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ABSTRACT 

For the  purpose of developing dynamic seal-to-space sys$;ems f o r  the 

sNAp-8 turbine,  three r i g s  were t e s t e d  which incorporated d i f f e ren t  space 

seal designs. One of these designs, whkch simulatsd the current s e a l  

design, exhibi ted a much accelerated rate of cavi ta t ion  damage when 

compared t o  ac tua l  turbine operation. However, no mercury leakage occur- 

red, ' thereby  -extending the seal l i f e ,  extrapolated t o  ac tua l  turbine 

conditions, t o  60,000 and 70,000 hours. One of t h e  other  two designs 

demonstrated almost negl igible  cavi ta t ion  damage, with no evidence of 

leakage, leading t o  the predict ion of an even more extended l i fe .  The 

t h i r d  design showed only s l i g h t  damage and no leakage, but  operat ional  

d i f f i c u l t i e s  i'ndicated that much more development would be needed i n  t h i s  

latter case. 
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I. IUTRODUCTI ON 
The SNAP-8 tu rb ine  i s  a 4-stage a x i a l  impulse machine. The 4 s tages  a re  

overhung on angular contact b a l l  bearings. The working f l u i d  f o r  the turbine i s  

mercury vapor and the  lubr icant  coolant f o r  t h e  bearings i s  a polyphenol-ether 

o i l  (4P3E). 

I n  order to prevent loss of mercury vapor and contamination between the  

turb ine  and the  o i l  lubricated bearings,  a dynamic seal-to-space system i s  employed. 

This s e a l  is ef fec ted  by condensing a l i qu id  mercury plug between the  s h a f t  element 

(visco r i n g )  and t h e  housing which i n  the  case of t he  s~m-8 tu rb ine  contains double 

h e l i c a l  or herr ing  bone grooves, 
The design of the  s e a l  system f o r  t he  turbine was developed during w separate  

but supporting program run p a r a l l e l  with and subsequent to t he  turbine design. Several  

s e a l  designs were t e s t ed  with t h e  primary object ive being the  se l ec t ion  of a low leak- 

age s e a l  system. It was observed on severa l  of t he  designs t e s t ed  t h a t  although good 

sea l ing  cha rac t e r i s t i c s  were obtained, varying degrees of cavi ta t ion  and erosion on t h e  

running r i n g  and housing a l s o  occurred ind ica t ing  i n s t a b i l i t y  of the  in te r faces .  

sequent operation of severa l  turbines  i n  a mercury system demonstrated erosion and 

cavi ta t ion  cha rac t e r i s t i c s  which i n  some cases were severe enough t o  preclude t h e  

attainment of t h e  desired 10,000 hour l i f e  of t h e  tu rb ine .  

Sub- 

I n  order to determihe the  l i f e  l imi ta t ions  of t h e  visco s e a l  r i n g  and housing, 

four  t e s t  r i g s  were b u i l t  with the s e a l  elements, v i sco  r ing ,  housing thermal geography, 

e tc . ,  c lose ly  simulating t h a t  of the  SNAP-8 turbine.  

was t he  evaluation of s e a l  elements i n  regard to cav i t a t ion  and erosion res i s tance .  

Three bas ic  designs were evaluated. 

The primary purpose of t he  tests 

The' f i rs t  design was i d e n t i c a l  physical ly  and a s  thermally s imi la r  a s  possible  

with t h e  current  tu rb ine  design. This design is  known a s  the  Reference design and 

w i l l  be so ca l led  throughout the  report .  

The second design is  s imi l a r  i n  concept to the  Reference design but the  sea l -  

i ng  surfaces a r e  smaller i n  diameter, t he  v isco  pump and molecular pump being on a 

common diameter. The s l inge r  face  used i n  Reference design is  deleted i n  t h i s  case. 

This design i s  known as  the  Minor Modification (Minor Mod. 

1 



The t h i r d  design represents  a more r a d i c a l  departure conceptually from t h e  

Reference design i n  t h a t  t h e  mercury condensed i n  t h e  v isco  primp i s  r ec i r cu la t ed  

from t h e  s e a l  area through an ex terna l  heat  exchanger from whence t h e  cooling 

mercury i s  returned to the  suc t ion  s ides  of t he  v i sco  pumps. The ex terna l  hea t  

exchanger uses 4P3E 021 as the  cooling medium. 

Major K o d i f  i c a t i o n  (Major Mod). 

This design is known as the  

The th ree  designs have been operated for t h e  following accumulated periods: 

1. Reference Uni t  - 3134.1 hours 

2. Minor Mod - 2574 hours 

3. Major Mod - 1528 hours 

The inspect ion poin ts  a f t e r  the  above periods of operation have indicated t h a t  

t h e  Minor and Phjor mods exhib i t  markedly less erosion/cavi ta t ion damage than  t h e  

reference design and a s  such a r e  considered for inc lus ion  i n  t h e  turbine.  

O f  these  two designs, the  Minor Modification exhibi ted almost no damage a t  
a l l  and a s  such indicated t h a t  it would be a n  exce l len t  a l t e r n a t i v e  to t he  present  

configuration used i n  t h e  turbine.  

Comparison of the  ma te r i a l  loss/ t ime data f o r  the reference design and the  

s e a l  da ta  from TAA 5/4 ind ica tes  t h a t  for t h e  s e a l  i n  the  turb ine  t o  lose  a s  much 

mater ia l  as was lost by the Mod-C reference design would requi re  almost 'j'O,OOO hours 

of operation. Even with t h i s  amount of ma te r i a l  l o s s  no loss of sea l ing  capab i l i t y  

i s  indicated.  

- 2 -  



11. I3ACKC;ROUND 

A. Seal-to-Space Program (Known as  Mod-B) 
The SNAP-8 turb ine  uses mercury vapor a s  a working f l u i d  and runs on o i l  

lubr ica ted  a n t i - f r i c t i o n  bearings. Because of t he  proximity of these two f l u i d s  

on the  same s h a f t ,  a s e a l  i s  required t o  prevent t h e i r  mixing and r e s t r i c t  the  

loss  of these f l u i d s  t o  space. The s e a l  is located between t h e  turb ine  and the  

adjacent bearing. 

A seal-to-space program,was i n i t i a t e d  e a r l y  i n  the  SNAP-8 development 

which invest igated ana ly t i ca l ly  and by tes t  the  primary s e a l  elements advocated 

f o r  t he  dynamic seals-to-space system f o r  leakage c r i t e r i a .  The bas i c  elements 

were the  s l i nge r  s ea l ,  v i sco  sea l ,  and t h e  molecular pump sea l .  It was estab-  

l i shed  t h a t  t h ree  bas ic  funct ions were required t o  provide a s a t i s f a c t o r y  low 

leakage seal. F i r s t ,  a l i q u i d  vapor in t e r f ace  must be establ ished which can a c t  

as an e f f ec t ive  b a r r i e r  t o  t h e  leakage of r a w  l iqu id .  Secondly, the temperature 

of t he  l i qu id  vapor in t e r f ace  must be control led t o  maintain a low vapor pressure 

and thus .  diminish the  quant i ty  of leakage vapors emanating from the  l i qu id  vapor 

in te r face .  Thirdly,  t he  tendency of the  i n t e r f a c e  vapors t o  leak  i n t o  the  space 

vent por t  must be diminished by t h e  most e f f ec t ive  flow r e s t r i c t i o n  means ava i l -  

able.  

Several  s e a l  configurations were invest igated (References 1 and 2 )  during 

t h i s  program. The ind iv idua l  elements, s l i nge r ,  visco, and mQlecular s e a l s  were 

invest igated separa te ly  and i n  combingtion. The primary object ive of t h i s  s e a l  

program was t o  develop a low leakage seal-to-space system f o r  inclusion i n  the  

SNAP-8 turb ine  and mercury pump components. 

The f i n a l  configuration f o r  the  seal-to-space which was  i n s t a l l e d  i n  

t h e  SNAP-8 turbines  is  shown i n  Figure 1. 

herringbone grooves i n  the  s t a t iona ry  housing and a smooth running r ing ,  (2) a 
s l i nge r  s e a l  i n  which a liquid-vapor in t e r f ace  i s  establ ished,  (3) an o i l  cooled 

hea t  exchanger which cools t h e  mercury s e a l  l i q u i d  vapor in te r face  and allows the  

s e a l  t o  remain f i l l e d  with mercury condensate, and (4)  a Holweck molecular pump 

which pumps leakage vapors back t o  the  liquid-vapor in t e r f ace  cavity.  

It cons is t s  of (1) a v isco  sea l ;  

- 3 -  



Tests of t he  f i n a l  configuration of space seal over a period of 1,018 
hours demonstrated (Ref. 23) low leakage r a t e s  which extrapolated to a loss of 

less than 1.0 lb .  mercury i n  10 /hours. 

and on seve ra l  others t e s t ed  t h a t  although good sea l ing  cha rac t e r i s t i c s  were 

obtained t h a t  varying degrees of cavi ta t ion  and erosion damage were sustained on 

both the  running r ing,  and on the housing of t he  visco pump. 

ind ica te  the  degree of damage. 

4 It was observed on t h i s  pa r t i cu la r  case 

Figures 2, 3, and 4 
'c 

The configuration of t he  seal involved i n  t h i s  long duration test 

d i f fe red  s l i g h t l y  i n  d e t a i l  from the  design t h a t  was concurrently i n s t a l l e d  i n  

the SNAP-8 turbine.  

hour (1600 pound/hour i n  turb ine)  and the  s e a l  r i n g  mater ia l  was AIS1 4340 carbon 

s e a l  (Greek ascoloy - a modified 400 s e r i e s  a l l o y  i n  t h e  turbine) .  

The major differences were i n  the  L/C flow r a t e  of 3200 pound/ 

B. TAA Experience 
Eight TAA's have been t e s t ed  i n  t h e i r  design environment and the  degree 

of damage has been s imi l a r  generally except for TAA 3/2. 
were : 

The periods of operation 

TAA - Hours 

82 6 
117 
143 
165 

14-47 
42 

2122 
10,823 

The visco seal of TAA 3/2 showed severe damage by cavi ta t ion  (Figure 5) 
and there  was a l i g h t  r e f l e c t i o n  of t h i s  damage on the  visco s e a l  grooves i n  t h e  

turbine housing. Observation of t h i s  degree of damage prompted the  following 

changes f o r  a l l  subsequent TAA uni t s :  

1. A change i n  mater ia l  from Greek Ascoloy to t h e  more erosion- 

r e s i s t a n t  S t e l l i t e  6B. 
2. An increase i n  the  r a d i a l  clearance t o  balance the  pumping co- 

e f f i c i e n t s  and place the turbine end vapor/l iquid in t e r f ace  more d i r e c t l y  under 

t h e  o i l  heat exchanger (thereby providing improved cooling f o r  t h e  l i qu id  plug);  

t h i s  change a l s o  placed the new mercury vapor/l iquid in te r face  on the  radial 

s l inger  face instead of on the  cy l ind r i ca l  surface. 

consequently, showed l i t t l e  or no damage (Figures 6 through 11). 

there  was appears to be s imi l a r  to a l i g h t  e tching of t he  surface. 

