speed of 12,000 rpm. It can be seen t h a t  t h e  

l i f t  c h a r a c t e r i s t i c  i s  $ornewhat d i f f e r e n t  from the  da t a  taken w i t h  t h e  s e a l  

having t h e  0.002 inch  groove depth.  The da ta  i n d i c a t e s  t h a t  above a d i f f e r e n t i a l  

of 8.5 p s i  t he  f i l m  th ickness  i s  q u i t e  low. A review of t h i s  da t a  and i t s  cor-  

r e l a t i o n s  wi th  the  a n a l y s i s  used w i l l  be p re sen t  i n  a subsequent s e c t i o n  of 

t h i s  r e p o r t .  

G. Seal  L i f t - o f f  Cor re l a t ion  

TWO seals were t e s t ed ,  one wi th  a groove depth hd = 0.002 inches and one 

wi th  a groove depth ho = 0.004 inches.  

These dimensions and o t h e r  p e r t i n e n t  da t a  a r e  given below: 

Their  dimensions were otherwise t h e  same. 

2 1  



Ro = 1.068" 

R1 = 1.118" 

P1 = 0 
Po = 0 

R2 = 1.203" al = 0.164" 

R3 = 1.288'' 
R4 = 1.318" 

k = 36 

D = 0.025" 

d2 = 0.060'' 

a = 0.060" 
w = 1255 radians/sec. 

p = 0.0397 lbm/in 

2 

3 

lbpec 

in = 0.637 (lom6) 2 

(ET3 78 at 240'F) 

The best results for these two seals are shown in Figures 15 and 17. The 

data selected from these curves (Probe 2) for processing through the mathematical 

model is given in the following tables:' 

ho = 0.002 inches 

h2 P2 = P4 
(PSI) (Inches ) 

6 0.000512 

8 0.000475 

10 0 00043 6 
12 0.000400 

14 0 0003 60 

ho = 0.004 inches 

h2 P2 = P4 
(PSI) (Inches) 

3 0.000540 
4 0,000462 

5 0.000385 

6 0.0003 10 
7 0.000235 
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It 

p o s s i b l e  

p re s su re  

was not  poss ib l e  t o  measure through-flow i n  the  t es t  r i g ,  bu t  it was 

t o  measure the  c l ea rance  h2. 

and bellows can be c a l c u l a t e d  from the  formula 

The loading ora. t he  s e a l  by t h e  c a v i t y  

F = 8.0, + 1.66 A P  

where F = load i n  lbf  

4 P  = s e a l  pressure  d i f f e r e n t i a l  i n  PSI 

The r e s u l t s  of t h i s  Ca lcu la t ion  a r e  shown i n  Figure 18. Also p l o t t e d  

on t h i s  same f i g u r e  a r e  the  r e s u l t s  of t he  computations us ing  t h e  proposed 

sea l  theory.  

It was poin ted  out  e a r l i e r  t h a t  t he  end-cor rec t ions  of  Muijderman's theory 

were of doubt fu l  accuracy where appl ied  t o  s e a l s  which have R /R approaching 

un i ty .  For t h i s  reason, two d i f f e r e n t  computations were made f o r  each of t he  

s e a l s :  

1 2  

1. One c a l c u l a t i o n  a p p l i e s  an end c o r r e c t i o n  t o  both ends of t he  through- 

flow p a r t  of t he  s p i r a l  groove s e c t i o n  ( i .e .> a t  R + D and R us ing  

the  formula given above f o r  d ) .  
2 3 

2. The o t h e r  c a l c u l a t i o n  a p p l i e s  only one end c o r r e c t i o n  a t  R + D. 2 

Figure 18 shows t h a t  the  end c o r r e c t i o n  has a s t r o n g  e f f e c t  on the  

magnitude of t he  hydrodynamically generated s e a l  s e p a r a t i n g  force .  

a t  the  curves w i l l  show t h a t  i n d i v i d u a l  end co r rec t ions  could be s e l e c t e d  f o r  

each of t h e  two seals which would y i e l d  e x c e l l e n t  c o r r e l a t i o n  between t h e  theore-  

t i c a l  model and experiment.  This would amount t o  us ing  an empi r i ca l  " f r a c t i o n a l "  

end c o r r e c t i o n .  

t i o n s  f o r  t he  ho = 0.002" and ho = 0.004" s e a l s  would probably be needed t o  

b r ing  tes t  r e s u l t s  i n t o  agreement wi th  t h e  app l i ed  loading,  Unfortunately,  

t h e r e  i s  no way of knowing what " f r a c t i o n a l "  end c o r r e c t i o n  might be requi red  

f o r  some o t h e r  va lue  of ho. 

t h e  model was f i r s t  proposed. 

