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SUMMARY 

The SNAP-8 program has  developed the  te2hnolow  base  for one c lass  
of multikilowatt dynamic space power system. The f i n a l  SNAP-8 system overal l  
cr i ter ia   includes a f ive-year   operat ing  l i fe ,   res tar tabi l i ty ,  man rating, and 
deliverable power in   t he  90-ktJe range. Elec t r ica l  power is  generated  by  a 
turbine-alternator i n  a  mercury  Rankine-cycle  loop to which heat i s  transfer- 
red and  removed by means of  sodium-potassium eutect ic   a l loy subsystems. 

The predominant amount of SNAP-8 development e f fo r t  was directed 
toward establishing a 35-kWe system. The major system components have been 
designed,  fabricated, and tes ted under steady-state,  transient,  off-design, . 
and environmental  conditions. The components include  the  turbine-alternator, 
pumps, mercury boi ler ,  mercury  condenser, and e lec t r ica l   cont ro l  system. 
Requirements  have  been specified,  preliminary  designs  prepared, and p a r t i a l  
development t e s t ing  performed for   other  components including  valves, 
reservoirs, and heat  exchangers. System analysis and design  provided  the . 
information  that was used t o  es tab l i sh  component f'unctional and physical 
character is t ics   as   wel l   as  system and compoment test  requirements, and 
established  the  compatibility of the SNAP-8 power conversion  system and 
nuclear  system  during  startup, shutdown, and steady-state  operation. Designs 
for  possible mission-applicable'system configurations have  been  prepared. A 
system state   point  and required component modifications have been  defined  for 
a 90-kWe SNAP-8 consistent with proven component capabi l i t ies .  

The va l id i ty  of the  basic  technology  developed on the program has 
demonstrated  by more than 400,000 hours  of major component endurance t e s t ing  
at  design  conditions, and by numerous planned s tar tup and shutdown cycles. 
Component mater ia l   barr ier  problems  have been  resolved  including.selection of 
boi ler  containment and turbine  structwal  materials  for  high-temperature and 
high-pressure mercury. A t e s t  system comprised of SNAP-8 developed 
components delivered up t o  35 kWe fo r  a period  exceeding 12,000 hours. The 
reference  system s t a r t  sequence was demonstrated  by  successful t e s t  system 
bootstrap  startups. Based on the  technology  established and the demonstrated 
component performance, SNAP-8 systems producing up t o  120 kWe of  net  output 
power with a 20% overal l  system efficiency have Deen defined  for  operation 
with a 600 kWt heat  source. 

A s  a resu l t ,   the  ma-8  system baseline is  considered t o  have 
achieved  a l eve l  of technology  suitable for f inal   appl icat ion development for  
long-term  multikilowatt  space  missions. 



1.0 INTRODUCTION 

1.1 OvERvLF(J OF TEE SNAP-8 PROGRAM 

A t  the  inception of the SNAP-8 program, the U.S. space e f fo r t  was 
i n  the midst  of a rapid expansion. Space power systems were projected  for 
use i n  deep-space  instrumented  probes and e l e c t r i c a l  power requirements were 
projected a t   l e v e l s  above the  capabi l i t ies  of systems  then  available. A s  
one approach t o  meeting  the  anticipated  space power needs, the  decision was 
made t o  develop and extend mercury  Rankine-cycle power plant  technology  for 
eventual  space-mission  applications. A t  t he   i n i t i a t ion  of the SNAP-8 project 
i n  May 1960, mercury Rankine-cycle  space power technology was embodied i n  the 
SNAP-2 system which had a  two-loop  mercury Rankine-cycle power system  coupled 
with a reactor.  The net  parer  output frm SNAP-2 was 3 kWe; the SNAP-8 i n i -  
t i a l  requirement, a t   t h i s  time, was f o r  30 kWe.  The ten-fold  extrapolation 
i n  system  net  parer  output  rapidly  led t o  changes  which brought mercury 
Rankine-cycle power system  technology from the SNAP-2 power l eve l   t o   t he  
present 'SNAP-8 capabili ty  for  multikilowatt   applications.  

One of the  s ignif icant  changes was t o  employ a compact mercury con- 
denser in  conjunction with a l iquid  metal   heat  rejection  loop  rather  than  to 
extrapolate  the  condensing  radiator  design used f o r  SNAP-2. The basic system 
output power l eve l  was increased t o  35 kT7e when t h e  compact condenser, l iquid 
metal  heat  rejection  loop  approach was adopted. 

The present SNAP-8 capability  has  evolved from  a single s t a r t ,  
instrument-rated SNAP-8 system  operating a t  35-klfe output  with 10,000 hour 
l i fe ,  t o  a res ta r tab le  man-rated system  operating a t  90-kWe output with f ive-  
year l ife.  The s~@-8 electr ical   generat ing system  consists of a nuclear ' 

system, power conversion  system, and flight radiator  system.  Heat i s  trans- 
f e r r ed   t o   t he  mercury  loop from the  nuclear  heat  source by means of sodium- 
potassium  eutectic  alloy (NaK) subsystems. Heat is rejected frm the mercury 
loop t o  another NaK subsystem  which, i n  turn, radiates  the system  waste  heat 
t o  space. The heat  source is required t o  produce power a t   l eve ls  up t o  600 
thermal  kilowatts, depending upon the system e l e c t r i c a l  power output. 

To establ ish the present SNAP-8 technology,  extensive  efforts were 
directed toward  system analysis and design; component design, development, 
fabrication, and testing;  materials  evaluation; and design and erection of 
s u i t a b l e   t e s t   f a c i l i t i e s .  A s  the overall  national  space program became  more 
clearly  defined,  consideration of lunar  landings,  space  stations,  space  bases, 
a s  well as  deep-space  probes  had  an  impact on potent ia l  SNAP-8 mission  pro- 
f i les and'  therefore  system  design. Consequently, i n   p a r a l l e l  with the develop- 
ment of  the  technology.required  for component design, a continual  review and 
updating  of component and system requirements was maintained  by  system analysis 
and design  efforts. As a result, component designs and design  approaches  have 
been-proven  for major liquid-metal Rankine-cycle power system components 
including  the mercury-vapor driven  .alternator, mercury pump, mercury boi ler ,  
mercury condenser, NaK pumps, valves, coolant-system pumps, instrumentation, 
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and e lec t r ica l   cont ro ls .  Over 400,000 component test hours have been accumu- 
lated  including more than 12,000 hours of system test operations. During t h i s  
time, a l l   m a t e r i a l   b a r r i e r  problems  were resolved  es tabl ishing  the  feasibi l i ty  
of operating sNAp-8 systems fo r   t he  long  lifetimes  specified. 

System  and component modifications have  been defined  for a  system 
capable of producing up t o  90-klTe output a t  an  overall   efficiency of 15%. 
Many exis t ing components can  be  used i n  the i r   bas ic  form for   the  var ious power 
systems i n   t h e  35-to-90 kWe range. A product improvement program in i t i a t ed  
from the 90-kWe system  baseline would l ead   t o  a  SUP-8  system  capable of pro- 
ducing 120 kWe a t  an overal l  system efficiency of -2% when provided  with  a 
600 kWt heat  source,  without  the need t o  introduce new technologies. Based on 
corroboration of designs  through t e s t ing  and validation of systems  and compo-- 
nent  analytical  models, SPilAp-8 technology  has  been  brought to   readiness   for  
mission  application. 

1.2 OBJECTIVES OF FINAL REPORT 

This  sMp-8 f inal   report   has  been Erepared vith  the  following  objectives: 

To define  the development s ta tus  of SNAP-8 system and components 
a t   t h e  completion of the  current  phase of ac t iv i ty .  

To record  the  detailed  technology developed in  the  various  pro- 
gram disciplines;  namely, systems  analysis and design, component 
design,  materials  engineering, and tes t   operat ions;  and t o  re- 
cord  the  significant program achievements. 

To identify  the  technology developed on the  SNAP-8 program  which 
vould be of consequence for   other  governmental and indus t r i a l  
projects.  

To preserve  the  status of SNAP-8 technolo= i n  a manner 'enabling 
continuation of development of mercury Rankine-cycle power 
systems f o r  space  missions. 

I n  summary, this  report   presents  the development s t a tus  of t he  90-kWe 
and 35-kl7e  SNAP-8 systems and the  cmponents  designea and/or  developed for   these  
systems.  Contained  .within  the  report   are  the  significant  design  cri teria and 
requirements,  steps i n   t h e  development,  and an  evaluation of performance  charac- 
t e r i s t i c s   f o r   a l l  components and the  overall  system  functions  vhfch were under 
the  cognizance of the  Aerojet-General  Corporation. 

1.3 ORGANIZATION OF FINAL W O R T  

The SNAP-8 program f inal   report   descr ibes   the 90-kWe and 35-kIle 
systems  and component design and operational  characterist ics.  Each major 
component is described i n  a separate  section  discussing  function,  description, 
development  background  and  performance character is t ics .  The 90-kWe system is 
considered t o  be the  baseline  for  subsequent development of mercury  Rankine- 
cycle  space power systems; however, the 90-kWe system is an  extension of t he  
technology  developed  for' t h e   e a r l i e r  35-kWe system. A l l  component development, 
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performance  demonstration, and  endurance t e s t ing  was accomplished  with compo- 
nents  designed for the  35-kI7e system.  Therefore,  a  detailed  description of 
the 35-kNe system is presented t o  provide a proper background for the 90-kNe 
system  design and analysis. 

References  are   l is ted  a t   the  end of the   report .  Each reference is  
available from the  National  Aeronautics and  Space Administration  Scientific 
Technical  Information  Facility, P.O. Box 33, College  Park, Maryland 20740. 
Data from the  Aerojet  technical files for the  SNAP-8 program will be stored 
in archives   a t   the  NASA Lewis Research  Center,  Cleveland, Ohio. 
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2.0 SNAP-8 PROGRAM DEKELO€" 

2.1 PRESEXTC STATUS 

, In  i t s  or iginal   concept ,   the  SNAP-8 e l ec t r i ca l   gene ra t ing   sys t em 
vas a t-c.ro-loop Rankine-cycle  'unit  with a nuclear   reactor   heat   soume  provid-  
ing  30 k17 of 1000 Hz e l e c t r i c a l  power f o r  10,000 hours   for   instrument-rated 
(unmanned) space  missions  ( including power f o r   e l e c t r i c a l   p r o p u l s i o n ) .  This 
concept  evolved t o   t h e   l a t e s t  system d e s i g n   f o r  a multiple-loop  Rankine-cycle 
system  providing  90 kt7 of 400 Hz e l e c t r i c a l  power f o r  up t o   f i v e   y e a r s   f o r  
either  man-rated or instrument-rated  space  missions,  or o p e r a t i o n   i n  a  ground 
t e s t  facility. The or ig ina l   concept  vas based on providing 30 k17 of electri- 
c a l  poverc  when supplied  with 300 kT7 of thermal power from a nuc lear   reac tor  
heat   source.  The r eac to r  vas designed t o  provide 600 kl7t so  tha t ,  by combin- 
ing  tvo  pover  conversion  systems, a t o t a l  net e l e c t r i c a l   o u t p u t  of 60 k17 
would  be ava i l ab le .  A bas i c  change i n  system  concept  from  the  original two- 
loop unit t o  a multiple  loop  system,  incorporating a compact  mercury  condenser 
and l iqu id   meta l   hea t   re jec t ion   loop ,  was accompanied  by  a  change t o  35 kT7 of 
400 Hz e l e c t r i c a l  power. The la tes t   system  design  could  provide  90 k17 of 
u s e f u l   e l e c t r i c a l  power  when suppl ied with the  f u l l  600 k l 7  of  thermal power 
ava i l ab le  from the   nuc lear   reac tor .  