TAA's 6/1 through 5/3, 
What damage 

- 4 -  



111. DESIGNS CONSIDERED 

The decis ion to proceed with a development program was made after 

observation of the  excessive cavi ta t ion  damage demonstrated on TAA 3 /2  v i sco  

r i n g  a f t e r  only 820 hours of operation. 

A bas i c  object ive of t h i s  seal program known as Mod C was  to obtain endurance 

information on a TAA space s e a l  much sooner than could be obtained from t h e  con- 

current  TAA system and endurance 6est ing i n  PCS-1. 

s e a l  as t e s t i n g  progressed would be required to es t ab l i sh  bench marks; as to l i f e  

capab i l i t y  and t h i s  type of information could not r e a d i l y  be obtained from TAA's 

i n  PCS-1 due t o  the  l o g i s t i c  and programmatic consequences of numerous loop 

shutdowns and component disassemblies. Reactivation of the  Mod-B seal t e s t e r  

used i n  the  e a r l i e r  seal-to-space program was a l s o  considered but t h e  r eac t iva t ion  

cos ts  and t h e  l imi t a t ion  of being ab le  to only tes t  one seal design a t  a t i m e  

eliminated t h e  tester from f u r t h e r  consideration. 

Per iodic  examination of t he  

I n  addi t ion,  i f  as accumulated run t i m e  g r e w ,  t he  per iodic  examination of 

the seal i n  t h e  test  r i g  gave evidence t h a t  t h e  l i f e l s e a l i n g  capab i l i t y  of the  

s e a l  was questionable, then other designs would have to be tes ted .  I n  order to 
test  t h e  e f f e c t i v i t y  of other  designs i n  a timely manner, t h e  modified designs 

would requi re  t e s t i n g  i n  p a r a l l e l  with t h e  bas ic  TAA design. 

more than one t e s t  r i g .  

This would e n t a i l  

An even more bas i c  requirement of  t h e  t e s t i n g  i s  t h a t  any cavi ta t ion /  

erosion data generated i n  solving t h e  space s e a l  cav i ta t ion  problem, regardless  

of which of t h e  t es t  r i g s  were being u t i l i z e d ,  should be d i r e c t l y  and quanti- 

t a t i v e l y  appl icable  to t he  TAA. I n  the  same vein and as a prerequis i te  to estab- 

l i s h i n g  the  v a l i d i t y  of t h e  t e s t  program, t h e  i n i t i a l  tes t  r i g  must not only 

f a i t h f u l l y  reproduce the  geometry of the  TAA s e a l  but  m u s t  a l s o  demonstrate 

s i m i l a r i t y  i n  regard to damage compared with t h a t  sustained on TAA 5/3 tested 

i n  PCS-1, preferably i n  a comparable period of t i m e .  

Providing the  simulation is s a t i s f a c t o r i l y  demonstrated, then t h e  

information gained with t h e  modified designs can be used with confidence. 

t h e  cavi ta t ion  damage measured i n  t h i s  simulation tes t  i s  d i s t i n c t l y  d i f f e ren t  

from t h a t  experienced with the  T U ,  then some cor re la t ion  w i l l  have to be 

establ ished.  

If 
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I V .  TEST R I G  CONCEPT 

The Mod-C s e a l  t e s t e r  primary purpose was t o  provide a f a c i l i t y  for evalua- 

t i o n  of cavi ta t ion  damage of mercury space sea l s  a s  used i n  t he  SUP-8 TAA's. For 

a va l id  tes t ,  t h e  geometry of the  mercury space s e a l ,  thermal environment, and 

mercury vapor operating conditions m u s t  be simulated. 

t o  permit quick turn-around time and inspect ion of t h e  s e a l  configuration. 

tes t  u n i t  was i d e n t i c a l  i n  respect  t o  a mercury pot bo i l e r ,  a bearing and s h a f t  

assembly and an e l e c t r i c  motor. Each r i g  has a common sha f t  supported on standard 

b a l l b e a r i n g s .  The motor mounted a t  one end with t h e  space s e a l  elements overhung 

on the  other  end. A pot  b o i l e r  was flange mounted t o  the  r i g s  so t h a t  the  condens- 

ing  merdury vapor co l l ec t s  and forms a l iquid plug i n  t h e  visco s e a l  just  a s  it 
does i n  the  a c t u a l  turbine.  

The test r i g s  were designed 

Each 

v. SFAL DESIGNS CONSIDERED 

A. Reference Design 

This s e a l  configuration i s  i l l u  

5/3 Mercury Sea l ) .  It cons is t s  of:  

t r a t e d  i Figures 1 and 1 5  (Basic TAA 

1. A herringbone visco s e a l  which creates  a liquid/vapor in t e r f ace  

a t  one end of t h e  l i qu id  mercury s e a l  and prevents centr i fuging of the  condensing 

mercury i n t o  the  turbine wheel cav i ty  due t o  i t s  inherent  s t a b i l i t y .  

bone grooves a r e  i n  t h e  housing and the  v isco  r i n g  i s  smooth. 

The herring- 

2. An oil-cooled hea t  exchanger which cools the condensed mercury s e a l  

l i q u i d  vapor in t e r f aces  and allows t h e  s e a l  t o  remain f i l l e d  with mercury condensate. 

3. A s l i nge r  s e a l  which es tab l i shes  t h e  second l iqu id  vapor in te r face .  

4. A Holweck molecular pump which pumps leakage vapors back i n t o  the  

liquid/vapor in t e r f ace  cavity.  

This s e a l  design contains the dimensional modification made a f t e r  ob- 

serving the  cavi ta t ion  damage sustained by t h e  first TAA operated with mercury 

(e.g., TAA 3 / 2 ) .  

coeff ic ients  and place the turbine-end vapor l i qu id  in t e r f ace  d i r e c t l y  under the  

o i l  heat exchanger and provide improved cooling f o r  t h e  l i qu id  plug. 

The r a d i a l  clearance was increased t o  balance the pumping 
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B. Modified Design 

(I) Minor Modification 

From hydrodynamics of pwnp design, experience has shown a s t rong 

influence of speed on the  propensity f o r t h e g e n e r a t i o n  of bubbles. This i n -  

f luence is a s  s t rong  as  t h e  1.5 t o  2.0 power. The s e a l  diameter, per iphera l  

veloci ty ,  a l s o  e f f e c t  t he  amount of heat  generated and consequently the  r a t e  

of bubble generation. 

This s e a l  modification (Figures 16 and 17) therefore  involved the  

reduction of the  visco s e a l  diameter t o  correspond t o  t h a t  of the  molecular 

pump. This reduction i n  diameter reduces the  s e a l  per iphera l  ve loc i ty  from 
170 feet/second t o  154 feet/second and hence the  bubble generation propensity 

by approximately 30 per cent. 

l e v e l  on the  bubble formation. 

S igni f icant  a l s o  is  t h e  e f f e c t  of temperature 

The removal of enough heat  can prevent or at l e a s t  hinder  the  generation 

I n  t h i s  regard, the  capab i l i t y  of t he  of the vapor t h a t  goes t o  form t he  bubbles. 

o i l  heat  exchanger i s  important. 

Experience with t h e  turb ine  housing containing the  space s e a l  hea t  

exchanger has indicated higher than design pressure drops which have cut t he  design 

coolant o i l  flow r a t e  of 1,600 pound/hour down t o  1',200 pound/hour. More important 

than increas ing  the  coolant o i l  flow r a t e ,  the  e f f e c t  of which is  small, i s  the  

improvement of t h e  heat t r a n s f e r  f r o m t h e  mercury t o  t h e  o i l .  

heat exchanger was redesigned. 

and the  passage height increased i n  a n  endeavor t o  improve the  o i l  s ide  f i l m  

coef f ic ien t  which is  the  major r e s i s t ance  t o  heat  t r ans fe r .  

To t h i s  end the  

The h e l i c a l  " f ins"  were replaced by " f in  pins"  

(2) Major Modification 

This design (Figures 18 and 1.9) is  a more r a d i c a l  departure from t he  

bas ic  reference TAA 5/3 seal design but l i k e  the  minor modification attempts t o  

minimize the  f a c t o r s  responsible for bubble generation; t h a t  is, reduced s e a l  

per iphera l  ve loc i ty  and improved heat  t r a n s f e r  (Ref. 4).  
The per iphera l  ve loc i ty  was reduced by reducing the  v isco  s e a l  r i n g  

diameteras i n  the  Minor Mod. The improved heat t r a n s f e r  and consequent cooler 

running s e a l  have been obtained by using t h e  l i qu id  mercury as the  s e a l  coolant. 

The l i q u i d  mercury is  pumped out of the  s e a l  annulus by the  v isco  pump through 

a n  ex terna l  oil/mercury heat  exchanger and then the  subcooled l i qu id  mercury is 

returned and in jec ted  i n t o  each of the  v isco  pump grooves. I n  t h i s  manner, a 
more e f f e c t i v e  cooling of the  liquid/vapor in t e r f aces  should occur. 
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It was estimated (Ref. 4) t h a t  a mercury r ec i r cu la t ion  flow rate 

of a t  l e a s t  200 pound/hour would be required to lower the  present space s ide  

in te r face  to t h e  region of 230-250°F. I n  addition, on the  turbine side %he- 

j e t s  were s l i g h t l y  i n s e t  to keep t h i s  i n t e r f ace  within 20 F of the  condensing 

temperature and reduce the  p o s s i b i l i t y  of splashing or distmbances a t  t he  

interface.  

0 

V I .  TEST PLAN AND OPERATION 

A. Original  T e s t  Plan 

The o r ig ina l  t e s t  plan ( R e f .  5) cal led f o r  i n i t i a l  t e s t i n g  f o r  a period 

of 200 hours of the four  test  r i g s  simultaneously, each containing the  TAA 5/3 
visco pump Configuration using 1,018 mild s t e e l  for t h e  visco pump mater ia l  for 
the  r o t a t i n g  member. 

data s c a t t e r  attributable to dimensional and operat ional  tolerances so t h a t  a va l id  

in t e rp re t a t ion  could be put on s ing le  u n i t  tests of other  designs. 

s t e e l ,  a recognized i n f e r i o r  cavi ta t ion  res i s tance  (compared with S t e l l i t e  6B, 
the  mater ia l  used i n  the TAA s e a l )  was to be used i n  these control led t e s t s  to 
acce lera te  t he  r a t e  of cavi ta t ion  damage. 