A glance 

Figure 18 i n d i c a t e s  t h a t  two d i f f e r e n t  " f r a c t i o n a l "  end cor rec-  

D i f f i c u l t i e s  of t h i s  s o r t  were a n t i c i p a t e d  when 

Another way of checking t h e  model exper imenta l ly  i s  to. change' t he  r o t a t i o n a l  

speed of t he  s e a l .  

speed has l i t t l e  o r  no e f f e c t  on h2 a s  t h e  speed i s  increased  from 8,000 rpm 

t o  12,000 rpm. Calculated response based on t h e  theory does not  show such 

The tes t  r e s u l t s  of Figure 15 f o r  ho = 0,002 i n d i c a t e  t h a t  
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i n s e n s i v i t y  a t  a l l .  Once aga in  t h e  theory  could be "bent" t o  agree  w i t 5  the  

t es t  da ta ,  but t o  do s o  would r e q u i r e  the  end-cor rec t ion  t o  be a func t ion  of w. 

I n t u i t i v e l y  t h i s  i s  no t  unreasonable,  bu t  the  p re sen t  theory  does al low f o r  

t h i s  kind of dependence. 

Having c i t e d  t h e  theo ry ' s  d e f i c i e n c i e s ,  a few words should be s a i d  i n  

its' favor .  

p red ic t ed  t rend  wi th  changes i n  s e a l e d  p res su re  i s  c o r r e c t  and even accura t e  

i f  t h e  r i g h t  " f r ac t iona l "  end-cor rec t ion  i s  used. 

age a t  ope ra t ing  speed and none was observed. 

would l i f t - o f f  and ope ra t e  hydrodynamically and i t  d id .  The p red ic t ed  through- 

flow pumping r a t e ,  a l though n o t  v e r i f i e d  wi th  experimental  da ta ,  i s  be l i evab le .  

A t  the  design ope ra t ing  cond i t ions  of P2 = P4 = 10 p s i  w i th  ho = 0.002 and 12,000 
rpm, t h e  p red ic t ed  through-flow pumping (two end co r rec t ions )  i s  about 11.0 
lbm/hr. 

It does y i e l d  l i f t i n g  fo rces  of t he  r i g h t  o rde r  of magnitude. The 

The model p red ic t ed  no leak- 

The model p red ic t ed  t h a t  t he  s e a l  

The t a b l e  below shows t h e  back-up d i s t a n c e  dl f o r  ho = 0.002" rpm as com- 

puted us ing  two end-cor rec t ions .  

(ho = 0.002", 12,000 rpm) 

dl P2 = P4 
(PSI) (Inches) 

6 
8 

10 
12 

14 

0,0503 
0.0512 

0.0514 

0.0526 

0 e 0530 

This d i s t a n c e  i s  only  a l i t t l e  more than one-half  t he  d i s t a n c e  a v a i l a b l e  before  

the  f l u i d  would reach the  inner  s e a l i n g  land ,  

Based on the  l imi t ed  experimental  evidence a v a i l a b l e ,  i t  appears  t h a t  t he  

proposed mathematical  model f o r  t he  s e a l  as a whole has merit .  

form, however, i t  i s  not  a p r e d i c t i v e  model due p r imar i ly  t o  poor t h e o r e t i c a l  

model f o r  t he  s p i r a l  groove p o r t i o n  of t he  seal .  

In  i t s  p resen t  

There a r e  two ways t h i s  problem could be r e c t i f i e d ,  One approach would 
be t o  a t tempt  t o  f ix-up the  end-cor rec t ion  terms i n  Muijderman's a n a l y s i s .  The 
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experiments show t h a t  these  c o r r e c t i o n s  can be q u i t e  i n f l u e n t i a l  which i s  ce r -  

t a i n l y  not  what i s  expected of a "correct ion".  

t h i s  theory i s  not  even c l o s e  t o  the  observed performance, s o  t h a t  t he  whole 

weight of c o r r e l a t i o n  r e a l l y  rests on the  end-correct ions.  

t h a t  i f  r e a l  accuracy depends on the  c o r r e c t i o n  terms Muijderman's a n a l y s i s  

w i l l  r e q u i r e  s u b s t a n t i a l  modi f ica t ion  before  i t  becomes product ive .  

Without t he  end c o r r e c t i o n s  

One must conclude 

The o t h e r  approach i s  t o  seek a new s o l u t i o n  t o  t h e  s p i r a l  groove p o r t i o n  

which s a t i s f i e s  t h e  end cond i t ions  exac t ly  and does not  r e q u i r e  any end-cor rec t ions  

a t  a l l .  Such a s o l u t i o n  should be s p e c i f i c a l l y  cons t ruc t ed  t o  so lve  the  problems 

a t  hand, i. e. , a nar-row land s e a l .  

To draw an  analogy, Muijderman's t h r u s t  bear ing  a n a l y s i s  i s  comparable t o  

Sommerfeld long j o u r n a l  bear ing  s o l u t i o n .  S o m e r f e l d ' s  s o l u t i o n  i s  accu ra t e  

only when the  "ends" r ep resen t  a smal l  p o r t i o n  of t h e  bear ing  length .  

r e a l l y  needed i s  a s o l u t i o n  comparable t o  t h e  s h o r t  j o u r n a l  bear ing  s o l u t i o n  of 

Ocvirk and DuBois where most of  t he  bear ing  i s  "ends", 

What i s  

H. Groove Depth Experiments 

This group of t es t s  was conducted t o  o b t a i n  experimental  da t a  regard ing  

the  e f f e c t  of s p i r a l  groove depth on s e a l  l i f t ,  o r  i n t e r f a c e  sepa ra t ion ,  a t  