This l a t e s t   sys t em m s  i n   t h e   p r e l i m i n a r y   d e s i g n   s t a g e   a t   t h e  time 
of prcogram terminat ion and r ep resen t s   an  improvement i n   t h e   c a p a b i l i t y  and 
performance of t h e  SNAP-8 s y s t e m   f o r   p o t e n t i a l   u s e   i n  a wider  range of more 
demanding  space  applications. Th i s  system is an  outgrowth of one designed 
t o  provide 35 k17 of useful   e lectr ical   pover   vhich  represented  the  major   de-  
sign,  development,  and t e s t   e f f o r t s  expended on t h e   o v e r a l l  SNAP-8 program. 
The 90-kt7e system  design  had  reached a point  where  system  state-point  condi- 
t i o n s  and major component requirements  had  been  defined,  the  general  system 
configuscation  and component arrangement  had  been  determined,  piping  layouts 
had  been i n i t i a t e d  i n  prepara t ion  for hyd-raulic  and stress analyses,   plans 
vere  being  fo-rmulated  for a combined nuclear system/poTser conversion  system 
t e s t   a t   t h e  NASA Plum Brook  Space  Pover F a c i l i t y ,  and  a mockup frame (suit- 
ab le  for u s e   i n   t h e  combined systems t e s t )  had  been  fabricated.  Many of t h e  
major components t o  be  incorporated i n  t h e  90-kl7e s y s t e m   a r e   e i t h e r   i d e n t i c a l  
t o ,  or  minor  modifications  of,  components  proven  during  the  development of 
t h e  SNAP-8  35-k17e system. The most notable  exception is  the  turbine  assembly 
which r equ i r e s  a new design, but one t h a t  is based on the  mercury  turbine 
technology  developed  on the  SNAP-8 program. 

The SNAI?-~ system, as  presently  conceived,  could  provide 90 k17 of 
400 Hz u s e f u l   e l e c t r i c a l  power vhen 600 kT7 of thermal power are   provided  with 
a heat  source  nominal  outlet   temperature of 2 2 O ? F .  The system  can  be uti- 
l ized   for   e i ther   man-ra ted  or instrument-rated  space  missions,  and  can  operate 
una t t ended ,   con t inuous ly   fo r   pe r iods   up   t o   f i ve   yea r s .  The gO-kl7e system  de- 
s ign  provides  a base   po in t   for   p lanners  of future space  missions  from  which t o  
e v a l u a t e   e l e c t r i c a l  power a v a i l a b i l i t y   a g a i n s t  power requirements;  furthermore, 
it provides a technology  base   for   reac t iva t ion  of t he  development  of m u l t i -  
kilovatt  mercury  Rankine-cycle  space power systems. 
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2.2 EVOLUTION OF "Ill3 MULTIPI;E-LOOP SYSTEN 

2.2.1 lWo-Loop system 

The SNAP-8 development  program, s t a r t e d  i n  May 1960, was based  on 
a n   i n i t i a l  concept  for a simple  two-loop  system  as shown in   F igu re  2-1. The 
i n i t i a l  system concept  consisted of a primary  loop i n  which the   reac tor   cool -  
a n t  f luid was c i r cu la t ed  by a motor-dr iven  centr i fugal  pump through  the  reactor  
t o  a b o i l e r .  The second  (Rankine-cycle)  loop  consisted  of a b o i l e r  which 
u t i l i zed   hea t   f rom  the   p r imary   l oop   t o   bo i l  and superheat  mercury, a t u r b i n e   t o  
convert thermal t o  mechanical power,  a tube-and-fin  condensing  radiator,   and a 
j e t - cen t r i fuga l  mercury pump t o   c i r c u l a t e  the working fluid. One of the 
major   features  of t he  system was the power drive  assembly  which  included  the 
turbine,   a l ternator ,   and  mercury pump mounted on a common shaft   with  mercury- 
lubr ica ted   th rus t   and   journa l   bear ings .  The e l e c t r i c a l  power generated by 
the   a l t e rna to r  was d i s t r i b u t e d   i n t e r n a l l y   t o   o p e r a t e   t h e  power conversion 
sys t em  e l ec t r i ca l  components,  and t o  the vehicle   load wi th  any   excess   e lec t r i -  
c a l  power being dissipated i n  a p a r a s i t i c   l o a d   r e s i s t o r   l o c a t e d   i n   t h e   p r i m a r y  
loop. 

Analysis ,   design,   fabr icat ion,  and i n i t i a l   t e s t i n g  of components f o r  
t h e  two-loop  system  proceeded t o   t h e   p o i n t  where design and opera t iona l  d i f f i -  
c u l t i e s  were  becoming apparent.  The p r i m a r y   d i f f i c u l t i e s  were associated  with 
the  power drive  assembly  where: (1) thermal d i s t o r t i o n  and ex terna l   loads  
caused  rub6ing  .beheen  the  turbine and turbine  case,   (2)   operat ional  d i f f i -  
c u l t i e s  wi th  the mercury-lubricated  journal  and t h r u s t  bear ings  resul ted i n  
bea r ing   f a i lu re s  and abrupt   turbine  s toppages,  and (3) evidence  of  seal   leak- 
age became apparent. I n  addition,  problems  associated with corrosion and 
erosion of the  mercury and NaK containment  materials  were  uncovered. 

I n  view  of t h e s e   d i f f i c u l t i e s  and p o t e n t i a l  problems with s t a b l e  
operat ion of an  extended  condensing  radiator  during  vehicle  maneuvers, a 
major  reassessment of  program objectives  and  accomplishments was undertaken 
d u r i n g   t h e   l a t t e r   p a r t  of 1962. The reassessment   resu l ted   in   an   ex tens ive  
r e d i r e c t i o n  of t he   ove ra l l  SNAP-8 program with emphasis on r e l i ab le   ope ra t ion  
f o r  10,000 hours and greater   assurance of successful  development by adopting 
component designs more c lose ly   assoc ia ted  wi th  the   ex i s t ing   s t a t e -o f - the -a r t .  

2.2.2  Four-Loop, 35 kWe, Instrument-Rated  System 

The program  reassessment  culminated i n   t h e   d e f i n i t i o n  of a revised 
system with four   bas ic  f luid loops  and new component requirements  based on 
state-of-the-art   technology. A s implif ied  f low  schematic   for   the  four- loop 
system is shown in   F igu re  2-2 from which  a number of the system  and  cmponent 
changes a re   r ead i ly   appa ren t .  The add i t ion  of the  heat   re ject ion  loop was 
made necessary by the adoption of a  compact  mercury  condenser t o   e l i m i n a t e  
p o t e n t i a l  problems  associated with v a r i a t i o n s  i n  g r a v i t a t i o n a l  and acce lera-  
t i on   fo rces .  A l l  pumps were dr iven  by separa te   motors   to   fac i l i t a te   indepen-  
dent development  and t e s t i n g .  The turbine  and  a l ternator   were  separable   and 
connected  by a f lex ib le   coupl ing  wi th  each  assembly  mounted on i t s  awn bearings.  
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I n i t i a l l y ,   b e a r i n g s   f o r   a l l   r o t a t i n g  components were t o  be  s ta te-of- the-ar t  
ro l l i ng   con tac t ,   o , i l   l ub r i ca t ed   t ypes .  The only  exception was the NaK  pump 
for which  NaK-lubricated  journal  bearings were adopted. A lubricant-coolant  
loop was incorpora ted   to   p rovide  t h e  c i rcu la t ion   sys tem for the   bear ing  lubri-  
can t   and   t o   p rov ide  a low-temperature   coolant   and  heat   re ject ion  system  for  
temperature- l imited  e lectr ical   cmponents .   This   lubricant-coolant   loop  a lso 
provided  cool ing  for   the  a l ternator   and pump motors,   el iminating  the need t o  
deve lop   h igh- tempera ture   e lec t r ica l   insu la t ion  systems f o r   t h e s e  components. 

The output power requirements  were  changed t o  provide a net   output  
of 35 kW of kOO-Hz, 208-Vac ( l i n e - t o - l i n e   v o l t a g e )   e l e c t r i c a l  power. The 
400-Hz power was se l ec t ed   t o   pe rmi t  t he  use of more standardized  aerospace 
s t a t e - .o f - the -a r t   e l ec t r i ca l  equipment  and  design  practices. 

General  system requirements remained  re la t ively  unchanged;   specif i -  
cal ly ,   the   system was to   opera te   una t tended  for  10,000 hours i n  a shadow- 
shielded,*  instrument-rated  configuration  and was t o  be capable of one  auto- 
m ' t i c   s t a r t u p   i n  a space  (zero-g)  environment.   Design  priority was placed  on 
re l iab i l i ty ,   per formance ,   and   weight ,   in  t h a t  order .  

The program  development e f f o r t s  emphasized the   ana lys i s ,   des ign ,  
and   fabr ica t ion  of the  four- loop system components, test  loops,  and  bread- 
board tes t  systems. Severa l  test f a c i l i t i e s  were planned  and  buil t   for  both 
component and system te s t ing   i nc lud ing   t he   fo l lowing :  

0 A low-power loop   for   eva lua t ing  t h e  e f f e c t s  of  mercury-vapor 
corrosion  and  erosion on var ious   mater ia l s  . .  

. .  
0 Two rated-power  loops f o r  performance  and  endurance  testing 

of  components (p r imar i ly   t he   bo i l e r ,   t u rb ine -a l t e rna to r  , and 
condenser)  and  subsystems 

0 Liquid  mercury  loops  for  performance  and  endurance  testing 
of  mercury pumps and other  components associated w i t h  t h e  
l iqu id   por t ion  of the  mercury  loop 

0 Liquid NaK loops for  performance  and  endurance  testing of 
NaK pumps and  minor NaK loop components 

0 Sea l  test r igs   for   evaluat ing  mercury  and  lubricant-coolant  
f luid  dynamic 'seals ,   molecular  pump and  visco pump designs, 
and  measuring  leakage  rates 

* Although the nuc lear   reac tor  emits r a d i a t i o n   m i d i r e c t i o n a l l y ,  it is 
necessary   to   p ro tec t   on ly   sys tem components for  an  instrument-rated  mission. 
Consequently, a nuc lear   rad ia t ion   sh ie ld  i s  interposed  between  the  nuclear 
system  and  the  balance  of   the  e lectr ical   generat ing  system.  In   effect ,   the  
nonnuclear   sect ions  are   located  within the  %hadow" of the   nuc lear   sh ie ld ,  
hence,   the term %hadow shield"  introduced  above. A n y  point   in   space  not  
wi th in  the sh ie ld '  shadow i s  exposed t o  r eac to r   r ad ia t ion .  
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0 An e l e c t r i c a l  component test f ac i l i t y   fo r   eva lua t ing   a l t e rna to r  
performance, speed control system capabi l i t i es ,  and other  elec- 
t r i c a l  component charac te r i s t ics  

0 Small-scale test loops  (located a t  Aerojet  Nucleonics Co., San 
Ramon, 'Calif .  ) for  investigating  boiler  tube  configurations 
and materials  compatibility  with working f l u i d s  

0 , System t e s t  loops f o r  performance and endurance tes t ing  of 
cumponents and  complete power conversion  systems. 