The purpose of t h i s  tes t  was to obtain a d i s t r ibu t ion  of 

The 1018 g i l d  

Following t h i s  evaluation, a bas i c  TAA 5/3 configuration was to be used 

t o  study the  e f f e c t s  of coolant flow and temperature i n  the  hea t  exchanger. At 
the  same t i m e ,  a similar type of seal i n  another tes t  r i g  was to undergo endurance 

t e s t i n g  for 10,000 hours with severa l  inspections i n  order to determine a damage 

rate curve. The visco s e a l  mater ia l  was to be S t e l l i t e  6B i n  t h i s  case. Modified 

visco pump configurations but using 1,018 mile steel  were a l s o  to be tested f o r  

periods from 200 to 2,000 hours with severa l  inspections enroute i n  order to 
determine t h e  degree and r a t e  of cavi ta t ion  damage. Table 1 reproduced from 
Reference 5 shows the  sequence of t e s t s  planned. 

B. I n i t i a l  Loop Operation 

The test r i g s  wer.e designed to operate a t  the  following nominal loop 

conditions : 

L/C flow rate, poundlhr 1,000 

L/C i n l e t  temperature, F 

675 Mercury vapor temperature, F 

Mercury vapor pressure,  psia  14.5 
Shaft  speed, rpm 12,000 

2 10 0 

0 
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The shakedown tests of t h e  tes t  r i g s  (which were begun i n  the  f a l l  of 
1968) revealed severa l  inadequacies, as follows: 

of only 52OoF was a t ta inable .  

1. Using the  f u l l  capacity of the  hea ters  a mercurJr vapor temperature 

Analysis of t h i s  problem revealed t h a t  t he  cause was twofold. 

The puwer l e v e l  of t he  hea ters  was inadequate and based upon erroneous heat 

input data, 4.5 kw being required instead of 1.5 kw. 
upon the  t e s t  data revealed t h a t  the  mechanical design of t he  pot b o i l e r  was 

such t h a t  a high thermal res i s tance  was formed between the aluminum pot t ing  com- 

pound containing the  Cal Rod heaters  and the  pot containing the  mercury. The 

res i s tance  was e i t h e r  a la rge  void, microporosity of t he  cas t  aluminum and/or 

an oxide f i l m  between the s t a i n l e s s  s tee l  pot bo i l e r  and the aluminum (Ref .  6). 

A thermal analysis  based 

The pot b o i l e r s  were redesigned using several 1 kw car t r idge  

heaters,  i n  sheaths, which projected d i r e c t l y  i n t o  the  l iqu id  mercury. I n  

addition, the  pot capacity was increased to ensure adequate l i qu id  mercury to 
cover t h e  heaters .  This would enable a s ign i f i can t  loss  of mercury to occur 

without endangering the  heaters  which i f  uncovered f o r  a long while would soon 

overheat and e l e c t r i c a l l y  shor t  out or burn "open". 

2. The metal 'V' s ea l s  used to s e a l  t h e  o i l  from the  mercury cav i t i e s  

when i n s t a l l i n g  the  replaceable heat exchanger ( i n  the  housing) were highly 

unsat isfactory and leakages i n  both d i rec t ions  frequent ly  occurred. I n  addi t ion,  

oil/mercury leakages a l s o  occurred past  t he  F l e x a t a l l i c  seal s i tua t ed  between 

the  pot f lange and the  bearing housing flange. 

These leakages were eventually eliminated after many attempts 

to make the  seals work, by welding t h e  heat exchanger sleeve i n t o  t h e  housing 

and increasing t h e  f lange b o l t  torque and applying a high temperature sea lan t  

(Copal t i te)  to the  F l e x a t a l l i c  gasket. 

3. A bearing phenolic cage failure of the  bearing c loses t  to the  

heat source a f t e r  an emergency shutdown. This failure was a t t r i b u t e d  to the  

loop emergency shutdown mode which allowed a heat  soakback from the  hot mercury 

to de te r io ra t e  t he  bearing cage. 

flow thraugh t h e  housing and the bearing a i r f o i l  m i s t  system. 

loop emergency shutdown sequence prevented the loss of coolant i n  fu tu re  c i r c m -  

s t a  nces . 

The emergency shutdown mode shut off a l l  o i l  coolant 

Modification of t h e  
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4. Subsequent operation of t he  r i g s  during shakedown t e s t s  a l s o  

revealed higher than expected loading conditions i n  t h e  same bearing (wider 

than an t ic ipa ted  track widths) which were a t t r i b u t e d  t o  reduction of bearing 

r a d i a l  clearance due t o  higher than an t ic ipa ted  inner race  temperatures. 

To avoid a p o t e n t i a l  failure mode, t h i s  bearing was replaced by 

one with a l a r g e r  (.001 inch)  r a d i a l  clearance. 

from t h e  heat  source) performed s a t i s f a c t o r i l y  at a l l  tbnes and showed no evidence 

of abnormal loads. 

The o ther  bearing ( fu r thes t  away 

The shakedown t e s t s  a l s o  revealed a fa i lure  of t h e  f a c i l i t y  

lubricant/coolant pump which added t o  the delay i n  i n i t i a t i n g  t h e  planned t e s t  

schedule. Other d i f f i c u l t i e s  were caused by instrumentation and f a c i l i t y  modi- 

f i c a t i o n s  required t o  ensure a hands-off endurance c&rpability. 

Although the re  were numerous d i f f i c u l t i e s  encountered during t h i s  

e a r l y  operation of t h e  test  f a c i l i t y ,  some s ign i f i can t  information was obtained i n  

regard t o  the  cavi ta t ion  damage rate on t h e  TAA 5/31configuration v isco  seal runner 

and housing and an accumulated run time of 1,844 hours was obtained on a s ing le  

seal uni t .  

C. Modified T e s t  Plan 

The inves t iga t ion  and r e c t i f i c a t i o n  of the  t es t  r i g  design def ic iencies  

and the modification and addi t ions t o  t h e  instrumentation and e l e c t r i c a l  controls  

consumed a considerable amount of time and money from t h e  program budget and a s  

such, the  o r i g i n a l  tes t  plan had t o  be somewhat compromised i n  order t o  derive 

maximum benef i t s  within reasonable cost  and t i m e  l i m i t s .  Many of t h e  requirements 

for s impl i c i ty  on the  one hand and the  a b i l i t y  t o  operate hands off and unattended 

on the  otherhand were found t o  be confl ic t ing,  p a r t i c u l a r l y  i n  regard t o  obtaining 

r e l i a b i l i t y  and sa fe ty  of t he  loop and components. The complexity of t he  automatic 

shutdown and monitoring system provided an add i t iona l  hinderance t o  t h e  o r i g i n a l  

program schedule. 

The o r i g i n a l  t e s t  plan was eventual ly  modified t o  f i t  a revised 

(Ref.  7) budget and schedule. The plan w a s  t o  be a s  follows: 

1. Run one test r i g  with the  seal configuration corresponding t o  

TAA 5/3, t h a t  is, mild s t ee l  housing and a 6B v iseo  r ing .  

2. Run a second r i g  with the  reduced diameter v i sco  pump, mild steel  

housing and 6B visco r ing.  
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3. Run a t h i r d  test  r i g  with reduced diameter visco pump, mild s teel  

housing, 6B v isco  r ing,  but u t i l i z i n g  an ex terna l  mercury o i l  hea t  exchanger. 

4. All th ree  r i g s  were t o  be run f o r  10,000 hours and then inspected. 

Any inspections other  than t h e  one a t  10,000 hours would only be f o r  maintenance 

and repa i rs  of the  r ings or f a c i l i t y .  

This test  plan was embarked upon during spr ing of 1969. 
D. Modified T e s t  Plan Operation 

The modifications to the  uni t s ,  the  operating procedures, and t h e  loop 

provide b e t t e r  r e l i a b i l i t y  and u t i l i z a t i o n  of the  f a c i l i t y  and a t  t h e  program com- 

plet ion.  The following hours of operation had been achieved: 

Minor Modification - 2574.1 hours 

Reference Unit - 3134.1 ~ O W S  

Major Modification - 1528 hours 

There were however numerous shut'downs during t h i s  per-od, the major ty 

of which were r e l a t ed  t o  maintenance of TSE equipment and replacement of car t r idge  

heaters  and repa i r  of broken and embri t t led heater leads and Edison Company 

voltage dips.  

f a i l u r e s  during t h i s  period. 

reference un i t .  These failures occurred a f t e r  only shor t  periods of operation. 

(141 hours - 11 cycles, 126 hours - 4 cycles )  

reference u n i t  had operated f o r  over 1500 hours without a problem. 

Both the  minor and major modification un i t s  operated without any 

There were two f a i l u r e s  which caused shutdowns of t h e  

P r io r  t o  these f a i l u r e s ,  t he  

1. Reference Unit 

Hexagonal c lose  packed (HCP) form S t e l l i t e  6B was included a s  the  

reference mater ia l  i n  t h e  e a r l i e r  SWp-8 turbines  due t o  i t s  good erosion resis- 

t a n t  charac te r i s t ics .  The 

two f rac tures  of the v isco  r i n g  which occurred i n  Mod-C were a t t r i bu ted  t o  t h i s  

b r i t t l e n e s s .  

This mater ia l  however i s  b r i t t l e  ( d 2% d u c t i l i t y ) .  

Examination of the  first f a i l e d  r ing  revealed a s e r i e s  of cracks. 

One of the  cracks was completely through the  r ing,  both r a d i a l l y  and a x i a l l y  

(Figure 35). 
the free end of the  visco r ing.  

r i n g  thickness;  others  were r e s t r i c t e d  t o  the outer surfaces.  

indicated t h a t  the  la rge  crack had exis ted before the  l a s t  shutdown. 

was r e s t r i c t e d  to only one s i d e  of the  crack. 

The other %racks were much smaller and w e r e  generally located at 
Some of these cracks penetrated t h e  entire 

The rub marks 

Rubbing 
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I n  the  case of t h e  second f a i l u r e ,  removal of t he  simulated turb ine  

wheel d i sc  revealed t h a t  t he re  were cracks i n  the  v isco  s e a l  r i n g  a t  i t s  free end. 

It a l s o  appeared t h a t  t h e  a c t  of cracking of t he  v isco  r i n g  had allowed the  f r e e  end 

of t h e  r ing  to grow r a d i a l l y  and become f i rmly  lodged i n  t h e  housing. 

removed from the  housing with some d i f f i c u l t y .  

pieces and was reconstructed on removal from t h e  housing around an epoxy center 

piece for photographic and examination purposes. 