12,000 rpm. One nosepiece,  which was success ive ly  ground t o  g ive  shal lower 

depths,  was used f o r  a l l  experiments i n  o rde r  t o  l i m i t  manufacturing c o s t .  The 

nosepiece was i n i t i a l l y  made wi th  an average groove depth of 0.004 inches.  The 

average depth was determined from measurements taken a t  twelve of t he  t h i r t y - s i x  

grooves,  Two depth va lues  were taken f o r  each groove a t  l o c a t i o n s  a s  shown on 

Figure 19. Table 2 gives  the  a c t u a l  measured va lues  from which the  average 

depth was determined. The nosepiece,  which was made of SAE 660 bear ing  bronze, 

was photoetched t o  produce t h e  requi red  s p i r a l  p a t t e r n  p r i o r  t o  d r i l l i n g  of  t h e  

feed ho le s .  

In  a d d i t i o n  t o  the  nosepiece used f o r  t hese  tes ts ,  one o t h e r  nosepiece was 

made. 

The average groove depth i s  0.002 inches a s  determined by measurements taken a t  

twelve of t he  t h i r t y - s i x  grooves. 

which were taken i n  accordance wi th  the  method shown i n  Figure 19. 

For t h i s  nosepiece,  t he  s p i r a l  grooves p a t t e r n  was produced by end-mil l ing.  

Table 3 gives  t h e  a c t u a l  measured va lues  

A s tudy  of t he  values  shown i n  Tables H - 1  and H-2 i n d i c a t e s  a cons iderable  

degree of  v a r i a t i o n  i n  the  groove depth measurements, This i s  p r imar i ly  due 
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Gy.OOV@ 
Loca t f on 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

TABLE 23-1 

SPIRAL GROOVE DEPTH MEASUREMENTS 

ETCHED PATTERN 

I D  Depth 
Inches 

0.0037 

0 0 0042 

0 * 0043 

0 8043 

0 e 0040 

0.0037 

0 0838 

0 e 0035 

0 0 0841 

0 0050 

0.0050 

0 0046 

OD Depth 
Inches 

0 0035 

Q 0038 

0 e 0040 
0.0046 

0.0043 

0 0041 

0.0037 

0 0033 

0.0035 

Q.OQ4Q 

0 e 0042 

I_ NOTE: Only 12 equal ly  spaced grooves were measured. 
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SPIRAL GROOVE DEPTH MEASUREMENTS 

MILLED PATTERN 

Groove I D  Depth OD Depth 
Location Inches Inches 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12  

0 0020 

0 e 0820 

0 e 0024 

0 D 0020 

0.0014 

0 0 0012 

0 0 0020 

0.0027 

0 0823 

0 0018 

0 0 0022 

0.8020 

0 * 0020 

8.0022 

0.0025 

0.0021 

0 e 0015 

0 e 0007 

0.0012 

0.0024 

0.0017 

0.0015 

0 * 0022 

- NOTE: Only 12  equal ly  spaced grooves were measured. 
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t o  t h e  r a t h e r  rough su r face  f i n i s h  which e x i s t s  a t  the  bottom of  each groove f o r  

"etched" a s  w e l l  a s  t he  "milled" nosepiece,  

To supplement t he  i n i t i a l  da t a  taken a t  0.004 inches,  t e s t s  were conducted 

a t  average groove depths of 0.003, 0.002 and 0.0015 inches ,  

A s  f o r  most t e s t i n g ,  t h e  capac i tance  probes d id  n o t  produce i d e n t i c a l  

abso lu t e  l i f t  measurements. Consequently, t o  f a c i l i t a t e  p r e s e n t a t i o n  of t h e  

r e s u l t s  from the  groove depth experiments, t he  readings taken wi th  probe #3 

are  shown. A l l  da t a  i s  f o r  12,000 rpm s i n c e  no s i g n i f i c a n t  speed e f f e c t  was 

de tec ted .  F igure  20 shows t h e  da ta  f o r  t he  t h r e e  tes ts  and t h e  da t a  from 

Probe #3 i n  Figure 17 .  

i nc rease  seal  l i f t  up t o  some unknown maximum l i f t  a f t e r  which i t  begins t o  

drop r a t h e r  s i g n i f i c a n t l y .  Time d id  not  permit an  accu ra t e  de te rmina t ion  of  

t he  groove depth which would produce maximum l i f t .  

0.002 inches f o r  t he  groove depths  t e s t e d .  

It can be seen t h a t  reduct ion  of groove depth produces 

Maximum l i f t  was noted a t  

I. Mate r i a l  Compatibi l i ty  Tests ( S t e e l  Sea l )  

The t e s t  r i g  was modified f o r  unattended ope ra t ion  before  the  bronze 

seal  was removed. Checkout runs  were made t o  see i f  t h e  monitoring system 

worked proper ly .  These tests were performed while  t h e  s t ee l  s e a l  was being 

manufactured and, t he re fo re ,  t h e  bronze s e a l  was s t i l l  i n  p lace .  With some 

adjustments t he  monitor ing system was determined t o  be i n  working order .  