These t e s t   f a c i l i t i e s  played  important  roles i n   t h e  development of , 

Sup-8 canponents  and  subsystems  by  providing  performance and endurance'  data. 
Equal ly  important,  operating  procedures were developed and many design and 
operating problems  were  uncovered during  various  test  phases. However, the ~ 

system test   loops were never ful ly   ut i l ized  for   their   in tended  purposes .  . ' T h e :  

introduction of the SNAP-8 phaseout program i n   l a t e  1964 resul ted  in 'a   sharp ' 

curtailment of development  and tes t   ac t iv i t ies .   Fabr ica t ion  of a' second 
system t e s t   f a c i l i t y  was halted, and operations  in t h e  i n i t i a l  systems test 
loop were curtai led and eventually  halted  before a breadboard  system was 
fabricated.  Instead,  the  rated-pawer  loop  .facility was modified and  upgraded 
t o  a complete  breadboard  system and  remained as  the  only  sMp-8  system  test 
f a c i l i t y  at Aerojet   unt i l   the   f inal   terminat ion of the SNAP-8 program. 

. I  , .  

. .  

During the  phaseout program, a s ignif icant  amount  of cumsonent and 
breadboard  system t e s t ing  was accomplished which improved ,confidence i n  the 
f e a s i b i l i t y  of the  system  concept.  Performance  potential and mission  appli- 
cation  studies,   separately funded by NASA, indicated  greater  potential  usage 
for  space power systems w i t h  power levels  of the  magnitude projected  for 
SNAP-8. These s tudies   a lso  indicated  the  desirabi l i ty  of incorporating 
system  changes which would he lp   to  meet newly defined  long-range  goals f o r  
SNAP-8. 

2.2.3 35 kWe Man-Rated System 

An important  aspect of the newly defined goals was a system  that 
was both  instrument-rated and man-rated. The main impacts of man-rating  the 
system were as  follaws : 

Necessity to   p ro tec t   the  crew f rm  reac tor   nuc lear   rad ia t ion  

Necessity  to  protect   the crew from NaK-activated gamma 
radiat ion 

Consideration of crew access   for  maintenance 

Consideration of system r e s t a r t a b i l i t y  

Consideration of system  redundancy and associated  switchover 
t o  provide  greater  system  reliability. 
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C r e w  p ro tec t ion   d i c t a t ed  a major change in   conf igura t ion   and   sh ie ld  
design. The r eac to r ,  which  had  been a t   t h e  " t o p "   ( i n   r e l a t i o n   t o   t h e   g r a v i t y  
vec tor )   in   the   ins t rument - ra ted   sys tem,  was moved t o   t h e  '%ottom" t o  place 
t h e   r e a c t o r  as far from  the manned core  of a space   s t a t ion  as p o s s i b l e .   I n  
add i t ion ,   s tud ie s  for a lunar base   appl ica t ion  showed t h a t  it would be desir-  
a b l e   t o  have  the  reactor  "down, I' t h a t  is, on the   l una r   su r f ace  where it could 
be  more r ead i ly   sh i e lded .  The changes i n   p o s i t i o n   a n d   t h e   r e l a t i v e   l o c a t i o n s  
of the   var ious   por t ions  of t h e   s y s t e m   a r e   i l l u s t r a t e d   i n   F i g u r e  2-3. A ty-pi- 
c a l  concept f o r   t h e  35-kWe system i n  a f l i gh t   con f igu ra t ion  is shown i n  
Figure  2-4, and i n  a t y p i c a l  ground test configurat ion  with a nonnuclear  heat 
source   in   F igure  2-5. 

The sh ie ld ing  method which r e s u l t e d  was an  extension  of   the shadow- 
sh ie ld   concept .   S ince   the   ac t iva ted   reac tor   coolan t  gamma l e v e l s  were w e l l  
above human t o l e r a n c e ,   a l l   r e a c t o r  NaK components and  piping were loca ted  
near  the  instrument-rated shadow sh ie ld .   This   inc luded   the   bo i le r ,  NaK pumps, 
expansion  reservoir,  and auxiliary  heat  exchanger.  A second  shadow-shield 
( the   b io log ica l   sh i e ld )  was i n s t a l l e d  between the   reac tor   coolan t   loop  and t h e  
r e s t  of t he  power conversion system t o  reduce  the  gama  and  neutron  radiation 
from the  reactor  primary  loop  to  man-rated  levels.   This  man-rated  configura- 
t ion  could  be  modified  for  instrument-rated  missions  by removing the   b io log i -  
c a l   s h i e l d .  

Consideration of a man-rated S W - 8  system for   space   miss ions   l ed  
t o   t h e   r e a c t i v a t i o n  of SNAP-8 a c t i v i t i e s   i n   l a t e  1966. The r ev i sed  program 
placed  increased  emphasis on the   def in i t ion   and   des ign  of a power conversion 
system t o  be  used i n  ground prototype  system  testing  with  both  nonnuclear 
and nuclear   heat   sources .   This   effor t  formed t h e   b a s i s   f o r  system configura- 
t i o n   s t u d i e s  and  designs  for   both  f l ight-  and ground- tes t   appl ica t ions .  

2.2.4 b p i *  Shielded Man-Rated 35-kWe System 

A s  the  prel iminary  design of t h e  35-kWe shadow-shielded  system 
neared  completion,  several   additional  mission-related  factors  appeared. 
F i r s t ,   b y   d e f i n i t i o n ,  a shadow-shielded  nuclear  system  provides  personnel 
protection  only  within  the  envelope of t h e  shadow. A shadow-shielded  system 
would  unduly a f fec t   ear th-orb i t ing   miss ions  by r e s t r i c t i n g   a c c e s s   t o   t h e  
e lec t r ica l   genera tor   sys tem  for  crew recycling  and  system  and com>onent 
replacement.  For a l una r   base ,   t he   r eac to r  would  have t o  be located  below 
the   lunar   sur face ,   th i s   could   requi re   an   unreasonable  amount of excavation 
or a d d i t i o n a l   s h i e l d i n g   t o   p e r m i t   p e r s o n n e l   t o   o p e r a t e   a t  ground leve l   near  
the  system. It was decided t o   i n c o r p o r a t e  4-pi sh ie ld ing   wi th   the   nuc lear  
system t o  permit  the SNAP-8 system t o   b e t t e r  accommodate t h e s e   p o t e n t i a l  
manned missions.  A concept f o r   t h e  35-kWe system  with  tes t   support  b p i  
s h i e l d i n g   f o r  a combined nuclear  system/power  conversion  system test  i s  
shown i n   F i g u r e  2-6. 

* b p i   s h i e l d i n g   r e f e r s   t o   s h i e l d i n g  which  completely  surrounds a nuclear 
source  (a  sphere  in  space  subtends a so l id   ang le  of b p i   s t e r a d i a n s  
about i t s  o r ig in ) .  
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The s i z e  (and,  therefore,   weight) of t he  b p i  sh ie ld   (F igure  2-7) 
is s i g n i f i c a n t l y   a f f e c t e d  by the   he igh t  of t h e   g a l l e r y   s e c t i o n   ( t h e   s e c t i o n  
of the   e lec t r ica l   genera t ing   sys tem  loca ted  between the  instrument-rated 
sh ie ld   and   the   b io logica l   sh ie ld   seen   in   F igure   2 -3) .   S ince   the   bo i le rs  i n  
t h e   g a l l e r y  were the  main con t r ibu to r s   t o   ga l l e ry   he igh t ,   an   a t t empt  was made 
t o  reduce  the  gal lery  sect ion  height   by removing t h e   b o i l e r s  fran t h e   g a l l e r y  
and introducing a NaK loop   ( r e fe r r ed  t o  as  the  intermediate  loop)  between  the 
reactor  coolant  loop  and  the  mercury  loop. An intermediate   loop  heat  ex- 
changer was loca ted   i n   t he   ga l l e ry   s ec t ion ,   and   t he   bo i l e r s  were r e loca ted  
t o   t h e  main sec t ion  above t h e   b i o l o g i c a l   s h i e l d .  

While the  intermediate   loop was under  consideration,  the  nominal 
a l lowable  reactor   out le t   temperature  was reduced  from 13OO0F t o  about 1200°F. 
This change  meant t h a t  a new o v e r a l l  system s t a t e   p o i n t  had t o  be es tab l i shed .  
A s ign i f i can t   i nc rease   i n   t u rb ine   ou tpu t  power was r equ i r ed   t o   ma in ta in   t he  
ne t   e l ec t r i ca l   ou tpu t  of 35 kW. The so lu t ion  was t o  modify  the  turbine  design 
t o  accommodate a lower  exhaust  pressure (fram the   prev ious ly   es tab l i shed   va lue  
of 14 psia  ) and to   take  advantage of the   h igher   tu rb ine   e f f ic iency   ava i lab le  
by   opera t ing   a t   the   h igher  volume f lows  associated w i t h  lower t u r b i n e   i n l e t  
pressure  and  temperature. From the  s tudies   conducted  to   determine new s t a t e -  
point   condi t ions,  it became ev iden t   t ha t  a s u b s t a n t i a l   i n c r e a s e   i n   n e t   e l e c -  
t r i c a l   o u t p u t  was achievable.  The inc rease   i n   u sab le  power was cons is tan t  
with  apparent  increasing  space power demands. A man-rated  system  with  in- 
creased  net   e lectr ical   output ,   an  intermediate   loop,   and  redundant  components 
and power conversion  systems  evolved  from  the  performance  and  design  studies. 

2.2.5 4-pi Shielded, Man-Rated, 90-kWe System 

The f i n a l  phase  of t h e  SNAP-8 development  program was t o   c o n s i d e r  
ways t o   s i g n i f i c a n t l y   i n c r e a s e   o v e r a l l   s y s t e m  performance  and  efficiency. 
These  improvements would be t t e r   a l i gn   t he   sys t em  capab i l i t i e s   w i th   t he  power 
l e v e l  and operating  requirements  emerging  from  the  phase B space   s ta t ion /  
space  base  s tudies   current ly   in   process .   Since  the  key  e lement  of t he   e l ec -  
t r ica l   genera t ing   sys tem i s  the   t u rb ine -a l t e rna to r ,  emphasis was placed on 
improving t h i s  component. By decreasing  the  turbine  back  pressure  to   2 .5   psia  
and by redesigning  the  turbine,   system  output  was i n c r e a s e d   t o  90 kWe. 
Decreas ing   the   tu rb ine   back   pressure   to   2 .5   ps ia   resu l t s   in   increased   rad ia tor  
weight  and  area. However, the  weight   associated  with a b p i   s h i e l d   r e q u i r e s  
the   use  of a la rger   boos te r   vehic le   for   space   miss ions  s o  t h a t   t h e   i n c r e a s e s  
in   radiator   weight   and  area became secondary  factors .  The tu rb ine -a l t e rna to r  
was modified to   i nco rpora t e  a straddle-mounted,  dual-path,  reaction  turbine 
w i t h  f i ve   s t ages  on each  path,  and w i t h  a n   a l t e r n a t o r   ( i d e n t i c a l   t o   t h e   a l t e r -  
nator   developed  for   the 35-kWe system)  attached t o  each  end of the   tu rb ine  by 
means of a qu i l l   sha f t .   Bea r ings  and sea l s   a s soc ia t ed   w i th   t he   t u rb ine -  
a l t e r n a t o r  axe of t he  same design  as   those  used for t he  35-kWe system. The 
o v e r a l l  power conversion system conf igu ra t ion   fo r  a combined systems  ground 
t e s t  i s  shown i n   F i g u r e  2-8. This   configurat ion i s  f o r  a nonredundant power 
conversion  system  concept. A ful ly  redundant  system  design was i n i t i a t e d   b u t  
not fully implemented a t   t h e   t i n e  of t h e  program terminat ion.  
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3.0 SYSTEM D E F I N I T I O N  

3.1 SYSTEM D F S C R I F T I O N  

The SNAP-8 nuclear   e lec t r ica l   genera t ing   sys tem  inc ludes   four  main 
subsystems: a nuclear  system  to  provide  thermal power, a power conversion 
system t o   c o n v e r t . t h e r m a 1   t o   e l e c t r i c a l  power, a r a d i a t o r   t o  remove excess or 
waste  heat from a Rankine  cycle,  and  an  organic-fluid  loop t o   c o o l  and l u b r i -  
c a t e   s p e c i f i c  components. A simplified  schematic showing t h e   r e l a t i o n s h i p  of 
the  loops  and  the  major components f o r   t h e  90 kWe system concept  appears i n  
Figure 3-1. 