The r i n g  was 

The r i n g  was apparently i n  s eve ra l  

Examination of the  complete r i n g  revealed more severe cracking than had 

been experienced on t h e  f i rs t  r i n g  to f a i l .  The cracks progressed both r a d i a l l y  and 

a x i a l l y  from t h e  f r e e  end through to the  th icker  f ixed  end. Also evident was a c i r -  

cmnferential crack s i tua t ed  a x i a l l y  about two-thirds of t h e  way back from the  free 

end of t h e  r ing .  

records of t he  f a i l e d  p a r t  a r e  documented i n  photographs l i s t ed  i n  Table 6. 
The circumferent ia l  crack covered an a r c  of about 270'. Visual 

The ana lys i s  of these  pa r t i cu la r  incidents  revealed t h a t  t h e  f a i l u r e s  

were t h e  r e s u l t  of adverse thermal gradients ,  ax i a l ,  and r a d i a l ,  i n  t h e  d i sc  por t ion  

(Figure 20) of t h e  v isco  r i n g  t h a t  i s  held on the  shaf t .  

yield were calculated to have been reached i n  t h e  area adjacent to t h e  sha f t .  

S t resses  exceeding the  

It was the  i n t e n t  t h a t  the  reference configuration of t he  v isco  s e a l ,  

i t s  mater ia l  and i t s  immediate environment, would be a c lose simulation of t h e  

configuration cur ren t ly  being used i n  the SNAP-8 tu rb ine .  

there  had been no failures of t h i s  p a r t  i n  a tu rb ine  t h a t  had been run f o r  some 
4,000 hours and subject  to 20 thermal cycles and a l s o  other  turbines  t h a t  have run 
f o r  l e s s e r  periods. Thus, t h e  question arose a s  to why no f a i l u r e s  of t h i s  type 

had been experienced during turbine operation. 

A t  t h i s  period i n  t i m e ,  

The reason f o r  t h e  absence of a f a i l u r e  i n  t h e  turbine was not a t  a l l  

The turb ine  tes t  da ta  from PCS-1 ind ica tes  t h a t  a t  s imi la r  L/C flow r a t e s  obvious. 

through t h e  space s e a l  heat  exchanger t h a t  a smaller hea t  flux (smaller o i l  tempera- 

t u r e  r i s e )  compared with the  Mod-C u n i t  is passed through to the  o i l .  

f l u x  measured i n  the  turbine is approximately 25 to 30% less. 

hea t  f lux is  r e a l  i s  questionable a t  t h i s  point  s ince  the  seal-to-space heat  ex- 

changer o u t l e t  temperature i n  t he  turbine i s  measured ex terna l ly  on t h e  plumbing 

seve ra l  inches away from t h e  s e a l  housing whereas i n  the  Mod-C u n i t  t h e  o u t l e t  temp- 

e ra ture  is measured d i r e c t l y  a t  the  end of t he  hea t  exchanger within t h e  uni t .  It 

should be noted, however, t h a t  t h e  turbine composite housing through which t h e  o i l  

passes is  a t  a s imi l a r  temperature l e v e l  t o  t h a t  of t he  o i l  and therefore  l i t t l e  

heat ,  i f  any, is  added or subtracted from the  o i l  a s  it leaves the  uni t .  I n  addi- 

t i on ,  t h e  plumbing ex te rna l  to the  u n i t  i n  t h e  turb ine  is w e l l  insulated.  

The hea t  

Whether t h i s  lower 
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If t h e  measured heat  f l u x  from t h e  turb ine  space s e a l  i s  r e a l ,  

however, it implies ( a l l  other  things being equal) a l i qu id  Hg plug i n  the  v isco  s e a l  

as w e l l  a s  t h e  v isco  s e a l  with a lower average temperature. 

f o r  t he  absence of v i sco  r i n g  f a i l u r e s  i n  t h e  turbine.  

Herein my l i e  a reason 

A stress ana lys is  of t he  r i n g  a s  a f r e e  body compared with i t  a x i a l l y  

res t ra ined  or clamped a t  i ts  smaller diameter indicated a very s t rong influence of 

the  a x i a l  restraint  on the  stress l eve l s  i n  t h e  r ing .  This being t h e  case, then 

the  degree of a x i a l  r e s t r a i n t  or t he  desire to d i s t o r t  or r o t a t e  about t he  colder 

corner must be considerably less i n  the  turbine.  This could only come about if  t he  

temperature l e v e l  adjacent to t he  nut and sha f t  shoulder were lower than i n  Mod-C 

and were c loser  to the  l e v e l  of temperature i n  the  cold corner (Figure 20). The 

physical  and thermal environments at t h e  f r e e  end of t h e  r i n g  are l ikely t o  be very 

similar i n  t h e  turbine and Mod-C. The lower temperatures infer red  by the smaller 
hea t  f l u x  m u s t  therefore  occur a t  t h e  o ther  end of the  ring. This lower heat  f lux 

measured from the  turbine tests i n  PCS-1 i n f e r  a temperature l e v e l  at l e a s t  100 to 
15OoF lower i n  t h i s  a rea  of the  r i n g  than occurs i n  t h e  p a r t  i n  Mod-C. 

-to d i s t o r t  or r o t a t e  due t o  a x i a l  and r a d i a l  temperature gradients  i s  therefore  much 

less. The e f f e c t  of t h i s  reduced tendency is t h a t  calculated stress l eve l s  below 

t h e  y i e ld  occur. 

a r ea  of concern: a safer condition than exists i n  the  Mod-C r i g  but not necessar i ly  

safe enough i f  the  e f f e c t s  of mater ia l  and surface defects  a r e  considered. 

The tendency 

I n  general ,  over a 30% reduction i n  stress l e v e l  occurs i n  the  

Again, t h e  reasons why such a s i t u a t i o n  should occur a r e  not  obvious. 

The region i n  c lose proximity to t h e  v isco  s e a l  r i n g  is  i d e n t i c a l  i n  the  turb ine  

assembly and t h e  Mod-C test r i g .  The h e a t  exchangers a re  iden t i ca l ,  the  nut r e t a in -  

ing  t h e  r i n g  on the  s h a f t  i s  t h e  same as used on the  turbine.  The only region where 

there  i s  an obvious and s ign i f i can t  difference l i es  i n  the  heat path t o  t h e  underside 

of t he  r i n g  where it f i t s  on the  shaf t .  The s h a f t  i n  t h e  Mod-C u n i t  i s  s o l i d  whereas 

on t h e  turbine it is  e s s e n t i a l l y  a hollow shaf t .  I n  addi t ion,  the  end of the s o l i d  

sha f t  i n  t h e  Mod-C un i t ,  which is r e l a t i v e l y  close t o  the  r ing,  is exposed to t h e  

675OF mercury vapor whereas i n  t h e  turbine the  end of t h e  hollow sha f t ,  a lbe i t  

a t  a much higher temperature, is far removed fromkhearea of the  r ing .  The heat  

conduction path i s  therefore  much poorer i n  t h e  turb ine  than i n  the  Mod-C and, a s  a 

consequence, t h e  mater ia l  i n  coneact with the  I . D .  of t he  v isco  r i n g  i n  Mod-C i s  

d i s t i n c t l y  ho t t e r .  

t o  provide a s imi l a r  hea t  path to t he  Mod-C r ing,  it is  possible  t h a t  i n  reality, 

t h e  e f f o r t  was not completely successful.  

Although t h i s  fact was recognized earlier and an e f f o r t  was made 
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A s ign i f i can t  f a c t o r  regarding these f a i l u r e s  was the  mater ia l  used 

S t e l l i t e  6B i n  t h e  HCP form w a s  i n i t i a l l y  used f o r  the  visco r ing,  S t e l l i t e  6B. 
f o r  the  SBAP-8 tu rb ine  ro to r s  and was responsible  f o r  two turbine f a i l u r e s  (Ref. 9 
and 10). 

t he  s m a l l  elongation property of t h i s  mater ia l  was considered t o  be a major cont r i -  

butor t o  making t h i s  p a r t  prone t o  f a i l u r e .  Therefore, i n  order t o  obtain a grea te r  

margin of sa fe ty ,  it was recommended t h a t  S t e l l i t e  6B be used s t a b i l i z e d  i n  t h e  more 

duc t i l e  FCC form. 

t h i s  un i t  r a n  without f a i l u r e  for over 3100 hours and numerous thermal cycles. 

Although stresses i n  the  v isco  s e a l  r i n g  would be much lower, nevertheless,  

The recommendation was adopted on t h e  next assembly of t he  un i t  and 

2. Minor Modification 

This u n i t  operated e n t i r e l y  s a t i s f a c t o r i l y  without any f a i l u r e s  whatso- 

ever. The shutdowns t h a t  d i d  occur were e i t h e r  f o r  maintenance or f o r  reasons ex- 

t e r n a l  t o  the  r ig .  

3. Major Modification 

There were no mechanical f a i l u r e s  associated with t h i s  u n i t  during 

operation, and again the  majori ty  of shutdowns were f o r  general  maintenance. However, 

there  were seve ra l  shutdowns which were p rec ip i t a t ed  by a loss of mercury flow during 

operation. 

Since the  design was an e n t i r e l y  new concept, t e s t s  were f i rs t  run with- 

out any heat input  t o  t h e  mercury and the  v i sco  pump was primed, w h i l e  running, from 

an ex terna l  l iquid mercury reservoi r .  This was done pr imari ly  t o  see if  the  v isco  

pump would pump at a l l  and a l s o  t o  see  if a s t a b l e  plug of mercury could be main- 

ta ined i n  the  pump. 

but was unable t o  maintain a s t a b l e  plug of mercury which was quickly l o s t  from t h e  

sea l .  The i n a b i l i t y  t o  maintain a plug of mercury was not dis turbing considering 

the  d i f f e ren t  pressure and temperature environment compared with the designed f o r  

hot operating conditions.  

The v isco  s e a l  successful ly  demonstrated a p a p i n g  capab i l i t y  

The i n i t i a l  hot  operation a l s o  s a t i s f i e d  some questions i n  regard t o  

the  f e a s i b i l i t y  of the  s e a l  concept and i t s  a b i l i t y  t o  prime i tself;  t h a t  i s ,  t o  

e s t ab l i sh  a s t a b l e  flow by condensing and pumping i n t o  the  heat exchanger s u f f i c i e n t  

l i q u i d  mercury t o  f i l l  t h e  heat exchanger, associated plumbing and the  visco s e a l  

i t s e l f  p r io r  t o  heat ing up of t he  s h a f t  and surrounding housing. 

if the  system w a s  unable t o  e s t a b l i s h  a s t a b l e  operating pa t te rn ,  with a continuous 

l i qu id  seal p r i o r  t o  the  heatup of the  housing t o  t h e  point  where mercury vapor is 

not condensed i n  su f f i c i en t  quantity,  then la rge  quant i t ies  of mercury may be pumped 

out of t he  system through t h e  space s e a l  (due t o  the  d i f f e r e n t i a l  pressure across t h e  

s e a l ) .  