When t h e  s t ee l  s e a l  was completed the  tes t  u n i t  was disassembled and t h e  

bronze s e a l  removed. Inspec t ion  of t he  p a r t s ,  a t  t h i s  t i m e ,  revealed some minor 

wearing of t h e  tungs ten  ca rb ide  p l a t e d  s l i n g e r ,  which a c t s  as t h e  s e a l  runner.  

The p l a t e d  s u r f a c e  was ground and lapped f l a t  and smooth. 

the  new sea l  and r e f i n i s h e d  s l i n g e r ,  t he  o i l  system was dra ined  and r.exkng.e$ ' 
with  new o i l  (provided by NASA). 

Before assembly of 

The p a r t s  were c a r e f u l l y  c leaned and t h e  u n i t  

reassembled. 

A f t e r  t he  new s p i r a l  grooved f a c e  sea l  was i n s t a l l e d ,  a s t a t i c  p re s su re  

t e s t  was made, Excessive leakage was measured over a range of pressures .  In  

o rde r  t o  determine i f  t h e  leakage was coming from the  primary sea l  o r  from one 

of t he  secondary s e a l s  (O-rings),  t he  t es t  r i g  was brought up t o  speed and a 

dynamic leakage check made. Under dynamic ope ra t ing  cond i t ions  t h e  pumping 

a c t i o n  of t h e  s p i r a l  grooves should prevent  any leakage through the  primary 

s e a l .  Excessive leakage d id  occur  dur ing  t h i s  tes t ,  however, thus  lead ing  t o  



t h e  conclusion t h a t  t he  secondary s e a l s  were most l i k e l y  a t  f a u l t ,  During 

t h i s  tes t ,  which l a s t e d  f o r  about 30 minutes, t h e  seal  f i l m  th ickness  was mea- 

sured and found t o  be approximately ,000500 i n .  

The t e s t ' u n i t  was then disassembled and both the  s e a l  and s l i n g e r  were 

found t o  be damaged, 

had come between the  mating su r faces  of t he  s e a l .  Severa l  deep sc ra t ches  were 

found i n  the  runner and i n  the  i n s i d e  diameter dam and lands of t he  s e a l .  The 

o u t s i d e  diameter dam and lands of the  s p i r a l  grooved s e a l  were undamaged. The 

runner showed some pickup of ma te r i a l .  There was a v e r y  smal l  n i c k  out  of one 

of t h e  sea l  lands.  This might have been the  source of the  damaging p a r t i c l e .  

The na tu re  of t he  damage ind ica t ed  t h a t  a f o r e i g n  p a r t i c l e  

Both the  s e a l  and the  s l i n g e r  (runner) were r epa i r ed .  This l e f t  t h e  s e a l  

s p i r a l  grooves shal lower than  des i r ed  s i n c e  about .0005 i n .  had t o  be removed 

from the  s e a l  su r f ace .  It was f e l t ,  however, t h a t  t he  s e a l  should s t i l l  be 

operable  s i n c e  previous tests had been made wi th  .0015 i n .  deep grooves. Under 

these  condi t ions  the  bronze s e a l  had l i f t e d  o f f  but  ran  w i t h  a reduced f i l m  

th ickness  (.000260 i n ,  a t  &P = 10 p s i ) .  

New O-rings were pu t  i n  the  assembly and the  s e a l  i n s t a l l e d  once aga in  i n  

the  t es t  u n i t .  S t a t i c  leakage tes ts  ind ica t ed  a reduced l eak  r a t e  of 7 cc /hr .  

The previous excess ive  leakage migh t , t he re fo re ,  have been due t o  the  O-rings. 

The t e s t  u n i t  was then  brought up t o  speed i n  order  t o  check t h e  dynamic leak- 

age.  There was no d e t e c t a b l e  dynamic leakage. This seemed t o  confirm our  con- 

c lus ion  t h a t  t he  previous l eak  had been stopped and the  s e a l  system was ready 

f o r  t e s t i n g .  The sea l  was allowed, t he re fo re ,  t o  run  f o r  a per iod  of about 22 

hours during which t i m e  t h e  t es t  s e t  up and monitor ing system was checked o u t  

again.  Everything seemed t o  be i n  o rde r  f o r  s t a r t i n g  the  endurance tes t  wi th  

the  except ion  of t h e  f i l m  th ickness  probes,  

from these  probes was l o s t .  This was no t  f e l t  t o  be unusual, however, s i n c e  i t  

had occurred before  and was due t o  o i l  coming between the  probe and t h e  measuring 

su r face .  Even though t h e  f i l m  th ickness  measurements were no t  needed f o r  ca r ry -  

i ng  out  the  experiments, i t  was decided t o  disassemble the  system before  s t a r t -  

ing t h e  extended endurance run  and check i t  once more. 