The overal l   system may be f u r t h e r   c a t e g o r i z e d   i n t o  a number of 
i nd iv idua l   and   i n t e r r e l a t ed   f l u id   l oops .  For the   l a tes t   sys tem  p lanned   for  
development,  the  following  apply: 

0 A reactor  primary  loop which receives  heat  from  the  nuclear 
r e a c t o r  

0 An intermediate   loop which t r ans fe r s   hea t  from the   r eac to r  
primary  loop  to  the  mercury  Rankine-cycle  loop 

0 A mercury  Rankine-cycle  loop  which  converts  heat t o  mechanical 
power 

0 A hea t   r e j ec t ion   l oop  which  removes excess or waste  heat from 
the  Rankine-cycle  loop 

0 An a u x i l i a r y  NaK cool ing  loop,   actual ly  a branch of the   hea t  
re ject ion  loop,  which coo l s   spec i f i c  components,  removes hea t  
genera ted   in   the   reac tor   sh ie ld ,   and  removes r eac to r   hea t  
under cer ta in   system  operat ing modes 

0 An organic-f luid  lubricant-coolant   loop which cools and l u b r i -  
ca t e s   spec i f i c  components. 

3.1.1 YO-kWe Sys t e m  

The l a t e s t  system considered  for  development  and t e s t i n g  i n  the  NASA 
Plum Brook Space Power F a c i l i t y  would provide a nominal   ne t   e lec t r ica l  power 
output of 90 kW. Design  and d e f i n i t i o n  of t he  90-kW system were  not  completed; 
b u t ,   s i n c e   t h i s  was one of t h e   f i n a l   p r o j e c t   g o a l s ,  and s i n c e   s i g n i f i c a n t  
progress  was made toward a f i n a l   d e s i g n   d e f i n i t i o n ,   t h i s   s y s t e m  i s  discussed 
here .  

i 

While  the  SWp-8  system i s  in tended   for   eventua l   appl ica t ion   to  
manned space  missions,   the  system  configuration  planned  for  use  in ground 
t e s t s  combines the  power conversion  system  with a reactor   heat   source  and 
a ground test  r a d i a t o r   f o r   w a s t e   h e a t   r e j e c t i o n .  Many fea tures   assoc ia ted  
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with a manned space   appl ica t ion   a re   inc luded   in   the   des ign .  Component redun- 
dancy i s  incorporated (or provis ions   a re  made f o r   i n c o r p o r a t i o n   a t  a l a t e r  
date)  and  considerations for operat ion of future systems i n  reduced  gravity 
have  been  taken  into  account  in  the  design,  wherever  practical .  

The funct ions of the  var ious  system  loops and t h e  camponents  con- 
ta ined   there in   a re   descr ibed  below. 

3.1.1.1 Reactor Primary Loop 

The reactor   pr imary  loop (RPL) transfers  heat  generated  by  the 
r e a c t o r   t o   t h e  power conversion system using NaK* a s   t h e  working f l u i d .  The 
RPL consists  of a main heat- t ransfer   loop  with a branch  loop t o   c o o l   t h e  
r e a c t o r   r a d i a t i o n   s h i e l d .  The main RF'L loop  consis ts  of the  SNAP-8 "reference" 
reactor,   an  intermediate  heat  exchanger which t r ans fe r s   hea t  from t h e  RPL t o  
the  intermediate  loop,  an  auxiliary  heat  exchanger which t r ans fe r s   hea t  frm 
the  RPL t o   t h e   h e a t   r e j e c t i o n   l o o p  (HRL) du r ing   s t a r tup  and  shutdown, an 
electramagnetic pump system  employing  redundant  pmps, a f luid  expansion 
r e se rvo i r ,  and associated  piping.  

The RPL shield  cool ing  branch  c i rcui t   uses  a f r a c t i o n  of t he  NaK 
f low  c i rculated  by  the  e lectromagnet ic  pump system t o  remove heat  generated 
by thermalizing  neutrons and gamma rays i n  the  nuclear  system b p i  sh ie ld .  
NaK is circulated  through  passages  within  the  reactor  shield  and  through a 
heat  exchanger  which  transfers  the  heat  to  the HRL. 

3.1.1.2  Intermediate Loop 

The intermediate  loop ( I L )  uses NaK to   t r ans ' f e r   hea t  fr'm t h e  RPL 
t o   t h e   b o i l e r  i n  the  mercury  Rankine-cycle  loop. The IL cons i s t s  of a bo i l e r ,  
two NaK pumps, a NaK diver ter   valve,   an  expansion  reservoir ,   in terconnect ing 
piping,  and connect ing  l ines   to   the.   tube  s ide of the  intermediate  heat  exchang- 
e r .  O f  t h e  two NaK pmps i n  the I L ,  one c i r c u l a t e s  t h e  working f l u i d ,  and the  
other i s  a redundant  standby  unit. The NaK d ive r t e r   va lve ,   l oca t ed   a t   t he  
o u t l e t  of the  pumps, prevents NaK backflow  through  the  idle   pmp  while   direct-  
ing  the  f luid  f low  f rom  the  operat ing pump through  the  remainder of the  loop. 
A l l  components  of the  intermediate   loop  are   contained  within  the power conver- 
s ion  system  s t ructure .  

3.1.1.3 Mercury  Rankine  -Cycle Loop 

The Rankine-cycle  loop,  with  mercury  as  the  working  fluid, i s  the  
main  energy  conversion  loop of the  system and cons i s t s  of a turb ine ,   dua l  
a l t e r n a t o r s  , two condensers, a liquid mercury pump, a l iquid  mercury flow 
control   valve,  three solenoid-operated  shutoff  valves,  the  mercury  contain- 
ment tubes  of   the   boi ler ,  and interconnect ing  piping.  

*NaK: a eutectic  mixture  of  sodium  and  potassium  (22% Na - 78% K )  
I 
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Heat i s  t r a n s f e r r e d  frm the  intermediate   loop NaK which circulates 
th rough   t he   she l l   s ide   o f   t he   bo i l e r .  A s  t h e  mercury passes through  the  boi l -  
e r ,  i t  i s  preheated to   s a tu ra t ion   cond i t ions ,   bo i l ed   t o   p roduce   vapor ,  and 
superheated. The superheated  vapor i s  d i rec ted   th rough  the   tu rb ine  where t h e  
thermal  energy is  converted t o  mechanical power and t o   e l e c t r i c a l  power by 
t h e   a l t e r n a t o r s   c o u p l e d   d i r e c t l y   t o   t h e   t u r b i n e   s h a f t .  The "wet" mercury 
vapor  leaving  the  turbine  f lows  to  the  condenser  where it is  condensed  and 
subcooled. The heat  produced  by  condensation  and  subcooling i s  t r a n s f e r r e d  
t o   t h e  HRL NaK c i r cu la t ing   t h rough   t he   she l l   s ide   o f   t he   condense r .  The sub- 
cooled  mercury  flows t o   t h e  mercury pump where t h e   f l u i d   p r e s s u r e  is  increased 
t o  meet the   r equ i r ed   bo i l e r   i n l e t   cond i t ions .  The r a t e  of mercury  flow  through 
the  loop is  cont ro l led   by   the   pos i t ion  of the   var iab le-area   o r i f ice  i n  t h e  
motor-driven  flow  control  valve . 

Ancillary  to  the  mercury  Rankine-cycle  loop i s  t h e  mercury i n j e c t i o n  
and  recharge  subsystem  which  consists  of a mercury  reservoir,  two solenoid- 
operated  shutoff  valves,  and a solenoid-operated  four-way  reservoir   actuator  
valve.  This  subsystem  injects  mercury a t  a con t ro l l ed   r a t e   i n to   t he   Rank ine -  
cyc le   loop   dur ing   s ta r tup ,  removes t h e  working f lu id   f rom  the   loop   dur ing  
shutdown,  and controls   the  mercury  inventory i n  the  condenser  during  system 
operation  to  maintain  proper  condensing  conditions.  All components of t h e  
Rankine-cycle loop are   contained  within  the power conversion system s t r u c t u r e .  

3.1.1.4 Heat  Rejection Loop 

NaK in   t he   hea t   r e j ec t ion   l oop  (HRL) removes excess,  or waste, system 
heat  primarily  from  the  mercury  loop. The waste  heat w i l l  be re jected  f rom a 
r ad ia to r   t o   space   i n   mi s s ion   app l i ca t ions  and  from a r a d i a t o r   t o  a cold wall i n  
ground tests. The HRL cons i s t s  of a r a d i a t o r ,  two NaK pumps,  a NaK d i v e r t e r  
valve,   an  expansion  reservoir,  a motor-driven  flow  control  valve, two p a r a s i t i c  
load   res i s tors ,   in te rconnec t ing   p ip ing ,   and   connec t ing   l ines   to   the   she l l   s ide  
of the  condensers. The two NaK pumps and  the NaK d ive r t e r   va lve   a r e   u sed   i n   t he  
same manner as   descr ibed   for   the   s imi la r  components in   the  intermediate   loop.  
The motor-driven  flow  control  valve i s  used  only  during  s tar tup and  shutdown to -  
con t ro l   t he  NaK f low  to   the  condenser   to   maintain  proper   condensing  pressures .  
The p a r a s i t i c   l o a d   r e s i s t o r s   d i s s i p a t e   ( i n   t h e   f o r m  of h e a t )   e l e c t r i c a l  power 
i n  excess of t he  power used to   ope ra t e   t he  system or t o  meet mission demands. 
The components  of the   hea t   re jec t ion   loop ,   except   the   rad ia tor ,   a re   conta ined  
wi th in   the  power conversion  system  structure.  