It was f e l t  t h a t  
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The first few tests indicated the  s e n s i t i v i t y  of the  configuration to 
t h e  i n i t i a l  housing and sha f t  temperatures. I n  t he  first t e s t  the current  to the  

heaters  was increased slowly and t h i s  allowed the  sha f t  and more p a r t i c u l a r l y  the  - 
surrounding housing temperature to rise almost as rap id ly  a s  the  mercury temperature. 

By the  time mercury vapor was being produced, t he  housing temperature had reached 

a l e v e l  whereby the condensation r a t e  was below t h a t  l e v e l  required to prime the  system 

and gain the advantage of t he  cooling mercury flow which would maintain a r e l a t i v e l y  

lower housing temperature and allow a l iqu id  mercury plug to form. 

The second test  produced qui te  d i f f e ren t  r e su l t s .  The current to t h e  

heaters was increased almost immediately to t he  an t ic ipa ted  l e v e l  for the  operating 

temperature required. Mercury vapor condensation occurred a t  much lower housing 

temperatures, t he  system primed i t s e l f  and s e t  up a l iqu id  mercury flow and a s t ab le  

plug of mercury i n  the  v isco  sea l .  

from zero to over 1,000 pound/hour (off t h e  sca le  of t he  recording instrument) i n  

approximately 30-45 seconds. 

The mercury flow r a t e  was observed to increase 

The flow was then t h r o t t l e d  down to 800-900 pound/hour by p a r t i a l l y  

closing the  flow cont ro l  valve on t h e  discharge s ide  of the  visco pump i n  order t o  
observe the var ia t ions  i n  the  flow. The flow appeared to be unstable i n  t h a t  high 

frequency var ia t ions  i n  flow were occurring. The amplitude of these var ia t ions  

were reduced considerably when the  flow was  reduced fu r the r  to 400-500 pound/hour. 

Under these conditions, t h i s  configuration of space s e a l  functioned w e l l .  Tests 

were a l s o  conducted under hot operating conditions wherein t h e  mercury flow cont ro l  

valve was completely closed,for  a t  l e a s t  20-30 seconds. The valve was then reopened 

f u l l y  and it was observed t h a t  t he  s e a l  primed i t s e l f  and continued flowing mercury. 

The flow was regained some 10-12 seconds after opening the  valve. 

Two problems however sho r t ly  revealed themselves: 

a.  Increasing outer race temperature of t he  bearing s i tua t ed  c loses t  

Normal operating temperatures for t h i s  bearing to t he  s e a l  and mercury pot bo i le r .  

on the other r i g s  and i n i t i a l l y  on t h i s  one had been 230-24O0F. 
t h i s  temperature rose to 295-310 F, the recommended upper l i m i t  for t h i s  bearing 

being 300°F. 

to t h i s  housing configuration. 

being conducted a x i a l l y  through the  housing b the  bearing area.  

housing the  i n t e r n a l  o i l  heat  exchanger ( a s  is  present on the  reference design and 

minor modification) from surrounding the  v isco  s e a l  and replacing it with an ex terna l  

oil/mercury hea t  exchanger removed the  thermal barrier and heat s i n k  f o r  a considerable 

port ion of the  heat t h a t  was now able  to reach the  bearing. 

Over a few hours 
0 

Inves t iga t ion  indicated t h a t  t h i s  problem was pecul ia r  and pa r t i cu la r  

It a p p a r e d  t h a t  a considerable amount of heat  was 
Removing from the 
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A temporary arrangement was made by blowing a i r  over t he  housing 

A more permanent arrangement was l a t e r  made by which was p a r t i a l l y  successful.  

s i l v e r  soldering copper cooling c o i l s  t o  the  conical  r e a r  face of the  housing and 

passing cooling o i l  (as used i n  t h e  heat exchanger) through them. 

Subsequent Operation - There were severa l  shutdowns and disassemblies 

of the  u n i t  t h a t  occurred a t  i n t e rva l s  of 300-600 hours. Replacement of the carbon 

face sea ls ,  which provide the  s e a l  between the  bearing and lubricant  system and the  

space s e a l  vacuum cavity,  w e r e  involved i n  a f e w  of these shutdowns but more dis turb-  

ing  was t h e  loss of l i qu id  mercury flow on severa l  occasions. The loss of mercury 

flow was observed t o  occur over severa l  hours on one occasion but were generally over 

a period of 2-3 days. 

Where a loss of flow was observed, t he  subsequent disassemblies 

revealed t h a t  i n  t h e  housing the  small discharge holes of t h e  visco pump were e i t h e r  

p a r t i a l l y  or completely blocked, and occasionally the  mercury l i n e  (0,125 inch dia-  

meter s t a i n l e s s  s t e e l  tubing) i n  the  heat exchanger w a s  a l s o  blocked. 

the  mater ia l  blocking these paths showed it t o  be a gummy substance formed apparent- 

l y  by the  agglomeration of o i l  and mercury. 

used i n  the  heat exchanger and the housing flange. 

sources of o i l ,  t h e  f l e x i t a l l i c  gasket between the b o i l e r  and housing f lange which 

sea l s  the f lange coolant o i l  from the  mercury vapor or the  oil/mercury heat exchanger. 

Inspection of the  flange faces  indicated adequate compression of the  s e a l ,  and the  

f lange surfaces were not scored or warped i n  any way. 

exchanger ( a t  room temperature) indicated no leakage was present. 

t h a t  it might be possible  t h a t  t he  flange m y  d i s t o r t  a t  temperature and allow o i l  t o  

leak  i n t o  the  mercury bo i l e r ,  or t h a t  perhaps a leak  i n  the  heat exchanger only 

occurred when a t  temperature. 

changer, and more p a r t i c u l a r l y  the  visco pump i n l e t  and e x i t  passage i n  s i t u  but t h i s  

did not e l iminate  the congesting mater ia l  completely, although it did temporarily 

a l l e v i a t e  t he  blockage. The t e s t i n g  of t h i s  un i t  was suspended a f t e r  1585 hours of 

operation due t o  evidence of more s ign i f i can t  cav i ta t ion  damage than was being ob- 

ta ined on t h e  minor modification and a growing conviction t h a t  although the  concept 

had been proven, more development was required t o  make t h e  concept acceptable f o r  

a TAA than e i ther  funds and/or time l e f t  i n  t h e  program would allow. 

Analysis of 

The o i l  was found t o  be the  coolant, 4P3E, 

Inves t iga t ion  revealed two possible  

A helium leak check of the  hea t  

It was suggested 

Several  times it was possible  t o  f lu sh  the  heat ex- 
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V I I .  TEST RESULTS 

The primary purpose of t h i s  pa r t i cu la r  s e a l  program was to provide e i t h e r  

a design or information t h a t  would lead to a design of t he 'v i sco  pump component of t h e  

space s e a l  t h a t  would be less suscept ible  to cavi ta t ion  and erosion damage than t h e  

design cur ren t ly  used i n  t h e  SNAP-8 turbine.  

Before examining the  t e s t  r e su l t s ,  i t  would be w e l l  to discuss the  phenomena 

of cavi ta t ion  and some of the contr ibut ing fac tors .  

Cavi ta t ion is defined as the  formation of voids within a moving body of l i qu id  

when t h e  p a r t i c l e s  of l i qu id  f a i l  to adhere t o  the  boundaries of t h e  passage. These 

voids occur when there  i s  in su f f i c i en t  i n t e r n a l  pressure to overcome the  i n e r t i a  

of t he  p a r t i c l e s  of t h e  flowing l i qu id  t o  force  them to follow the changing boundary. 

The voids thus formed become f i l l e d  with vapor of the l i qu id  or entrained a i r  and cause 

t h e  formation of bubbles. 

Over t h e  past  tiecade, extensive research has establ ished t h a t  by f a r  t h e  major 

pa r t  of t h e  damage associated with cavi ta t ion  is due to a mechanical erosion of mater ia l .  

Studies (Ref. 11 through 1.5) of the  cavi ta t ion  phenomena has shown t h i s  erosion i s  

brought about by the  col lapse of t h e  entrained a i r  or vapor bubbles or the  col lapse 

of bubbles formed by dissolved a i r  i n  t h e  f l u i d .  It has a l s o  been demonstrated t h a t  

t he  col lapse of a bubble aga ins t  a s o l i d  boundary w i l l  cause a pressure aga ins t  t h a t  

boundary (Ref. 12). 

seconds, the  pin-point shock pressure produced by the  bubble col lapse i s  extremely 

i n t e n s e  and damage to t h e  mater ia l  with which they  are i n  contact e i t h e r  by d i r e c t  

destruct ion or by producing a f a t igue  type failure ( R e f .  14). 
bubble collapse,  the number of bubbles formed, t h e i r  s i ze ,  e tc . ,  d i c t a t e  t h e  amount 
of damage done i n  a given mater ia l .  

boundary and surface tens ion  of t he  f l u i d  contr ibute  t o  the  propensity for bubble 

formation and consequent damage. The regions i n  which cavi ta t ion  damage general ly  

occurs i s  turbulent  and the  random nature of t he  turbulent  f low pa t te rns  and the  

d i f f i c u l t i e s  i n  es tab l i sh ing  gas content make a quant i ta t ive  so lu t ion  t o  the prob- 

l e m  almost impossible. 

Although t h e  e n t i r e  l i f e  of these bubbles i s  only a few micro- 

The i n t e n s i t y  of 

I n  addi t ion , . the  surface roughness of t h e  
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Inves t iga t ion  by numerous authors have only served i n  many instances to 

give r i s e  t o  more questions such a s  what f ac to r s  cause t h e  bubbles to form i n  the  

first place,  where they a r e  most l i k e l y  t o  form and where they a r e  most l i k e l y  to 
collapse.  Apart from t h e  hydrodynamic considerations,  t h e  boundary ma te r i a l  r e s i s -  

tance to the  forces  created by t h e  collapse of t he  bubbles is  a matter of the  

metal lurgical  composition and s t r u c t u r e  of t h e  mater ia l  i t se l f .  

The treatment of these f ac to r s  e i t h e r  separa te ly  or together  by numerous 

inves t iga tors  has not been s u f f i c i e n t l y  accurate  to permit t h e i r  use qmnta t ive ly  

with any high degree of confidence. 