During t h i s  checkout run t h e  s i g n a l  

When the  t e s t  u n i t  was disassembled the  s e a l  and s l i n g e r  were examined 

and found t o  be damaged. The damage was ex tens ive  showing evidence of t he  su r face  

wiping f o r  a rubbing type of wear was p re sen t .  The wear a f f e c t e d  the  e n t i r e  
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s e a l  

o b l i t e r a t e d .  In  a d d i t i o n  t o  ex tens ive  wearing of t h e  s l i n g e r  ( runner)  sur face ,  

t h e r e  was m a t e r i a l  pick-up on i t  and several  deep sc ra t ches  had pene t r a t ed  the  

tungsten carb ide  flame p l a t e .  Ind ica t ions  were, however, t h a t  t he  tungs ten  ca r -  

b ide  p l a t i n g  had been 

sur face ,  and t o  the  e x t e n t  t h a t  s e v e r a l  of t h e  grooves were completely 

i n t a c t  before  t h e  tes t  began, 

The important ques t ion  a t  t h i s  p o i n t  was; what had caused t h e  seal  f a i l u r e ,  

The i n i t i a l  s e a l  damage, r e s u l t i n g  i n  t h e  deep and how could i t  be co r rec t ed?  

sc ra t ches ,  c e r t a i n l y  must have been t h e  most c r i t i c a l  since i t  r e s u l t e d  i n  com- 

promising the  groove depth when t h e  s e a l  was r epa i r ed .  

t h a t  i n c i d e n t  t h a t  t h e r e  was any m a t e r i a l  i ncompa t ib i l i t y .  

t o  be caused by a s i n g l e  fo re ign  p a r t i c l e ,  a l though t h i s  cannot be completely 

s u b s t a n t i a t e d .  Once t h e  groove depth was reduced, t he  ope ra t ing  f i l m  th ickness  

vas a l s o  reduced, thus  inc reas ing  t h e  s e n s i t i v i t y  of t he  seal  t o  warpage. Exam- 

i n a t i o n  of t he  damaged s e a l  a f t e r  t h e  f i n a l  t es t  run, Figure21, g ives  some in-  

d i c a t i o n  of warpage, 

t he  g r e a t e r  h e a t  genera t ion  i n  the  t h i n  f i l m  and the  lower thermal conduct iv i ty  

of t he  s t e e l  s e a l  compared t o  t h e  bronze seal .  

no t  show any marked r ise during the  test ,  however. 

It i s  not  ev ident  from 

The problem appeared 

This may have been due t o  thermal cond i t ions  because of 

The recorded temperatures d id  

Fur ther  work on t h e  program was terminated due t o  th&:negafiuel!resul ts  ob ta ined ,  

V I  CONCLUSIONS 

A ,  Demonstration of Design P r i n c i p l e  Tests (Bronze Sea l )  

The work of t h i s  c o n t r a c t  was devoted t o  the  design and tes t  of a s p i r a l  

groove f a c e  s e a l  f o r  use a s  a s e l f - a c t u a t e d  shutdown s e a l  on SNAP 8 a l t e r n a t o r s .  

Such a s e a l  would be intended t o  a s s u r e  t h e  presence of l u b r i c a n t  i n  the  bear ing  

c a v i t y  under s t a r t u p  and a l s o  under shutdown condi t ions .  

t h i s  would provide an  improvement i n  o v e r a l l  system r e l i a b i l i t y .  

volved extended du ra t ion  s t e a d y - s t a t e  t e s t i n g  a s  well  as t r a n s i e n t  t e s t i n g .  

Leakage was eva lua ted  under va r ious  modes of opera t ion .  

It i s  expected t h a t  

The work in-  

Based on t h e  d a t a  obta ined  during t h i s  program, t h e  fol lowing conclusion 

may be drawn. The v a l i d i t y  of  t hese  conclusions must be tempered by the  know- 

ledge t h a t  t he  a c t u a l  t es t  t i m e s  were extremely s h o r t  when compared t o  des i r ed  

pro to type  l i f e  and r e l i a b i l i t y :  

1. I n t e g r a t i o n  of t he  s p i r a l  groove s e a l  w i th  t h e  s l i n g e r  

shown t o  be a f e a s i b l e  design concept.  The scavanging 

sea l  has been 

c a p a b i l i t y  of 
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t he  s l i n g e r  s e a l  appeared t o  be i n  no way a f f e c t e d  by the  presence of 

t he  s p i r a l  groove s e a l  which was mated d i r e c t l y  t o  one f a c e  of the  

s l i n g e r  s e a l  on t h e  outboard a n t i - d r i v e  end. 

2. The s p i r a l  groove s e a l  performed e f f e c t i v e l y  a s  a s u b s t i t u t e  f o r  t h e  

screw s e a l  which was removed from t h e  outboard a n t i - d r i v e  end during 

t h e  t es t s .  A t  nominal ope ra t ing  condi t ions ,  w i th  a p re s su re  d i f f e r -  

e n t i a l  of 10 p s i  ac ross  t h e  s p i r a l  s e a l ,  t he  leakage would be accept-  

ab le  i n  terms of SNAP 8 pro to type  requirements ,  This conclusion i s  

based s p e c i f i c a l l y  on the  r e s u l t s  of t h e  50 hours continuous tes t  

dur ing  which no measurable leakage was accumulated. 