3.1.1.5 Auxil iary NaK Cooling Loop 

The a u x i l i a r y  NaK cooling  loop, a branch  of   the  heat   re ject ion  loop,  
uses a f r a c t i o n  of the   f low  c i rcu la ted   by   the  HRL NaK  pump t o   c o o l   t h e  HRL 
pumps, t h e  IL pmps,  and  the RPL electromagnetic pumps, t o  remove heat  from 
the  heat  exchanger in   the   sh ie ld-cool ing   branch  of the  RPL; and t o  remove 
heat   f rom  the  auxi l iary  heat   exchanger   during  s tar tup  and shutdown. The 
aux i l i a ry   l oop   cons i s t s   p r imar i ly  of in te rconnec t ing   p ip ing   to   the   tube   s ides  
of the  var ious  heat   exchangers   and  cool ing  coi ls  of t he  components wi th in   the  
loop  f low  c i rcui t ,   and a solenoid-operated  shutoff  valve  which  stops  the  f low 
to   t he   aux i l i a ry   hea t   exchange r   a f t e r  system s t a r tup   has  been  completed. 
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3.1.1.6 Lubricant-Coolant Loop 

The lubricant-coolant  loop uses an  organic   f luid* t o  perform three 
funct ions : 

0 Lubr i ca t e   bea r ings   i n   t he   t u rb ine ,   a l t e rna to r ,  and  mercury 
PWP 

0 Cool  components  which m u s t  operate a t  temperatures  below  the 
HRL  NaK temperature. 

0 Provide  pressure  to   operate   the mercury i n j e c t i o n  and 
recharge system. 

A schematic of the  lubricant-coolant   loop i s  shown i n   F i g u r e  3-2. 
The loop  consis ts   of  a pump, an  expansion  reservoir,  a high-temperature 
r a d i a t o r ,  a low-temperature  radiator, s ix  solenoid  shutoff  valves,  and i n t e r -  
connec t ing   p ip ing   to   the   var ious  components  which m u s t  be lubricated  and 
cooled.  Lubricant is  s u p p l i e d   t o   t h e   t u r b i n e ,   a l t e r n a t o r ,  and  mercury p a p  
bearings.  The solenoid  shutoff valves are  sequenced open du r ing   s t a r tup  and 
sequenced  closed  during shutdown to   assure   p roper   t iming  of l u b r i c a n t   f l o w   t o  
the  bearings.   Coolant  from  the  lubricant-coolant  high-temperature  radiator 
i s  supp l i ed   t o   t he   t u rb ine -a l t e rna to r   space   s ea l   hea t   exchange r s ,   t he   a l t e r -  
nator  housings,   the  mercury  pmp  space  seal   heat  exchanger,   and  the  mercury 
p a p  motor  housing. A f r a c t i o n  of the  f low  leaving  the  high-temperature 
r a d i a t o r  i s  d i rec ted   to   the   low- tempera ture   rad ia tor  which fur ther   reduces 
the   f lu id   t empera ture  and cools   the  e lectr ical   assembly  packages.  An addi- 
t ional   low-temperature   e lectr ical   package,   the  programmer, w i l l  a l s o   b e  
cooled  by  the  f luid  f rom  the  low-temperature   radiator   for   mission  appl ica-  
t i o n s ;   b u t ,   f o r  a ground tes t  system, t h e  programmer w i l l  be   loca ted   in   the  
c o n t r o l  room and w i l l  not require cooling. All components  of t he   l ub r i can t -  
coolant   loop,   except   the  radiators ,  w i l l  be  contained  within, or mounted on, 
t h e  power conversion  system structure. 

3.1.1.7 E l e c t r i c a l  System 

The e l e c t r i c a l  system p e r f o m   s e v e r a l   f u n c t i o n s   d u r i n g  system 
operat ion,   and  interfaces   with  the  nuclear  system controls   and  with  the tes t  
f a c i l i t y  or mission  vehicle.  A block  diagram  of   the  e lectr ical   controls   and 

Whe SNAP-8 lub r i can t - coo lan t   f l u id  must meet a  number of requirements 
i n  terms of   working   charac te r i s t ics ;   these   a re :   thermal   s tab i l i ty ,   nuc lear  
r a d i a t i o n   s t a b i l i t y ,   h i g h   h e a t - t r a n s f e r   c o e f f i c i e n t ,   h i g h   s p e c i f i c   h e a t ,  su i t -  
a b l e   v i s c o s i t y   a t  200 t o  400 F,  noncorrosive t o  common engineer ing  mater ia ls ,  
good l u b r i c i t y ,  and  low  vapor  pressure. Poly-phenyl e the r   (She l l  Mix 4P3E) was 
s e l e c t e d   a s   t h e   b e s t  of t h e   a v a i l a b l e   f l u i d s   t o  meet these  requirements  mainly 
because  of i t s  ab i l i t y   t o   w i ths t and   nuc lea r   r ad ia t ion .   Th i s  f l u id  f a l l s   i n t o  
t h e   c l a s s  of polynuclear  aromatics  which are  known t o  be  the most r a d i a t i o n  
r e s i s t an t ,   t he rma l ly   and   ox ida t ive ly   s t ab le   f l u ids   cu r ren t ly   ava i l ab le .  The 
p rope r t i e s  of t h i s   f l u i d   a n d   t h e  methods for   cont ro l l ing   composi t ion   to   avoid  
the  formation of undes i r ab le   p rec ip i t a t e s   a r e   d i scussed   i n   Re fe rences  1 and 2. 
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components appears   in   F igure  3-3. The i n d i v i d u a l   e l e c t r i c a l  component 
functions  and  requirements  are  presented i n  Sect ion 6.0 of t h i s   r e p o r t .  
I n   g e n e r a l ,   t h e   e l e c t r i c a l  system provides   the  fol lowing:  

e Control   funct ions  to   permit   the   sequenced  process  of system 
s t a r t u p ,  shutdown,  and  emergency  shutdown. 

e Control  of t h e   t u r b i n e - a l t e r n a t o r   s p e e d   t o   m a i n t a i n   t h e   a l t e r -  
nator  frequency  and  voltage withTn the   spec i f i ed   l imi t s .  

0 A protect ive  system which receives   instrumentat ion  s ignals   and 
i n i t i a t e s   a p p r o p r i a t e   a c t i o n s  when the   s igna l s   a r e   no t   w i th in  
spec i f i ed  limits. 

e A power d i s t r i b u t i o n   s y s t e m   t o  supply t h e   e l e c t r i c a l  power 
r equ i r ed   by   t he   e l ec t r i ca l  components and  the demands of 
the   vehic le   loads .  

a .   Control   Funct ions.-  The major   cont ro l   func t ions   for   the  
sequence,  interaction, and t iming of the  var ious  events   required for  s t a r t u p ,  
s teady-s ta te   opera t ion ,  and  shutdown a re   con t ro l l ed  by the  programmer. The 
timing  of  the  various  events is a d j u s t a b l e   t o  permit modif icat ion of the  
sequences  without major rework. I n   a d d i t i o n ,   t h e   a b i l i t y   t o  respond t o  
ex te rna l  command s igna ls ,   inc luding   over r ides  , has  been  incorporated t o  
i n c r e a s e   t h e   v e r s a t i l i t y  and r e l i a b i l i t y  of t he   un i t .   S ince   t he  f i rs t  90-kWe 
system was planned for t e s t i n g   i n   t h e  Space Power F a c i l i t y ,   t h e  programmer 
would b e   l o c a t e d   i n   t h e   f a c i l i t y   c o n t r o l  room to   provide  ready  access  of 
adjustments  and  modifications  if   required.  

During s teady-s ta te   opera t ion ,   the   a l te rna tor   f requency   and   vo l tage  
a re   main ta ined   wi th in   spec i f ied  limits by the  speed  control  system  and  the 
vol tage   regula tor -exc i te r .  The dual   a l ternator   arrangement  and the   des i r -  
a b i l i t y  of using equipment  developed for a system w i t h  lower n e t  e l e c t r i c a l  
power capab i l i t y   r equ i r e s   t he   u se  of two speed  control  systems, two vol tage 
regula tors  , two p a r a s i t i c   l o a d   r e s i s t o r s ,  two power f ac to r   co r rec t ion  assem- 
b l i e s ,  and  load  compensation  equipment to   permit   synchronizing  and  paral le l -  
ing of t he   a l t e rna to r   ou tpu t s .  

The e l e c t r i c a l   c o n t r o l s   s y s t e m   i n i t i a t e s   t h e  programmed automatic shut- 
down sequences when emergency or p o t e n t i a l  emergency s i t u a t i o n s   a r e   i n d i c a t e d  
by   s enso r   s igna l s .   I n   add i t ion ,   an   e l ec t r i ca l   p ro t ec t ive  system provides   for  
t he   fo l lowing   s i t ua t ions  which may occur  during  steady-state  operation: 

0 When the  a l ternator   vol tage  drops  below 9546 ra ted   vo l tage   any  
t i m e   a f t e r   s t a r t u p  or p r i o r   t o   i n i t i a t i o n  of a shutdown, a n  
emergency  shutdown of t h e  power conversion system and  nuclear 
system i s  i n i t i a t e d .  

0 When an   a l te rna tor   vo l tage   unbalance   occurs ,   the   vehic le   load  
breaker is  cycled t o   v e r i f y   t h a t   t h e   s o u r c e  of the  unbalance i s  
i n   t h e  power conversion system. If so, an  emergency  shutdown 
is  i n i t i a t e d  . 
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b. Power Supply  and Distribution. - The  power supply  for   the 
e l e c t r i c a l  system is  a s i lver-zinc  bat tery which provides 30 Vdc t o  operate 
the  programer  and t o  perform  the  programed  functions  during  startup  and 
shutdown. These functions  include (1) actuation of valves,  relays,  and 
contactors, (2)  providing  a l ternator   f ie ld   f lashing and saturable  reactor 
bias  current, and (3) providing power for   the  nuclear   controls .  The ba t te ry  
w i l l  also  provide  both 30 and 60 Vdc to   opera te   the   pmp  inver te r  and 60 Vdc 
to  operate  the  reactor  primary  loop  electromagnetic pump inverters  during 
s t a r tup  and shutdown. A battery  charging system provides a fas t  charge 
following system startup and a continuous t r i c k l e  charge  during  steady-state 
opera t ion   to  ensure the   ava i l ab i l i t y  of  adequate  battery power f o r  shutdown 
and a subsequent r e s t a r t .  

E lec t r i ca l  power i s  distributed  through  an  electrical   harness.  The 
harness i s  a series of electrical  cables  with  high-temperature  insulation; 
steel-braided  flexible  conduit w i l l  be used  in   areas   requir ing  addi t ional  
protection from  operating and handling  environments.  Cable  routing w i l l  be 
along nonremovable members of the power conversion system frame. Connectors 
a t   t h e  components and terminal  boards w i l l  be  a combination lug and weld 
type t o   f a c i l i t a t e   i n i t i a l   w i r i n g  and  checkout  and f i n a l  welding t o  terminal 
pos t s   p r io r   t o  system operation. 

c. Modular Packages. - The e l e c t r i c a l  subassemblies  and components 
are grouped into  four  modules with  the  individual  subassemblies and components 
arranged  as shown in  Figure 3-4. The components a r e  grouped t o   f a c i l i t a t e  
routing of interconnecting  cables and attachment  of  the  subassemblies  and 
components t o  a s ingle   heat   s ink  for   cool ing by the  lubricant-coolant  f luid.  
Each  module w i l l  contain a terminal  board t o  which a l l  components a re  con- 
nected  and from which a l l   e x t e r n a l  connections a r e  made.  The modules are 
enclosed i n  nonsealing  protective  covers  for  accessibil i ty  to  the  individual 
components. 

3.1.2 35-kWe System 

The  SNAP-8 system development has  progressed  through a  number  of 
major changes in  both  application and  performance goals. The system evolved 
from a r e l a t ive ly  simple  two-loop  system  designed t o  produce a ne t   e lec t r ica l  
output of 30 kWe i n  a zero-g  environment  while in   the  near-ear th   orbi t .  The 
system was required t o   s t a r t   o n l y  once,  while i n   o r b i t ,  and was t o  be used 
only  for  instrument-rated  missions. The nuclear  radiation  shielding  for  this 
application was t o  be sufficient  to  protect   instrumentation  and  electronic 
equipment.  System  performance  and  mission application changes  have resulted 
i n  configuration changes f i rs t  t o  a  35-kWe system and f i n a l l y   t o   t h e  90-kWe 
system described above. 

A s  the system evolved, a major system configuration,  design,  and 
performance def in i t ion  was completed for the  35-kWe system which has  been 
the   bas i s   fo r  subsequent  system  definitions and estimates of the  effects of 
transient  operating  conditions on the system and  major components. This 
system was designed t o  meet the  major  requirements shown i n  Table 3-1. The 
35-kWe system i s  shown in   F igure  3-5 i n  a configuration  for a nanned space 
mission. Msjor design,  performance,  and  transient studies and tes t s  were 
completed r e s u l t i n g   i n  a s ign i f icant   overa l l  s.ystem development phase which 
merits detailed  discussion. 