The bas i c  contention put forward by the  majori ty  of inves t iga tors  i n  

general  is  t h a t  t h e  formation of a void i n  a l i qu id  flowing over a changing boun- 

dary depends upon the  ve loc i ty  of flow and the  surrounding pressure. I n  an attempt, 

therefore ,  to reduce the  propensity to cause t h e  formation of bubbles and subsequent 

cavitatlton damage, t he  modified visco pump designs t e s t e d  i n  t h i s  program were of 

smaller diameter (reduced ve loc i ty)  than the  configuration current ly  i n  use, and had 

e i t h e r  an improved i n t e r n a l  heat exchanger (minor modification) or r ec i r cu la t ing  

mercury and an external oil/mercury hea t  exchanger t o  lower the  general  f l u i d  temp- 

e ra ture  hence vapor pressure level  i n  t he  v i sco  pump. 

A. Reference Design 

1. Mod-C 

This i s  the configuration t h a t i s  cur ren t ly  i n  use i n  t h e  SNAP-8 ,* 

tu rb ine  and it is  t h i s  design t h a t  has exhibited s i g n i f i c a n t  cav i ta t ion  damage i n  

a c t u a l  operation of t he  TAA 3/2. 

included the design changes described i n  Paragraph 11-B) is shown a f t e r  2122 hours 

of operation i n  Figures 9, 10, and 11. This i s  noted to have qu i t e  moderate surface 

dama ge . 
Charac ter i s t ica l ly ,  there  was no damage to the  housings i n  the  tur- 

bine (Figure 15) ;  a l l  t h e  damage occurred on t h e  visco r i n g  i t s e l f .  The damage on 

t h e  r i n g  has a l s o  been loca l ized  to the  s i d e  of the  r i n g  t h a t  supports t h e  pumping 

of f l u i d  a m y  from t h e  turbine.  A s  Figure 11 shows, t he  damage i s  f a i r l y  uniform, 

and may be described a s  a l i g h t  etching of t h e  surface.  The in t e r f ace  between the  

damaged and undamaged port ions of the r ings show extensions of the  etched-like a rea  

which appear t o  be a r e f l e c t i o n  of t he  grooves i n  t h e  housing and a r e  a t  almost the  

same angle of i nc l ina t ion  to t h e  r ing  center  l i ne .  

Returning now to Reference design i n  t h e  s e a l  test  r i g ,  t h i s  visco 

The visco s e a l  r i n g  removed from 5/3 (which 

r i n g  was examined on f i v e  occasions during t h e  3134.1 hours operation (Figures 21  

through 31). 
hours, and a t  the completion of tes t ing .  

The examinations were made a f t e r  45 hours, 154 hours, 501 hours, 1844 



The progress of t he  damage is  very evident from t h e  photographs. 

Again, a s  i n  t h e  turbine v isco  sea l ,  damage has occurred i n  the  same region and 

shows r e f l e c t i o n  of t he  housing grooves. 

port ion of t h e  test, of damage occurring on t h e  narrow por t ion  of the v isco  pump which 

pumps toward t h e  turbine.  N o  damage of t h i s  kind was i n  evidence on t h e  visco s e a l  from 

t h e  turbine.  A s  t e s t i n g  progressed, t h i s  l a t t e r  damage did not worsen but t he  damage 

on t h e  broad por t ion  of t h e  pump which pumps away from the  turbine grew s t e a d i l y  worse 

and heavier than experienced with the turbine.  

There w a s  evidence however i n  the  e a r l y  

The i n i t i a l  conclusion reached was t h a t  the  damage t o  the  v isco  r i n g  

i n  t h e  s e a l  (at 1884 hours) was decidedly worse than t h a t  experienced i n  t he  turbine 

at 2122 hours. 

version of t h e  a c t u a l  tu rb ine  damage. The intended simulation of the TAA v isco  s e a l  

conditions and damage were therefore  not cor rec t .  

The cavi ta t ion  damage i n  the  Mod-C u n i t  appeared t o  give an accelerated 

The weight loss curves f o r  t h i s  pa r t i cu la r  v i sco  s e a l  are shown i n  
Figure 32. Also, s ign i f i can t  is  the  damage t o  the  housing grooves, damage t h a t  was 

not present i n  t h e  turbine.  Figures 33 and 34 show t h e  l o c a l  depths of penetrat ion 

on various areas  of t he  ringand comparable data  f o r  the  TAA 5/4. 
The reasons f o r  the  accelerated heavier damage i n  the seal t e s t  r i g  

visco s e a l  r i n g  a r e  obscure. The heavier damage within a similar period of t i m e  can 

suggest more intense bubble collapse,  more bubbles, and/or la rger  bubbles or  even a 

physical  difference such a s  annular clearance and/or s h a f t  eccent r ic i ty .  

records ind ica te  annular clearance and sha f t  runouts w e l l  w i t h i n  tolerance and almost 

i d e n t i c a l  with t h e  turbine dimensions. This leaves only p o s s i b i l i t i e s  of thermo- 

dynamic and hydrodynamic differences.  

Build-up 

A preliminary thermal ana lys i s  indicated t h a t  perhaps t h e  visco seal 

r i n g  was running ho t t e r  than i ts  counter p a r t  i n  t he  t u r b i n e ;  anywhere from 70 t o  

100°F hot te r .  

bubbles. There was evidence of hydrodynamic or thermodynamically induced i n s t a b i l i t y  

as evidence by t h e  la rge  va r i a t ions  i n  motor current.  

up t o  10-12 amps severa l  times a minute. 

This of C O U T S ~  would a f f ec t  t h e  mater ia l  p roper t ies  and crea te  l a rge r  

The nominal 5-6 amps f luc tua ted  

The reasons f o r  ragged in t e r f ace  between t h e  etched and unetched port ions 

of the r i n g  a r e  equal ly  obscure. 

s ince  the part i s  ro ta t ing .  However, t h e  loca t ion  of t h e  f ingers  or promontories of 

damage and angle of i nc l ina t ion  suggest a cyc l i c  phenomena t h a t  i s  a funct ion of 

r o t a t i o n a l  speed. 

flow within t h e  grooves i n  the  housing. A ce r t a in  amount of r ec i r cu la t ion  is  expected 

One would normally expect uniform per iphera l  damage 

The inference here being t h e  p o s s i b i l i t y  of cyc l ic  r ec i r cu la to ry  
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due to the pressure differences from one side of a groove land t o  the  other.  The 

cyc l ic  nature of t h e  f l o w  could be induced by sha f t  or visco  r i n g  eccen t r i c i ty  or 
very small  dimensional differences.  

Evidently, a f t e r  t he  501 hour inspect ion and reassembly, the  dimensional 

and buildup changes were su f f i c i en t  to dis rupt  a grea te r  p a r t  of t he  cyc l i c  nature of 

t h e  cavi ta t ion  phenomena to t he  extent  t h a t  t h e  damage produced became comparatively 

uniform circumferent ia l ly  (Figure 28) and t h e  promontories of damage were obl i te ra ted .  

The damage to t he  grooves i n  t h e  housing, which became evident a f t e r  

154 hours of operation, was only s l i g h t l y  worse a t  501 hours of operation. 

t h i s  point  i n  t i m e  t he re  was no f u r t h e r  damage to t h i s  par t .  

Beyond 

The amount of damage sustained i n  t he  housing was equivalent t o  t h a t  

occurring i n  t h e  TAA 5/3 a f t e r  2122 hours of operation. 

evidence, t he  vas t  major i ty  of t he  damage i n  t h e  Mod-C housing occurred during the  

first l5Q hours of operation. 

1844 hours of operation) shows no evidence of increasing damage. 

Judging by t h e  photographic 

A comparison of Figures 23 and 30 (154 hours and 

The damage t o  the  v isco  r i n g  i s  understandable to t he  ex ten t  t h a t  t he  

mechanics of t he  s i t u a t i o n  w i l l  d i c t a t e  t h a t  t h e  cav i t a t ion  bubbles w i l l  remain next 

to t he  visco r i n g  r a the r  than the  l i qu id  mercury. Under these circumstances, t h e  

damage to t h e  grooves and lands i n  t he  housings can only be explained by the  presence 

of a r ec i r cu la to ry  flow which allows a void or bubble t o  be formed toward the  t r a i l i n g  

edge of a land. 

It was a t  t h i s  point  t h a t  t he  f i ts ,  clearances and areas of contact 

of t he  v isco  r i n g  with the  shaf t  and turb ine  wheel simulator were reviewed with t h e  

object  of making the heat input  to and hence the  temperature of the  v i sco  pump sleeve 
simulate those conditions as  they occur i n  t h e  t u r b i n e  a s  c lose ly  a s  possible.  The 

s ign i f i can t  physical  change involved here was the  simulation of t he  contact area of 

t he  curvic coupling t e e t h  of t he  fourth-stage wheel of t he  turb ine  on the  free end 

of visco r ing.  

addi t ion,  a n  i d e n t i c a l  nut  as used on t h e  turb ine  was used to r e t a i n  t h e  s e a l  r i n g  

on t h e  shaf t .  

Similar t e e t h  were cu t  on t h e  r e a r  hub of t h e  turbine wheel. I n  

Subsequent operation of two seal r ings  of S t e l l i t e  6B r e su l t ed  i n  

thermal cracks and tes t  r i g  seizures .  The remedy f o r  these  f a i l u r e s  was to replace 

the  visco r i n g  with one using the  more d u c t i l e  form of S t e l l i t e  6B material, t h e  

face centered cubic (FCC) .  

used previously. 

The more b r i t t l e  hexagonal c lose packed form (HCP) had been 
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With an FCC visco  r i n g  i n s t a l l e d ,  the  u n i t  was run f o r  an accumulated 

run time of 31-34 hours with an inspection period a t  1683.9 hours. 

A comparison of Figure 29 and Figure 41 shows t h a t  the  FCC visco r ing ,  

although run for a s l i g h t l y  shor te r  period (1684 hours) than t h e  HCP r i n g  (1844 hours),  

experienced somewhat g rea t e r  damage, notably, t h e  l a rge r  diameter which pumps toward 

t h e  turbine a t  t h e  r e a r  of t he  r ing.  

t he  cavi ta t ion  damage. I n  addition, t h e  damage on the  l a rge r  diameter, which pumps 

away from the  turbine,  contains p i t s  and c a v i t i e s  f a r  deeper than those occurring on 

the  harder (HCP) S t e l l i t e  r ing .  Since the  operating conditions were s imi la r ,  a 

possible  major contr ibutor  t o  the  more severe damage was the  change to t he  more 

duc t i l e  mater ia l .  

A major port ion of t h i s  l i p  has been removed by 

This l a t t e r  r i n g  was r e i n s t a l l e d  i n  the  u n i t  and run f o r  a f u r t h e r  

1451 hours. 

duce proport ional ly  more damage; i n  f a c t ,  t he re  appears t o  be very l i t t l e  addi t iona l  

damage except i n  one pa r t i cu la r  area.  

toward the turb ine  while s u p e r f i c i a l l y  showing no more damage, contains p i t s  and 

cav i t i e s  whose depth has been considerably increased; increased t o  t h e  ex ten t  t h a t  

some of t h e  c a v i t i e s  have broken through t h e  s l i nge r  face  of t h e  r ing  (Figure 46). 
The weight loss cha rac t e r i s t i c  of t h i s  r i n g  compared with the  data ob- 

Looking a t  Figure 44 reveals  t h a t  t he  add i t iona l  running d i d  not pro- 

The damage t o  the  0. D. of t he  l i p  which pumps 

ta ined from t h e  long operation (10,823 hours) of a r i n g  from TAA 5/4 shown i n  

Figure 32. 