3 .  S t a r t - s t o p  ope ra t ion  of t he  type performed dur ing  tes t  should n o t  be 

de t r imen ta l  t o  s e a l  l i f e .  No evidence of change i n  seal  i n t e r f a c e  

was de t ec t ed  as a r e s u l t  of t h e  s t a r t - s t o p  cyc l ing  during t h i s  t e s t  

program. 

4 .  Absolute magnitude of s e a l  l i f t  i s  inf luenced by temperature a s  pre- 

d i c t e d  from the  a n a l y s i s .  This  provides  a somewhat increased  s e a l  

c learance  under co ld  s t a r t  condi t ions  (with 150°F bear ing  r a c e  

temperature) bu t  does no t  compromise the  s e a l i n g  e f f e c t i v e n e s s .  

5. The conf igu ra t ion  of s p i r a l  groove f ace  s e a l  t e s t e d  dur ing  t h i s  

program can be incorpora ted  i n  t h e  pro to type  u n i t  on an in te rchangeable  

b a s i s .  This conclusion i s  based on t h e  assumption t h a t  t he  SNAP 8 

Al t e rna to r  Test  Assembly i s  adequately r e p r e s e n t a t i v e  of t he  proto-  

type u n i t s .  To t h e  b e s t  of a l l  knowledge a v a i l a b l e  such i s  indeed 

the  case. 

6 .  S t a t i c  s e a l i n g  a t  low d i f f e r e n t i a l  p ressures ,  of t he  o r d e r  of s t a t i c  

head contained i n  the  bear ing cav i ty ,  i s  expected t o  be acceptab ly  

low. This  should be e s p e c i a l l y  t r u e  f o r  low temperatures .  

7 .  It appears  t h a t  a p r e d i c t i v e  a n a l y s i s  f o r  performance of t he  s p i r a l  

groove f ace  seal  i s  poss ib l e .  Pr&limfnary e s t ima tes  of s e a l  l i f t  

can be made based on a v a i l a b l e  S ta t e -o f - the -a r t  knowledge, 

t he  c o r r e c t i o n s  f o r  end e f f e c t s  w i th in  t h e  seal  geometry g r e a t l y  e f f e c t  

t he  abso lu te  accuracy wi th  which performance p r e d i c t i o n s  can be made. 

Howevez, 
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B. Demonstration of Mate r i a l  Compatibi l i ty  Tests ( S t e e l  Sea l )  

This phase of  the  program was aimed a t  demonstrating t h e  o p e r a b i l i t y  and 

m a t e r i a l  compa t ib i l i t y  of t h e  s p i r a l  groove f ace  s e a l  over  a long t e r m  endurance 

per iod.(2500 hours),  and dur ing  100 s t a r t - s t o p  cyc le s .  

was chosen t h a t  would be compatible wi th  t h e  SNAP-8 system. The bronze s e a l  

did no t  s a t i s f y  t h i s  condi t ion .  

A ma te r i a l ,  A2 t o o l  s t e e l ,  

The r e s u l t s  of t h i s  phase of t h e  program were inconclusive.  This was due 

t o  t h e  e a r l y  f a i l u r e  of t he  s e a l ,  The f i r s t  f a i l u r e  was apparent ly  caused by 

a p a r t i c l e ,  of unknown o r i g i n ,  lodged between the  s e a l  su r f aces .  This p a r t i c l e  

may have been t h e  smal l  p i ece  broken o f f  the  s e a l  groove edge. This f a i l u r e  may 

have been due t o  m a t e r i a l  i ncompa t ib i l i t y ,  but  the  evidence is  no t  s t rong  enough 

t o  conclude t h i s .  Grinding o f f  t h i s  damage l e f t  t he  s e a l  w i th  shal lower grooves 

and, t he re fo re ,  a reduced opera t ing  f i l m  th ickness .  This had t h e  e f f e c t  o f  in-  

c r e a s i n g  t h e  s e a l s  s e n s a t i v i t y  t o  warpage. Therefore,  i n s u f f i c i e n t  l i f t - o f f  

and thermal warpage could have caused the  second s e a l  f a i l u r e .  

Subsequent t o  t h i s  s e a l  f a i l u r e ,  s e v e r a l  General  Electr ic  m a t e r i a l s  engin- 

eers were consul ted  i n  regards  t o  the  sea l  ma te r i a l .  Thei r  recommendations were 

t h a t  i f  t h e  A2 t o o l  s t e e l  i s  used, it should be cooled t o  a low temperature f o r  

a per iod  of from 24 t o  48 hours, a f t e r  t h e  f i n a l  hea t  t rea tment  has been com- 

p l e t ed .  I f  t h i s  i s  no t  done t h e  r e t a i n e d  a u s t e n i t e  w i l l  cause t h e  s e a l  t o  d i s -  

t o r t .  

It i s  f e l t  t h a t  t h e  s p i r a l  groove s e a l  des ign  p r i n c i p l e  has been adequately 

demonstrated. It remains t o  demonstrate m a t e r i a l  compa t ib i l i t y  w i t h  a m a t e r i a l  

t h a t  i s  s a t i s f a c t o r y  t o  use i n  t h e  SNAP-8 system, The A2 t o o l  s t ee l  may be 

s a t i s f a c t o r y  i f  some changes i n  t h e  manufacturing procedure a r e  made, 

before  proceeding w i t h  t h e  program, o t h e r  m a t e r i a l s  should a l s o  be considered. 