23 



SATURABLE  CURRENT 
POTENTIAL TRANSFORMER 

SPEED  CONTROL 
COMPENSATOR 

b,SPEED CONTROL 
MODULE 

VR-E COMPENSATOR 
TRANSFORMER 

A 
SATURABLE  REACTOR 

I I 

ELECTRICAL  ASSEMBLY 
NO. I 

ELECTROMAGNETIC 
PUMP  INVERTER 

TRANSFORMER 
RECTIFIER  ASSY 

a 
0 
a 

ELECTRICAL 
PROTECTIVE 
MODULE REGULATOR 

COMPENSATOR  TRANSFER INVERTER  DIRECT MOTOR 

CONTACTORS 

SYSTEM 

ELECTROMAGNETIC 
PUMP  INVERTER A VOLTAGE  REGULATOR 

PUMP  MOTOR  ASSY 
INVERTER / \  

ELECTRICAL ASSEMBLY 
NO. 2 

ELECTRICAL  ASSEMBLY 
NO. 3 

I I 

POWER  FACTOR 
CORRECTION  ASSY 

ELECTRICAL ASSEMBLY 
NO. 4 



TABLE 3-1 MAJOR REQUIREMENTS - 35-kWe SYSTEM 

Note: The system  meeting  these  requirements is a p p l i c a b l e   t o  
instrument-rated,   man-rated,   and  ground-test   installations.  

Net e l e c t r i c a l   o u t p u t  

Vehicle  load power f a c t o r  

Voltage (rms , l i n e   t o   l i n e )  

Frequency 

Operating l i f e  (continuous ) 
Reactor  parer 

Reactor   out le t   temperature   (s teady-state   range)  

35 kWe (min. ) 
0.85 ( lagging)  

208 Vac, 2 5$ 
400 Hz, 2 1% 
10,000 h r  

600 kWt (max. ) 
I280 t o  1330°F 

Environment 

Grav i t a t iona l   f i e ld   (ope ra t ing )  O t o l g  

Radiation 

PCS ( in t eg ra t ed  dose f o r  lo4 h r )  

Fast   neutrons (0.1 MeV o r   g r e a t e r )  5 x 1 0 ~  nvt 

Gamma rays  5 x 10 rads   (e )  7 

Sol id - s t a t e   e l ec t ron ic s   ( i n t eg ra t ed   dose   fo r  lo4 h r )  

Fast   neutrons (0.1 MeV o r   g rea t e r )  nvt 

Gamma rays 10 r a d s   ( e )  6 

Accelerat ion  (system  not   operat ing)  

Longi tudinal   axis  

Transverse  axis 

R e s t a r t   c a p a b i l i t y  

Number of automat ic   res ta r t s   wi thout   se rv ic ing  20 

G r a v i t a t i o n a l   f i e l d  O t o l g  

Ehvelope  requirements (See Sect ion 3.3 of th i s  r e p o r t )  
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Figure 3-5 35-kWe Electr ical   Generat ing System f o r  Manned Space  Missions 



The 35-kWe system  includes four main subsystems: a nuclear  system, 
t o  provide  thermal power, a power conversion system to   conve r t   t he rma l   t o  
e l e c t r i c a l  power, a r ad ia to r   sys t em  to  remove waste heat  fr& a Rankine  cycle, 
and  an  organic-f luid  loop  to   cool   and  lubricate   specif ic   camponents .  

The system can  a lso  be  descr ibed as a number  of ind iv idua l ,   in te r -  
re la ted  loops which  have  funct ions  s imilar   to   those  descr tbed for t h e  90-kWe 
system. The major  differences  between t h e  90- and 35-kWe systems i n   r e g a r d  
t o  loop  functions i s  t h a t  (1) t h e  35-kWe system does  not employ an  intermedi- 
a te   loop ,  (2) the  lubricant-coolant   loop  provides   cool ing  for   the NaK  pump 
motors,  and (3) the  35-kWe system employs  redundant power conversion systems 
t o  p rov ide   i nc reased   r e l i ab i l i t y  for man-rated  applications. The redundant 
power conversion system concept  implies  the me of two independent mercury 
Rankine-cycle  loops,   heat  rejection  loops,   lubricant-coolant  loops,   and 
electr ical   subsystems.  The redundant 'power conversion systems are   incorporated 
i n t o   t h e   o v e r a l l  system by providing  two  boi lers ,  i n  s e r i e s ,  i n  the  primary 
loop. A s implif ied  schematic ,   Figure 3-6, shows the   l oca t ion  of the  two bo i l -  
e rs   in   the   p r imary   loop   and   the   re la t ionship  of the  remaining  loops for one of 
the  redundant power conversion  systems. 

3.1.2.1  Individual Loop Functions 

The funct ions  of   the   var ious  f luid  loops or the   d i f fe rences  from 
similar   loops i n  t he  90-kWe system  are  described  below: 

a.  Primary NaK LOOE. - The primary NaK loop (PNL), w i t h  NaK as   t he  
working f luid,  t r ans fe r s   hea t   f rom  the   r eac to r   t o   t he   bo i l e r   i n   t he   mercu ry  
Rankine-cycle  loop. The PNL cons is t s  of t he   r eac to r ,  two b o i l e r s ,  two NaK 
pumps, a NaK diver ter   valve,   an  expansion  reservoir ,  two aux i l i a ry   hea t  
exchangers,  and  interconnecting  piping. The  two NaK pumps are   connected  in  
p a r a l l e l  i n  the  PNL; one circulates   the  working  f luid,   and  the  other  i s  a 
s tandby  uni t .  The NaK diver te r   va lve ,   loca ted  a t  the  output o f  the  pumps, 
prevents NaK backflow  through t h e  i d l e  pump w h i l e  d i r e c t i n g   t h e  f lu id  flow 
from t h e  operat ing pump through  the  remainder of the  loop. The s h e l l   s i d e s  
of two bo i l e r s   a r e   connec ted   i n   s e r i e s  i n  t he  PNL t o  p rov ide   fo r   t r ans fe r  of 
r e a c t o r   h e a t   t o   e i t h e r  of the  two (one of which is a redundant  standby  unit) .  
Similar ly ,  two auxi l ia ry   hea t   exchangers   a re   conta ined   in   the  PNL t o   t r a n s f e r  
r eac to r   hea t   t o   e i t he r   hea t   r e j ec t ion   l oop   du r ing   s t a r tup  and  shutdown. The 
components  of the  pr imary  loop,   except   the  reactor ,   are   contained i n  t h e  
g a l l e r y   s e c t i o n  of t he  system shown i n   F i g u r e  3-5, t h a t  is, between t h e  
nuclear  system shadow shield and the   b io log ica l   sh i e ld .  

b. Mercury  Rankine-Cycle Loop. - The Rankine-cycle  loop  performs 
t h e  same func t ion   a s   t ha t   desc r ibed   fo r   t he  90-kWe system. However, the  
fo l lowing   d i f f e rences   ex i s t   i n   t he  component  complement: a s ingle-path 
impulse  turbine  with one a l t e r n a t o r ,  one condenser,  and two solenoid  operate'd 
shutoff   valves .  

c.  Heat  Rejection Loop.- The funct ion of the   hea t   re jec t ion   loop  
i n   t h e  35-kWe system is similar t o  t h a t  i n  t h e  90-kWe system  with t h e  follow- 
i n g   d i f f e r e n c e s   i n  component  complement: a s i n g l e  NaK pump is  used so t h a t  a 
NaK diver te r   va lve  i s  not  required,   and  only one p a r a s i t i c   l o a d   r e s i s t o r  is 
needed. 
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d. Auxiliary NaK Loop.- The a u x i l i a r y  NaK loop, a branch of t h e  
h e a t   r e j e c t i o n   l o o p   a s   f o r   t h e  90-kWe system, uses a por t ion  of t h e   f l o w   t o  
remove heat  from  the PNL by  means of the  auxiliary  heat  exchanger  during 
s t a r t u p  and  shutdown. The auxi l iary  loop  does  not   provide  coolant  for t h e  
NaK pumps a s   i n   t h e  90-kWe system, and i s  therefore   s impler .  

e. Lubricant  -Coolant LOOE. - The lubricant  -coolant  loop  performs 
the  same funct ions  as   those  descr ibed  for   the 90-kWe system,  and  also  cools 
t h e  NaK pumps in   the   p r imary  and hea t   re jec t ion   loops . -   In   addi t ion   the  
e l e c t r i c a l  components f o r   t h e  35-kWe system were packaged in  high-temperature 
(&lO°F) and  low-temperature (=L4OoF) groups.   Grouping  the  electrical  compo- 
n e n t s   i n   t h i s  manner permit ted a r e d u c t i o n   i n   t h e   s i z e  of t he   l ub r i can t -  
coolan t   rad ia tors .  

A schematic  of  the  lubricant-coolant  loop i s  shown i n  Figure 3-7. 
Lubricant i s  suppl ied   to   the   tu rb ine ,   a l te rna tor ,   and  mercury-pump bearings.  
Coolant,  from  the  high-temperature  radiator, i s  suppl ied  to   the  fol lowing:  
turbine-alternator  space  seal   heat  exchanger,   al ternator  housing,  mercury- 
pump motor, mercury-pump space seal heat  exchanger,  primary  and  heat  rejec- 
t ion   loop  NaK-pump cooling  heat  exchangers and high-temperature   e lectr ical  
packages. A f r a c t i o n  of the  f low  leaving  the  high-temperature   radiator  is 
d i rec ted   to   the   low- tempera ture   rad ia tor  which reduces  the  f luid  temperature  
and i s  used to   cool   the   low- tempera ture   e lec t r ica l   cont ro ls   package  and t h e  
programmer. The programmer to be  used f o r  ground t e s t s   i n   t h e  Space Power 
F a c i l i t y  would  be l o c a t e d   i n   t h e   f a c i l i t y   c o n t r o l  room and the re fo re  would 
not  be  cooled  by  the  lubricant-coolant  system. 

3.1.2.2 Electr ical   System 

The electrical   system  performs  functions similar to   t hose   desc r ibed  
f o r   t h e  90-kWe system. However, s ince  only one a l t e r n a t o r  i s  required and 
the  system  does  not  include  an  intermediate  loop,  the amount of e l e c t r i c a l  
equipment  and  the  programer  sequencing  functions  are  reduced. The e l e c t r i -  
ca l   con t ro l s  and  components are  presented  in  block  diagram  form i n  Figure 3-8. 

During  s teady-state   operat ion,   a l ternator   f requency  and  vol tage  are  
maintained  within  specified limits by the  speed  control  system and  the  voltage 
regula tor -exc i te r .  Power fac tor   cor rec t ion   provides  a u n i t y  power f a c t o r   a t  
t h e   a l t e r n a t o r  when rated  output  i s  produced  thereby  achieving maximum a l t e r -  
na to r   e f f i c i ency   a t   r a t ed   cond i t ions .  The e l e c t r i c a l   c o n t r o l s  system w i l l  
respond t o   e x t e r n a l   c o m n d s - o r   s e n s o r   s i g n a l s   i n d i c a t i n g   p o t e n t i a l  emergency 
s i t u a t i o n s  by in i t i a t ing   au tomat i c  shutdown  procedures. 