2. TAA Operation 

The visco r i n g  taken from the  10,823 hour turb ine  assembly shows remark- 

ab ly  l i t t l e  cav i t a t ion  damage. The increase i n  observable damage between the  2122 

hour and 10,823 hour data poin ts  i s  small. 

A t  2122 hours of operation, Figure 11, the re  i s  l i g h t  surface etching 

a t  t h e  leading edge of t he  r i n g  and immediately adjacent s l i g h t l y  heavier  e tching 

with promontories of roughened surface inclkned t o  the axis of r o t a t i o n  and corres- 

ponding t o  t h e  angle of the  grooves i n  the  housing. The amount of mater ia l  removal 

i n  the  r a d i a l  d i r ec t ion  i s  of the  order of ten ths  of thousandths. A t  10,823 hours, 

there  has been no extension i n  the  a x i a l  d i r ec t ion  of t he  area of damage. However, 

r a d i a l l y  the  increase i n  depth has increased a s  indicated i n  Figures 69 and 70. 
The increase i s  about .010 t o  .012 inches c i rcwnferent ia l ly  a t  a spec i f i c  a x i a l  

dis tance from the  hot  end of the r ing .  The width of t h e  band of cavi ta t ion  damage 

i s  probably t h e  r e s u l t  of operation of the turbine with various exhaust pressures.  

The boundary of t he  damage area f u r t h e s t  from the  hot end exhib i t s  t h e  character is-  

t i c  promontories of damage a t  angles t o  the  ax i s  of ro t a t ion  approximating to the  

angle of the grooves i n  the  housing. Elsewhere the  r i n g  i s  unmarked. The s ing le  

p i t s  shown i n  Figure 71 a re  no more than .010 - .Ol2 inches i n  depth. 
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A comparison of t h e  damage a t  2122 hours and a t  10,823 hours (Figures 11 

and 70) show t h a t  t he  r a t e  of progress of the  damage i s  comparatively slow and t h a t  a 

considerable period of operation i n  a TAA would be required before damage comparable 

t o  t h a t  sustained by the  reference design would occur. 

B. Minor Modification 

This configuration was i n i t i a l l y  r u n  f o r  a period of 2001 hours. A s  

Figures 50 through 53 show, t h e  cavi ta t ion  damage sustained was l i g h t  ind ica t ing  t h a t  

t h i s  configuration promised a d i s t i n c t  improvement i n  i t s  a b i l i t y  t o  resist cav i t a t ion  

and provide a long Life s e a l  when compared t o  the reference design i n  Mod-C. 

However, a review of t he  i n a b i l i t y  ( i n i t i a l l y  a t  l e a s t )  of t he  major 

modification t o  hold a s t a b l e  plug of mercury i n  t he  v isco  pump l e d  t o  the  i n s t a l l a -  

t i o n  of a r i n g  (Figure 54) a t  t h e  tvlcbine end of the  v isco  pump which e f f ec t ive ly  

closed the  'open' thread s t a r t s  i n  the  housing. These open thread s t a r t s  allowed 

l iqu id  mercury i n  t h e  plug t o  s p i l l  and/or splash out of t he  plug thereby providing 

an i n s t a b i l i t y  and eventual loss of f l u i d .  Since the  bas i c  configuration of these 

s e a l s  was similar it was concluded t h a t  a s imi l a r  modification t o  the  minor modifica- 

t i o n  would be advantageous. 

The second minor modification with t h i s  r i n g  included was run f o r  2574 

hours before a worn carbon f ace  s e a l  and a bearing f a i l u r e  terminated the  tes t ing .  

Figure 49 shows no evidence of cav i t a t ion  damage, a marked improvement 

over t he  o r i g i n a l  configuration. There is some d isco lora t ion  of t h e  visco s e a l  r i n g  

and a l i g h t  e tching of the  surface oorresponding t o  t h a t  port ion of the  v isco  pump 

t h a t  pumps toward the  turbine.  Close examination of the  r i n g  ind ica tes  t h a t  t h e  

bearing f a i l u r e  probably allowed the  r i n g  over i t s  en t i r e  periphery t o  l i g h t l y  touch 

the  housing with a more emphatic in te r fe rence  i n  only one place. The l i g h t  touching 

of s e a l  r i n g  and housing appears t o  have removed some of t h e  etched surface a s  evidence 

by t h e  c i r c m f e r e n t i a l l y  in te r rupted  but continued i s lands  or promontories (corres-  

ponding t o  t h e  housing grooves) of etched surface.  The housing a l s o  shows no evidence 

of cavi ta t ion  damage. 

Thus, the  l a t t e r  form of the minor modification is  by design therefore  a 

d i s t i n c t  improvement over the  reference s e a l  design i n  regard to its a b i l i t y  t o  

r e s i s t  cav i t a t ion  damage. 
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C. Major Modification 

The major modification was operated f o r  a t o t a l  of 1528 hours before the  

t e s t i n g  was terminated. During t h i s  period, t h e  u n i t  was disassembled severa l  t i m e s  

i n  order t o  c lear  the plugged visco pump discharge and i n l e t  passages. These d is -  

assemblies enabled the  v isco  pump t o  be inspected frequent ly  during i t s  run l i f e .  

Figures 54 through 67 show the  visco pump r i n g  and housing a t  s ign i f i can t  s tages  

during the run period. 

S igni f icant ly ,  up t o  421 hours of operation (Figures 54-58) there  is  very 

s l i g h t  etching of the  surface circwnferent ia l ly  i n  the  region of the v isco  pumps which 

pump t o  and from the turbine.  

t o  t he  ax i s  of r o t a t i o n  corresponding t o  t h e  angle of the  screw thread i n  the  housing. 

The etching is more s t rongly pronounced i n  the  region of the  ex i t  channel i n t o  which 

both halves of t he  visco pump discharge. 

The marks take the  form of p a r a l l e l  l i n e s  a t  angles 

This l eve l  of damage may be roughly compared with the  reference un i t  v i sco  

pump a f t e r  501 hours, Figure 26 and 27, which show much more cavi ta t ion  p i t t i n g  damage. 

The u n i t  was next inspected a f t e r  a fu r the r  520.9 hours of operation 

(Figures 59 and 60) a t  941.9 hours of operation without aqy fu r the r  etching or damage 

being evident e i t h e r  t o  the  visco seal r ing  or t he  housing. 

The next 640 hours of operation were plagued w i t h  numerous shutdowns due t o  

blockage of the  heat exchanger and visco pumps i n l e t  and exi t  holes with a n  o i l  mercury 

mixture. 
It was during t h i s  l a t t e r  period of operation t h a t  t he  most s ign i f i can t  

changes i n  t he  condition of t he  s e a l  occurred. A s  Figures 61, 62,65, 66, 67, and 68 
show, large a reas  of local ized p i t t i n g  due t o  cavi ta t ion  a r e  evident, p r inc ipa l ly  i n  t h e  

region corresponding t o  t h e  v isco  pump half  which pumps away from t h e  turbine and 

i n  the region of the  discharge channel ( i n  t h e  housing). lkmage was a l s o  present 

(Figure 63) on the  r i n g  i n s e r t  (which closes off the  open grooves) i n  the  housing. 

Comparing the  major modification damage with t h a t  sustained by the  minor 

modification a f t e r  1580 hours and 3134.1 hours of operation respect ively,  indicates  

t h a t  major modification does have the same capabi l i ty  of r e s i s t i n g  cavi ta t ion  damage 

as does the  minor modification. The major modification is  however d i s t i n c t l y  b e t t e r  

i n  t h i s  respect  than the reference s e a l  design a s  can be seen by comparing Figures 

61 and 44. 
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While the  period of operation with the major modification has proved t h a t  t h e  

bas ic  concept works ( t h a t  is ,  the a b i l i t y  to c i r cu la t e  mercury and c rea te  a s e a l )  

experience has shown t h a t  considerable development work would be required before a 
completely workable form would be avai lable .  

V I  11. DISCUSSION 

Concern f o r  t h e  turb ine  visco seal r i n g  to survive 10,000 hours of operation 

i n  a turbine was prec ip i ta ted  by the  observed damage sustained by the Greek Ascoloy 

visco r ing  from TAA 3/2  which ran  fo r  822 hours. 

to provide grave doubts about the  mechanical s t r u c t u r a l  i n t e g r i t y  and sea l ing  capa- 

b i l i t i e s  of the s e a l  f o r  periods of use exceeding 1000 hours. 

The degree of damage was such a s  

Examination of t h i s  seal r ing  indicated t h a t  t h e  liquid/vapor in te r faces  were 

not i n  the  cor rec t  pos i t ion  on the  r ing.  Proceeding from the t u r b i n e  end, the  i n t e r -  

face was too fa r  back from the  leading edge of r ing,  and the second in te r face  was 

located on the cy l ind r i ca l  port ion of the r i n g  ins tead  of on the  r a d i a l  surface.  

A design change increasing the  r a d i a l  clearance to reduce the pumping coef f ic ien t  

of the visco s e a l  t h a t  pumps toward t he  turbine was made and a mater ia l  change to t he  

more erosion/cavi ta t ion r e s i s t a n t  S t e l l i t e  6B was a l s o  included. 

&en though these changes r a d i c a l l y  improved (diminished) the  cavi ta t ion  

p ic ture  on subsequent TAA's, the  damage sustained was s t i l l  cause f o r  concern, hence 

the  decision t o  proceed w i t h  the turbine v isco  pump seal program i n  view of the  lengthy 

cavi ta t ion  t i m e  needed to accumulate operating hours i n  the  mercury system f a c i l i t y .  

Relationship between the  three  s e a l  configurations:  

A. Cavitation Damage 

The basic  requirement regarding the value of these tests was t h a t  the  

operating conditions a s  experienced by the v isco  s e a l  elements i n  the  t e s t  f i x t u r e s  

would approximate a s  c losely a s  possible those conditions tha t  exist i n  an  ac tua l  

turbine.  I n i t i a l  operation of t he  reference u n i t  indicated t h a t  the simulation f e l l  

shor t  of producing s i m i l a r  damage pa t te rns .  

simulation of t he  turbine seal environment d i d  not give the desired close correla-  

t i on ,  The damage pa t te rn  however was vaguely s i m i l a r  i n  the region of the visco pump 

t h a t  pumps away from the hot mercury. 