Candidate m a t e r i a l s  might inc lude  s o l i d  tungs ten  ca rb ide  and s o l i d  carbon 

g raph i t e .  

However, 

V I I .  RECOMMENDATIONS 

The o v e r a l l  a n a l y t i c a l  model proposed f o r  the  s e a l  as a whole appears t o  be 

a reasonable  d e s c r i p t i o n  of t h e  s e a l  hydrodynamics. The weakest p a r t  of t h e  model 

i s  obviously the  p a r t  t h a t  desc r ibes  the  hydrodynamics of t h e  s p i r a l  groove por- 

t i o n .  Unfortunately,  t h i s  i s  the  most important p a r t .  
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The Muijderman theory might be improved empi r i ca l ly  by determining end cor-  

r e c t i o n s  from t e s t  d a t a ,  Considering the  number of parameters involved t h i s  

could be q u i t e  c o s t l y .  

The o t h e r  a l t e r n a t i v e  i s  t o  develop an a n a l y s i s  which from the  o u t s e t  i s  

designed t o  so lve  the  s p e c i f i c  problem a t  hand, namely the  narrow land s e a l .  A s  

p a r t  of a s epa ra t e  a c t i v i t y ,  a pre l iminary  i n v e s t i g a t i o n  has been c a r r i e d  ou t  

which i n d i c a t e s  t h a t  t h i s  can be done us ing  the  "narrow land" approximation which 

has proved success fu l  i n  ana lyz ing  o t h e r  s e a l  conf igura t ions .  This p a r t i c u l a r  

a n a l y t i c a l  approach not  only s a t i s f i e s  t he  boundary condi t ions  exac t ly ,  but i t  

a l s o  can incorpora te  t h e  con t r ibu t ions  of f l u i d  i n e r t i a  which a t  h igher  speeds 

can have de t r imen ta l  e f f e c t  on s e a l  performance. 

It i s  expected t h a t  t he  a n a l y s i s  would be s t r a i g h t  forward, but  probably 

q u i t e  labor ious ,  e s p e c i a l l y  i f  a l a r g e  number of geometric conf igu ra t ions  a r e  t o  

be evaluated.  The r e s u l t s  would be expected t o  produce p r e d i c t i v e  techniques f o r  

a more accu ra t e  a p p r a i s a l  of t h e  s p i r a l  groove f ace  s e a l ,  

* It i s  recommended t h a t  e f f o r t  be devoted t o  t h e  development of a pre- 

d i c t i v e  a n a l y s i s  s p e c i f i c a l l y  modeled f o r  the  narrow land s e a l .  

The experimental  work of t h i s  con t r ac t  demonstrated t h e  f e a s i b i l i t y  of t he  

s p i r a l  groove concept and i t s  a d a p t a b i l i t y  t o  the  SNAP-8 a l t e r n a t o r  s e a l  system. 

The at tempt  a t  long du ra t ion  t e s t i n g  f o r  t he  purpose of de f in ing  s e a l  l i f e  and 

r e l i a b i l i t y  was n o t  success fu l ,  

would involve tests wi th  s e l e c t e d  s e a l  ma te r i a l s  over  extended tes t  per iods .  

A f u r t h e r  con t inua t ion  of t h e  experimental  work 

* It i s  recommended t h a t  f u r t h e r  e f f o r t  be devoted t o  t h e  s e l e c t i o n  of 

a s u i t a b l e  s e a l  m a t e r i a l  t o  be used f o r  extended du ra t ion  t e s t i n g  under 

s imulated SNAP-8 cond i t ions ,  The a c t u a l  m a t e r i a l s  used and the  t e s t  

t i m e s  involved would be based on manufacturing cons ide ra t ions  a s  w e l l  

a s  SNAP-8 requirements.  
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APPENDIX A 

This appendix concerns the  t i m e  sha r ing  computer program on the  s p i r a l  

groove bear ing  t h a t  has been used i n  t h i s  c o n t r a c t .  The program is  w r i t t e n  i n  

FORTRAN and has the  fol lowing input  v a r i a b l e s :  

Program Analysis  Program Ana l y s  i s  
Variable  Variable  Variable  Va r i a  b l e  

al ALF k9 degrees A l I N  

COTA c o t  (a) A2 a 2 

TANA tan. (a D I N  D 

d2 

R2 R2 RHO P 

D2 Ro 

R3 

RO 
\ ,  

XK k R3 

R4 

P1 

R4 

p1 

HO 

E 
0 

h 

OHM CD 

(See nomenclature s e c t i o n  I I B .  f o r  a f u r t h e r  d e f i n i t i o n  of t hese  i n p u t s ) ,  

These v a r i a b l e s  a r e  t o  be en te red  i n  the  above o rde r  s t a r t i n g  wi th  l i n e  

number 10220 w i t h  t h e  format shown i n  the  l i s t i n g .  