The e l e c t r i c a l  system power supply is  a s i l v e r - z i n c   b a t t e r y  which 
provides 30 Vdc t o   o p e r a t e   t h e  programmer and t o  perform  the  various programmed 
func t ions   t ha t   occu r   du r ing   s t a r tup  and shutdown. The b a t t e r y  w i l l  a l so   p ro-  
vide  both 30- and  60-vdc power t o   t h e   p m p  motor inve r t e r   du r ing   s t a r tup  and 
shutdown. A ba t te ry   charg ing  system provides a fast   charge  fol lowing  system 
s t a r t u p  and a cont inuous   t r ick le   charge   dur ing   s teady-s ta te   opera t ion   to   ensure  
a v a i l a b i l i t y  of s u f f i c i e n t   b a t t e r y  power for shutdown  and a subsequent   res ta r t .  

E l e c t r i c a l  power d i s t r i b u t i o n  i s  provided   by   an   e lec t r ica l   harness   wi th  
connectors  and  terminal  boards a s  descri.bed f o r  t h e  90-kWe system. 
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The e lec t r ica l   subassembl ies   and  components a r e   g r o u p e d   i n t o   f o w  
separate  packages  with t h e  individual  subassemblies  and  cmponents  arranged 
a s   s h a m   i n   F i g u r e  3-9. 'pwo of the  packages  are  cooled by f l u i d  frm t h e  
low-temperature  radiator,   and two by f luid from the high-temperature  radiator.  
The r e l a t i v e   l o c a t i o n  of t h e   e l e c t r i c a l   p a c k a g e s   i n  the lubr icant   coolan t  
loop is shown i n   F i g u r e  3-7. 

32 



0 w 

ELECTROMMNETK 
INTERFEREWE 
FILTERS 

HEAT SINK (TYPICAU 

L0W  TEMPERATURE  ELECTRICAL  ASSEMBLY NO. I 

SPEED CONTROL 
MOOULE 

ELECIRMSNETIC 
lNTERFEK€NE FILTERS 

n I I ". I t  ""-" ma-b19.! L-I"-I_J I 

"""""" 
..L* =ll.L .E =="---I "" IL"""""- ""_" """-""""- "X -""" -"""" 

I 1 I I& 

HIGH  TEMPERATURE  ELECTRICAL  ASSEMBLY NO. I 

t" .26.00 

ELECTROMAGNETIC 

. . . .- LOW -. " TEMPERATURE  ELECTRICAL  ASSEMBLY NO. 2 HIGH  TEMPERATURE  ELECTRICAL  ASSEMBLY k. 2 

r'lgure 3-9 3>-kWe System Xlectr ical  Gomponent Assembly  Arrangement 
, .. 



3.2 STATE-POmT DEFINITION 

3.2.1 90-kWe  System 

The  system  state-point or steady-state  operating  conditions  are 
based  on  a  number  of  performance  requirements  and  design  criteria. In addi- 
tion,  limitations  may be imposed  which  restrict  the  selection of design 
alternatives  and  performance  capabilities.  This  is  true of the  present 
SNAP-8 system  which  has  evolved  through  a  continuing  progression of changes 
and  improvements  associated with  component  performance,  overall  system 
performance,  operating  conditions,  and  envelope  dimensions. One  of the  major 
restrictions  throughout  the SNAP-8  development  program  has  been  a  continuing 
desire  to  limit  the  number  and  extent of  component  changes  and  redesigns  to 
ensure  maximum  utilization of existing  designs  and  hardware.  This  restriction 
has  resulted  in  limitations on performance  and on simplicity of overall 
system  design.  Studies  have been  conducted  which  indicate  that,  with 
modifications  to  several  components,  a  SNAP-8  system  having  a  net  output of 
120 kWe  and  a  system  efficiency of 20% could be produced.  The  results of the 
studies  are  presented  in  Reference 3, and  the  component  modifications  defined 
therein  are  all  within  the tecbology developed on the sWP-8 program. 

The  90-kWe  system  represents  the  latest  effort  to  improve  and 
upgrade  the  performance  and  mission  capability of the SNAP-8 system.  The 
primary  objective  for  establishing  the  90-kWe  system  was  to  define  a  system 
with  maximum  net  electrical  output  which  involved  a  minimum  number of 
component  changes.  The  major  factors  which  limit  net  electrical  output  are: 
maximum  available  reactor  power.,  maximum  allowable  reactor  outlet  temperature, 
boiling  stability,  mercury  pump  suction  pressure  requirements,  and  power 
conversion  system  efficiency.  The  effects  of  these  factors  are  described 
below: 

0 The  reactor  outlet  temperature,  boiler  stability  and  mercury 
pump  suction  pressure  requirement  determine  the  Rankine-cycle 
efficiency in the  following  manner:  the  reactor  outlet 
temperature  determines  turbine  inlet  enthalpy,  boiler  stability 
determines  boiling  pressure by the  minimum  pinch-point  temper- 
ature  difference  criteria,  and  the  mercury  pump  suction 
pressure  requirement  determines  the  condenser  pressure  and, 
therefore,  the  turbine  outlet  isentropic  enthalpy. 

0 The  available  reactor  power  limits  the  mercury  flow  rate. 

0 The  available  power  is  determined by the  mercury  flow  rate  and 
the  Rankine-cycle  efficiency. 

0 The  net  electrical  output  is  determined by the  available 
power  and  the  power  conversion  system  efficiency  which 
includes  the  turbine  efficiency  and  system  losses  (pumping 
power  requirements,  electrical  system  losses,  and  heat  losses). 
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The s teady-state ,   long-term  operat ing  l imits   for   the advanced 
reactor*,  as  defined by the  nuclear  system  contractor,   are:  

0 Maximum power: 600 kWt 

0 Outlet temperature  control band: 1210 t o  1235OF 

I 

The ob jec t ive   t o  limit the  number of component changes r e s t r i c t s  ' 

t h e   a b i l i t y   t o   u t i l i z e   t h e   a v a i l a b l e   r e a c t o r  power  most e f f i c i e n t l y .  However, 
t he   l a rges t   s ing le   i nc rease   i n   ove ra l l  system performance  can  be  obtained by 
improving  turbine  efficiency.  Significant improvements i n  tu rb ine   e f f i c i ency  
can be obtained by employing  a  reaction  turbine  rather  than  the  impulse  type 
as  developed  for  previous SNAP-8 systems. A reac t ion   tu rb ine   requi res  full: 
admission  which  implies  a  high  mercury  vapor volume  flow. A high volume  flow 
can  be  obtained  by  increasing  mercury  flow or reducing  turbine  inlet   pressure.  
Since  the  avai lable   reactor  power limits mercury  f low,  the  turbine  inlet  ': I '  

p ressure  must be  reduced. In  conjunction  with  lower  turbine  inlet   pressure ' ; '  
the  turbine  exhaust  pressure must a lso  be low in  order   to   maintain a  high 
enthalpy  difference and p res su re   r a t io .  (The turbine  exhaust  pressure limit 
i s  a function  of  condenser  performance  which  is.discussed  in  the  following 
paragraph.) A reac t ion   tu rb ine  becomes f eas ib l e   fo r  a  high-output power 
system  since two a l t e rna to r s  of existing  design  can  be  used  in  conjunction 
w i t h  a  dual-opposed  reaction  turbine. The dual-opposed  turbine  configuration 
has  the  additional  advantage  of  cancell ing  the  high  axial-thrust   bearing1 
loads  associated  with  react ion  turbines .  . .  

. .  
I .  i I ~ . . .  ; ,- 

. . .  . ,  . . .  

The dual-opposed  reaction  turbine,  configuration  'permits1  the  use .of': 
two condensers   of   exis t ing  design  thereby  a l lowing  operat ionfat   rehced . 

pressures  and mercury  flows  compared to   the  or iginal   design  condi t ions.   The 
condenser  performance  characterist ics  for 'operation  at   the 90-kWe. system : : 

conditions were obtained by eva lua t ing   sys tem  tes t   resu l t s   o f   opera t ion   a t  ' 

reduced  condensing  pressures and mercury  flows, as shown in  Figures  3-10 and 
3-11. These data  were used  to   devise  a  mathematical  model t o   p red ic t   pe r fom-  
ance a t  condensing  pressures and mercury  flows  lower  than  values  obtained 
dur ing   the   t es t s .  The development and use  of  the  mathematical model i s  
discussed i n  de ta i l   in   Reference  4. From the  information shown i n  
Figure 3-10, it i s  evident  that,  at  mercury  flows on the  order  of 8000 lb/hr, 
condensing  pressures  less  than 2.5 p s i a  cannot  be  obtained  regardless  of  the 
NaK flow or NaK inlet  temperature.  Mercury  flows on the  order of 7000 lb/hr 
were  expected  for  each  condenser  to  be  used  in  conjunction  with  the  dual 
react ion  turbine;   therefore ,  a turbine  exhaust  pressure  of 2.5 p s i a  was chosen 
for   the   s ta te -poin t   condi t ion .  

* The advanced r eac to r  i s  t h e   l a t e s t  compact reactor   design  for   space power 
systems  being  developed by Atomics In t e rna t iona l  under   contract   to   the AEC. . 
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The  performance  characteristics  of  developed  components  were 
obtained  by  evaluating  the  results  of  extensive  testing.  Alternator  perform- 
ance  is  presented in  Figure 3-12. NaK pump  and  'mercury  pump  performance  is 
presented  in  Figures 3-13 through 3-15. The  pump  performance  characteristics 
were  used to evaluate  the  relationship  between  desired  flows,  available  pump 
pressure  rise,  and  system  loop  pressure  drop.  Since  relatively  high N a K  flow 
rates  are  desirable  (on  the  order  of 60,000 lb/hr) it was  found  necessary to 
use  3.0-inch OD tubing  in  the NaK loops to assure  that  the  pump  pressure  rise 
would  be  sufficient to meet  the  loop  pressure  drop  characteristics. 

Performance  characteristics  for  components  associated  with  the 
reactor  power  loop  must  be  defined  before  the  system  state-point  can  be 
established.  These  components - the  intermediate  heat  exchanger,  the  nuclear 
system  shield  cooling  heat  exchanger,  and the reactor  power  loop  electro- 
magnetic  pump  system - have  not  been  developed;  so,  performance  character- 
istics  were  obtained  from  preliminary  studies.  One  such  study  for  the 
intermediate  heat  exchanger  indfcated ;hat a 600-kWt NaK-to-NaK heat  exchanger 
could  be  designed to operate  with a 20 F terminal  temperature  difference. 
Preliminary  information  from  the  nuclear  system  contractor  indicated  that  the 
shield  coolant  heat  exchanger  should  be  designed to transfer a 20-kWt  heat 
load  at  nominal  operating  conditions.  Preliminary  information  obtained  from 
NASA's  Lewis  Research  Center  indicated  that  an  ac  electromagnetic  pump  with 
an  efficiency  of 1% could  be  designed  for  the  flow  rate  and  pressure  rise 
required  in  the  reactor  primary  loop,  and  that  'the  electrical  power  conversion 
equipment  required to operate  the  electromagnetic  pump  would  have an 8% 
efficiency. . .  

The  major  performance  criteria  and  limitations  are  shown in 
Table 3-11. These  criteria  (in  conjunction  with  the  component  performance 
characteristics  determined  from  test  results  and  evaluations,  and  performance 
characteristics  determined  from  preliminary  studies  for  components  to  be 
developed)  form  the  basis  for  the  definition  of  the  state-point  conditions. 
The  final  state-point  conditions  selected  for  the 90 kWe  system  are  shown  on 
Figure 3-16., and  represent  the  design-point  conditions  for  the  system  and 
various  components.  The  values  shown on  Figure 3-16 are  for  system  operation 
at  beginning  of  life  and  with  the  temperature  of  the  NaK  leaving  the  reactor 
at  the  value  corresponding to the  lower  end  of  the  nuclear  system  deadband 
control. The design  point  is  chosen  with  the  reactor  operating  at  the  lower 
end  of  the  nuclear  system  deadband  control  since  this  condition  corresponds 
to the  lowest NaK temperature  entering  the  boiler;  this,  in  turn,  defines  the 
minimum  pinch-point  temperature  difference  for  boiler  operation.  The 
significance  of  pinch-point  temperature  difference  on  boiler  operation  is 
discussed  in  Section 5.5. 