Minor changes t o  produce a be t t e r  
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The damage sustained on the  TAA visco pump occurred on the  forward 

( turbine end)  p a r t  of t h e  diameter which pumps away f r m  the  turbine whereas on the  

reference Mod-C u n i t  t h e  damage occurred more towards the  r e a r  por t ion  of t h i s  same 

diameter. 

i n  both TAA and Mod-C could contr ibute  t o  t h i s  difference however measurement and 

observation ind ica te  differences of only a f e w  thousandths of an inch are involved. 

The damage sustained a t  t he  top  of t he  s l i nge r  face  and on the  immediately adjacent 

cy l ind r i ca l  surface a t  t h e  s l i nge r  O.D. was severe. This however was not a t  a l l  present  

on any of the turb ine  visco pumps thus ind ica t ing  the  loca t ion  of a n  unwanted in te r face .  

The housing damage i n  both instances was a l s o  d i f f e ren t  being s ign i f i can t  

Differences i n  a x i a l  loca t ion  r e l a t i v e  to t h e  hea t  exchanger i n  t h e  housing 

i n  t h e  Mod-C reference u n i t  and with no observable damage i n  t he  turbine.  The lack  of 

damage on the turbine 5/4 housing is a good indicat ion t h a t  the vapor bubbles were 

e f f ec t ive ly  centrifuged toward the  sha f t .  

The reason f o r  the  r a d i c a l  difference between t h e  two is  obscure and  

is probably a r e s u l t  of a combination of thermal and physical  differences which a r e  

probably very s l i g h t  s ince they are not r e a d i l y  discernable.  

The r a t e  of mater ia l  removal and damage i n  the Mod-C Reference u n i t  was 

g rea t ly  accelerated compared with t h a t  sustained i n  t he  turbine (compare TAA 5/3 damage 

a t  2122 hours). 

gation a t  hand i f  a timelwear cor re la t ion  f a c t o r  between the two s i tua t ions  can be 

determined. The weight loss  curves of Figure 32 provide some f e e l  f o r  the  order 

of magnitude of t h i s  f ac to r .  This curve ind ica tes  t h a t  f o r  a given operating period 

of operation, t he  Mod-C reference design lost approximately 25 times a s  much mater ia l  

( by weight) than did the  same design i n  t he  turbine.  

a s  much weight i n  the  turbine a s  was l o s t  by the  Mod-C reference design i n  31-34 hours 

would require  almost 65,000 hours of operation (assuming a l i nea r ,  t ime/material  loss 

re la t ionship)  i n  t h e  turbine proper. 

However, t h i s  i n  i t se l f  may not be e n t i r e l y  detr imental  to t he  inves t i -  

On t h i s  bas i s  alone, t o  lose  

The amount of mater ia l  removal sustained by the  minor mod was sub- 

s t a n t i a l l y  l e s s  than t h a t  of t he  reference design. 

diameter of t h e  s e a l  r i n g  and (to a l e s s e r  extent) t he  new heat exchanger configura- 

t i o n  were changes i n  the r i g h t  direct ion.  Unfortunately, the  interference of the  

v isco  r i n g  and housing during the  last  period of operation of t h e  minor mod obscured 

the  t rue  weight loss. However, on a subject ive bas i s ,  one can r ead i ly  see  hundreds 

of thousands of hours required f o r  equivalent mater ia l  loss. The indicated pos i t ion  

of the  l i qu id  mercury/vapor in t e r f aces  a l s o  appears t o  be sa t i s fac tory .  

Evidently, t he  reduct ion i n  

The a c t u a l  
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contribution of the  redesigned heat exchanger i s  unassessable from a p r a c t i c a l  

standpoint due to f a i l u r e  of the spec ia l  thermocouple used to reach ( in t e rna l ly )  

t he  heat exchanger ou t l e t .  Analytically,  t he  modified heat exchanger i s  only 

marginally be t t e r .  

The major modification, a s  Figure 65 shows, sustained s ign i f i can t  

l o c a l  damage a f t e r  only 1528 hours of operation. 

i s  greater  than t h a t  sustained by t h e  minor mod a t  3134 hours of operation. 

f a c t  alone puts  t h i s  s e a l  configuration out of contention. While the  concept 

embodied i n  t h i s  pa r t i cu la r  configuration has e s s e n t i a l l y  been proven, the prac- 

t i c a l  d i f f i c u l t i e s  experienced (heat exchanger and visco pump hole blockage, o i l  

i n j ec t ion  i n t o  the  mercury system, unsteady mercury flow r a t e s )  have indicated t h a t  

considerable development of t h e  s e a l  and the  t e s t  r i g  i t s e l f  would be required 

before a sa t i s f ac to ry  design could be establ ished.  

Even a t  941 hours, t h e  damage 

This 

B. Mercury Leakage 

The primary purpose of t h e  seal-to-space system i n  the  SNAP-8 

turb ine  is  to prevent leakage of mercury out of the system. 

vides the  l i qu id  plug of condensed f l u i d  which forms p a r t  of t h i s  s ea l .  The 

cha rac t e r i s t i c  leakage r a t e s  of s ea l s  of the  nature considered here is bas i ca l ly  

low ( tha t  is, of the  order of 10-20 pounds i n  10 

mine these small  leakage r a t e s  requires  more sophis t icated tes t  equipment than the  

space s e a l  (Mod-C) program could support. 

t h a t  could be obtained was  to observe the  change i n  t h e  l i qu id  mercury l e v e l  i n -  

d icator  which shows the  l e v e l  of mercury i n  the  pot bo i le r .  This leve l - ind ica t ing  

device consisted of a d i f f e r e n t i a l  pressure transducer with l i qu id  mercury i n  both 

legs .  One l e g  was connected to the bottom of the pot b o i l e r  and the  other t o  a 

standing l e g  containing a n  equal height of mercury. 

therefore  coming about by l o s s  of mercury i n  the  pot bo i l e r .  

The visco pump pro- 

4 hours) and to accurately deter-  

The only ind ica t ion  of leakage r a t e s  

The only unbalance possible 

This provided only an extremely coarse measurement of space s e a l  

leakage loss  by r e l a t i n g  t h i s  to a change l i qu id  l e v e l  i n  the  pot bo i le r .  Its 

primary object ive was to provide pro tec t ion  f o r  the  car t r idge  heaters  i n  the  

boi le r .  Normally run immersed i n  the  l i qu id  mercury, i f  uncovered by l o s s  of 

mercury (via  leakage pas t  t he  space sea.1) the  hea ters  would burn out and f a i l .  
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Observations during extended run periods (500 hours) indicated imper- 

Even the  cept ib le  loss of l i qu id  i n  both the  reference and minor modification u n i t .  

reference un i t  with severe cav i t a t ion  damage indicated no percept ible  loss  of mercury. 

This l a s t  observation is p a r t i c u l a r l y  important s ince  it indica tes  t h a t  from a sea l ing  

standpoint alone (considering the  comparatively l i t t l e  damage sustained by the  v isco  

pump r i n g  i n  TAA 5/4 i n  10,823 hours) t h a t  t he  TAA v isco  s e a l  could probably operate 

f o r  s eve ra l  times i ts  design l i f e  before any question of loss of s ea l ing  capabi l i ty  

could be r a i sed ,  
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IX. CONCLUSIONS 

A s  a result of t h e  v isco  s e a l  test  program, t h e  following conclusions 

can be drawn: 

1. Under s imi la r  operating conditions i n  the  Mod-C t e s t  f a c i l i t y ,  the  minor 

modification v isco  s e a l  exhibi ted l i t t l e  or no cavi ta t ion  damage than t h e  reference 

design and as  such, ind ica tes  an excel lent  a l t e r n a t i v e  to t he  present configuration 

i n  the turbine.  

2. It i s  suggested t h a t  although the  p a t t e r n  of damage sustained by the  

reference design i s  d i s t i n c t l y  d i f f e ren t  from t h a t  sustained i n  a TAA, t h a t  t h e  

magnitude of t he  damage and mater ia l  loss may be an accelerated version of t h a t  

damage t h a t  i s  present ly  being experienced i n  a TAA. I f  t h i s  is  the  case, an extra-  

polat ion ( l i n e a r )  of t h e  weight loss  data ind ica tes  t h a t  t he  v isco  pump i n  t h e  TAA 

can run f o r  over 65,000 hours before an equivalent degree of damage would be sus- 

tained. 

3. The concept of a double visco pump which c i r cu la t e s  l i qu id  mercury through 

an ex terna l  heat  exchanger and maintains a seal was s a t i s f a c t o r i l y  demonstrated. 

However, before an e n t i r e l y  s a t i s f a c t o r y  version could be obtained, a grea t  dea l  of 

development work is required. 

config-wation, considering t h e  shor te r  period of operation, was s l i g h t l y  worse than 

t h a t  obtained on t h e  minor modification although it is  acknowledged t h a t  t he  designs 

were probably not optimized. 

The amount of cavi ta t ion  damage t h a t  d i d  occur with t h i s  

4. Although t h e  leakage capabi l i ty  of each of t h e  s e a l  configurations was not 

s p e c i f i c a l l y  tested fo r ,  the  ind ica t ions  a r e  t h a t  even wi th  s ign i f i can t  cav i ta t ion  

damage a s  sustained by the  reference design, no leakage was discernible .  Also, 
although t h e  reference design elements suffered extensive damage during Mod-C t e s t ing ,  

t he re  appeared to be no ind ica t ion  t h a t  d i s in tegra t ion  of t he  s e a l  r i n g  would occur 

nor d i d  there  appear to be a l ikel ihood of a catastrophic  seizure taking place. 

5. The simulation by the  Mod-C Reference design of t h e  v i sco  s e a l  damage as 
sustained i n  TAA 5/3 was obtained only i n  the  broadest sense. 

was l e s s  than t h a t  aimed fo r .  Additional regions of damage were observed on t h e  Mod-C 
Reference design and t h e  magnitude of t he  damage was markedly greater  at 31-34 hours of 

operation than t h a t  sustained by the  TAA visco seal a f t e r  10,823 hours of operation. 

The degree of simulation 
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6.  Examination of t h e  thermal and physical  layout of t h e  Mod-C Reference 

configuration and comparison with t h e  corresponding TAA layout suggests t h a t  t h e  

difference i n  degree of damage sustained i n  t h e  t w o  circumstances is related t o  only 

small thermal and dimensional differences.  This f u r t h e r  suggests t h a t  a second 

turb ine  a l t e r n a t o r  assembly apparently i d e n t i c a l  i n  t h e  region of t h e  space seal 

m a y  produce a cav i t a t ion  damage p a t t e r n  s i g n i f i c a n t l y  d i f f e r e n t  than t h a t  experienced 

by TAA 514. 
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