The l a s t  v a r i a b l e  t o  be en te red  i s  H2 (h2). A series of va lues  of H2 may 

be en te red  a s  t h e  l a s t  l i n e  of da ta .  (Note t h a t  l i n e  10036 of t h e  program de te r -  

mines the  number and va lues  f o r  P2 which i n  t u r n  determines the  number of H2 

va lues  t o  be read  i n .  I n  t h i s  l i s t i n g  P2 = PA = 6, 8, 10, 12 and 14 thus  r equ i r -  

i ng  5 va lues  f o r  H2.) 

ou tput  : 

The order  of t he  ou tpu t s  i s  given when t h e  program f i r s t  s t a r t s  t o  run. 

For each case  run, on ly  the  vary ing  i n i t i a l  condi t ions  a r e  l i s t e d  (see sample 

output ,  t h i s  appendix) e 
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The a c t u a l  output  v a r i a b l e s  a r e :  

Program 
Variable  

D1 

S SUB T 

P3 

F3 

FO 

F1 

F2 

Analysis Program Analysis 
Variable  Variable  Var i a  b 1 e 

F4 F4 

F F 

W W 

dl 

St 

p3 

F3 

FO 

F1 

F2 

(See nomenclature s e c t i o n  IIB. f o r  f u r t h e r  d e f i n i t i o n . )  



LISTING FOR 
SPIRAL GROOVE COMPUTER PROGRAM 

F3 FO" 
F vn 

3 6  



SAMPLE OUTPUT 
SPIRAL GROOVE COMPUTER PROGRAM 

RUN 

SP IRL3 9812 ST TUE 03/04/69 

SPIRAL GROOVE BEARING 

ORDER OF OUTPUT 

Dl S SUB T P3 F3 

F1 F2 F4 F 

W2s 3 9OOOOE-0-4 P2*Prl* 6000 

oQS46 e0024 34.4087 4.9356 

8.891 5 1 1  e9345 1 4 3 3 8  2 O e 8 9 5 4  

H2- 30300003-04 P2rP4- 8 e00 

edS68 e0015 38003136 5.6236 

3.1241 130459a 1,5117 2307166 

H8- 2 0 70000E0Q4 PS?*P4= 10.00 

00568 00089 41 06317 6.3112 

309776 14.973% 108897 ' 27.1516 

HBs 1 0 7OOOOE-04  P2aP4~ 120Q0 

m 
W 

00000 

14.6933 

00602 e.0002 46031 56 7rl291 .0000 

4.8350 16.0380 2.2676 3 1 4 7 0 5  22.7770 

AT LIME NO0 1 O t l S I  STeP EWD 

37 USED 11.63 UrIT's. 
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36 Groove & Lands 
0.002 '"Deep. Approx. 
Pitch at OD of 

St at e 
Sealing 
Darn 

Spiral  Pa t te rn  
is 0.224,'' Land Width \ -  is 0.064 Spiral  Angle I/// 

- Restriction Dam 

Coordinates for Spiral  Groove Contour 

Degree Radius Degree Radius 

0 1.1180 15 1.2331 
3 1.1396 18 1.2535 
5 1.1541 20 1.2689 
7 1,1688 22 1.2857 

10 1.1912 23 1.2936 
12 1.2064 

Figure 3 Detail of Spiral  Groove Pa t te rn  and Dams 
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DAM 

FEED REGION GRoovE+ t- 
PUMPING REGION 

i. 

OUTER SPIRAL GROOVE 

I 

~ ~ ~ o ~ [ l  I DAM N N E R 

Figure 6 Spiral Groove Face seal Geometry. 
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AP = 6 , 2  P S I  AP = 8.6 P S I  

LP  = 1 2 . 1  P S I  DP = 13.5 P S I  

F igure  1 6  

Capacitance Probe Osc i l lograph  Trace 

Speed = 12000 RPM 
h = 0.002" 

System a t  Vacuum 
S e a l  AP a s  Noted 
(Data Taken 2-5-69) 

0 

AP = 18.4 P S I  
. .  
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Tes t  Data f o r  Ca lcu la t ion  
of Sea l  Opening Force 

= 0.002 4 12000 RPM 
hO 

hO 

h = 0.002 8 8000 RPM 
0 

= 0.004 3 12000 RPM 

1 End Correc t ion  
2 End Correc t ion  - - - -.- 

Snap-8 S p i r a l  Groove Sea l  Development 
T e s t  Data Cor re l a t ion  

Force Versus Pressure  D i f f e r e n t i a l  

/ 
p’ 

Calculated 
Closing Force 

. .  
Figure 18 

Sea l  Pressure  D i f f e r e n t i a l  (PSI) , 



3/32" 

LOCATION OF 
/ / / / I / / / / / / /  / 

LOCATION OF 
I .  D. M E A S U R E M E N T  O.D. M E A S U R E M E N T  

S T A T I C  S E A L I N G  D A M  

See Figure 4 f o r  complete s e a l  conf igu ra t ion  

See Table 2 and Table 3 f o r  va lues  

DEPTH MEASUREMENT LOCATION 

TYPICAL GROOVE 

FIGURE 19 
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