With  the  system  operating  at  the  design-point  conditions,  as  shown 
in  Figure 3-16, the  net  electrical  output  is 92.8 kWe  which  satisfies  the 
requirement  for a minimum  output of 90 kWe.  The +2.8 kWe  above  the  minimum 
requirement  provides a margin  for  system  and  component  degradation  over  the 
operating  life of the system. 
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TABLE 3-11 - POWER CONVERSION SYSTEM PERFORMANCE CRITERIA 
9-KWE SYSTEM 

Sys tern 

Power Delivered  to  Vehicle Load 

Reactor Power Level 

Boiler NaK Inlet Temperature 

Reactor  Primary Loo2 

Intermediate Heat  Exchanger Terminal Temp. Diff. 

RM Pump System Overall  Efficiency 

Reactor  Shield  Cooling Heat Loss 

Components 

Turbine (New design) 

Efficiency 

Exhaust pressure 

Boiler  (Redesign) 

Number of mercury  tubes 

Pressure drop 

Pinch  point AT 

A l l  other components, use  existing  designs 

9 kWe.. (min.) 

600 kwt (max.) 

1200OF. (nominal) 

2OoF 

8% 

20 kWt 

2.5 psia 

12 

32 
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As a  corollary to the  design-point  conditions,  the  state-point 
conditions  occurring when the  NaK  temperature  at  the  reactor  outlet 
corresponds to the  upper  value  of  the  nuclear  system  control  deadband  is 
also of significance. During  normal  system  operation,  the  NaK  temperature 
leaving  the  reactor will slowly  drift  between  the  nuclear  system  deadband 
control limits. The  resulting  change in NaK  temperature to the  boiler will 
produce  changes in mercury flow  rate and,  therefore,  changes  in  gross 
electrical  output. I - 

Although  state-point  conditions  have  not  been  calculated  for  the 
W-kWe system  with  the  higher  reactor  outlet  and  boiler  inlet NaK temperatures, 
they  are  sufficiently  important  that  the  expected  result  should  be  described. 
As the  NaK  temperature to the  boiler  increases,  the  mercury-side  pressure 
drop will increase  thereby  reducing  mercury  flow  and  producing  a  decrease in 
gross  electrical  output. An estimate  based on results  obtained  from  previous 
studies of SNAP-8  system  indicates  that  a  reduction on the  order  of  1-kWe  in 
gross  electrical  power will occur when  the reactor  outlet  NaK  temperature 
reaches  the  upper  limit of the  nuclear  system  deadband  control.  This  slight 
change in electrical  output  will  still  permit  the  system  to  produce  the 
required  90-kWe  minimum  net  electrical  output. 

I 3.2.2 35-kWe  System 

The  system  design  state  point  and  steady-state  operating  conditions 
are  based  primarily on  overall  requirements  defined by the  NASA  Specification 
417-1. Additional  requirements  and  limitations  have  been  imposed by the 
nuclear  system  contractor  and by component  performance  characteristics. 
defined  during  the  development  program.  The  35-kWe  system - a  major  step  in 
the  overall  SNAP-8  development  program - is  based on a  concept  which  is 
compatible  with  both  man-rated  and  instrument-rated  missions.  The  principal 
features of this  concept  are (1) shielding  of  the  radioactive  portions  of  the 
primary  loop  to  allow  access  to  the  remainder  of  the  power  conversion  system, 
(2) a  nonoperating  redundant  power  conversion  system  (except  for  the  primary 
loop) , and (3) a  unit  based on current  component  designs,  including  the  S8DR 
reactor*  desig-n. The  significant  S8DR  reactor  limitations  for  steady-state 
operations  are : 

0 Maximum  power: 600 kWt 

0 Outlet  temperature  control  band: 1288 to 1330°F 

In addition, an envelope  of  operating  conditions  was  defined,  as 
shown in Figure 3-17, which  relates  reactor  power  and  reactor  coolant  temper- 
ature  rise  and,  therefore,  coolant  flow.  The  reactor  may  be  operated  at  any 
condition on or below  the  limit  labelled  "line of equal  stress"  as  shown in 
Figure 3-17. 

*S8DR  reactor:  SNAP-8  development  reactor  built by Atomics  International 
under  contract to the AEC. 
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The  same  major  factors  described  for  the  90-kWe  system 1imi.t the 
net  electrical.  output  of  the  35-kWe  system.  However,  the  35-kWe  system 
requirements  are  sufficiently  different so that  state-point  conditions  are 
determined  in  a  different  manner.  The  major  objective  was to define  a 
system  which  would  produce  a  net  electrical  output of 35 kW for 10,000 hours. 
Therefore,  mercury  flow  is  not  limited by available  reactor  power but  is 
determined by the  Rankine-cycle'  and  power  conversion  system  efficiencies. 
The  Rankine-cycle  efficiency  is  determined by the  reactor  outlet  temperature, 
boiler  stability,  and  condenser  pressure.  The  condenser  pressure  is 
determined  primarily by the  mercury  pumg  suction  pressure  requirement.  The 
system  is  required to operate  in  a  zero-g  environment  with  a  mercury  pump  jet 
p m p  of existing  design  for  which  a  suction  pressure of approximately 10 psia 
must be provided. The mercury  punp  suction  pressure  requirement, in 
combinationlwith  line  pressure  losses  and  condenser  pressure  drop,  resulted 
in  a  condenser  pressure  (turbine  back  pressure)  of 14.0 psia.  The  power 
conversion  system  efficiency  is  determined  primarily  from  the  turbine 
efficiency  and  pump  power  requirements. For the 35 kWe system,  the  ground 
rule to utilize  existing,  developed  components  implied  the  use of the  impulse 
turbine  with  a  single  alternator  and  NaK  and  mercury punrps of  existing 
designs. 

Definition of state-point  conditions  is  a  continuing  process  during 
the  development  of  a  system,  particularly  when  component  and  system  test 
results  permit  more  complete  characterization of component  performance,  inter- 
actions of components  within  a  system, or indicate  performance  characteristics 
different  from  early  predictions.  Therefore,  after  the  basic  system  and 
component  arrangement  were  defined,  a  computer  program  was  developed  to  permit 
calculations  of  state-point  conditions  for  several  types  of  system  studies, 
such  as  the  following: 

Update  state  point  as  component  performance  characteristics 
are  determined by test. 

Determine  off-design  conditions  over  a  wide  range  of  operating 
conditions. 

Determine  effects on  overall  system  conditions of component 
performance  changes  defined by test  results. 

Optimize  operating  conditions  for  the  system  and  components. 

Examine  potential  performance  limitations  and  isolate  areas 
where  changes  can  produce  maximum  improvements. 

Revise  state-point  conditions  and  component  performance 
characteristics  as  system  performance  requirements  are  changed. 

b 
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The  basic  calculation  scheme,  required  input  data,  output 
information,  and  the  initial  functional  relationships  are  described in 
Reference 5. The  basic  system  and  component  performance  relationships  used 
in  the  development of and  initial  studies  conducted  with  the  computer  program 
are  contained in  Reference 6. The  computer  program,  identified  as SCAN 
(SNAP-8  Cycle  ANalysis), was  used to define  state-point  and  off-design 
conditio& forThe 35-kWe  system. 

Component  performance  characteristics  and  associated  fbnctional 
relationships  used  in  the  SCAN  program  were  modified  as  component  and  system 
test  data  were  obtained  and  as  supplementary  studies  were  completed.  Perform- 
ance  characteristic  curves  for  the  primary  loop NaK pump,  the  heat  rejection 
loop  NaK  pump,  the  mercury  pump,  the  lubricant-coolant  loop  pump,  and  the 
alternator  are a11 contained in Reference 6. The  boiler  characteristics  were 
simulated  primarily by a simplified  empirical  relationship  between  pressure 
drop,  mercury  flow,  and  pinch-point  temperature  difference  which  was  derived 
from component  test  data.  The  significance of  pinch-point  temperature 
difference in defining  boiler  performance  is  discussed  in  Section 5-5. 

At  steady  state,  the  condenser  operates  close  to  design  conditions 
in  the  35-kWe  system.  Therefore,  the  condenser  characteristics  could be 
based on established  heat-balance  and  heat-transfer  relationships  with 
critical  constants  determined  from  test  results.  The  primary  condenser 
performance  relationship  is  as  shown on  Figure 3-11. 

The  validity of the  condenser  relationship  was  established  during 
component  and  system  tests.  The  test  results  were  used  primarily  to 
determine  the  overall  heat-transfer  coefficient  under  various  combinations  of 
temperature,  NaK  and  mercury  flows,  and  available  condensing  area. 

The  detailed  performance  characteristics  of  the  radiator  assembly, 
consisting  of  the  heat  rejection  loop  radiator  and  the  high-  and  low- 
temperature  lubricant-coolant  radiators,  are  not  necessarily  required  to 
establish  overall  system  design-point  conditions.  However,  interface 
conditions  must be  established  which  are  compatible  with  the  system,  with 
feasible  radiator  design  configurations,  and  within  the  established  envelope 
limitations. In  addition,  more  detailed  radiator  characteristics  must  be 
established  to  define  proper  system  off-design  characteristics.  Therefore, 
studies  were  conducted  to  establish  conceptual  designs  for  the  heat  rejection 
loop  radiator  and  the  high-temperature  lubricant-coolant  radiator to 
facilitate  off-design  performance  studies  and  to  establish  an  acceptable 
radiator  assembly  configuration.  Parametric  studies  were  conducted with tube 
size,  fin  width,  tube  length,  armor  thickness,  and  general  configuration  as 
variables.  The  general  configurations  were  limited  to  cylindrical,  conical, 
and  combinations of cylindrical  and  conical  which  would  meet  the  envelope 
criteria.  Typical  results of the  studies  conducted  for  the  heat  rejection 
loop  radiator  are  shown  in Figure3-18which contains  plots of radiator  area, 
weight,  and  pressure  drop  for  various  combinations 
ness,  and  number  of  tubes.  Typical  tube, fin, and 
shown  in  Figure 3-18. The  general  radiator  system 
for  the 35 kWe  system  are  shown  in  Table 3-111. 

of tube  size, fin thick- 
armor  dimensions  are  also 
characteristics  selected 
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TABLE 3-111 - GENERAL RADIATOR CHARACTERISTICS  FOR 35-KWE SYSTEM 

Selected Area (ft2) 

Selected Weight ( lb) 

Selected  Height ( f t )  

Radiator AP (Psi) 

Fluid  Inventory (lb) 

L/C Radiator L/C Radiator 
HRL Radiator (High Temp. ) (Low Temp-. ) 

3J-50 335 144 

1265 330 150 

30.4 10.4 3.8 

7.5 12 - 
103 38 -15 

OVERAIL RADIATOR ASSEMBLY CHARACTERISTICS 

Total Area (ft2> 

Total Weight (lb) 

Total Height (ft) 

Total  Fluid  Inventory (lb) 

1630 

1745 

44.6 

155 
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The  final-35-kWe  state-point  conditions,  obtained  from  the SCAN 
computer  program  results,  are  shown  in  Figure 3-19. The  values  shown are for 
the  design  point; i.e.,  at  the beginning of life,  with  the  reactor  outlet 
NaK temperature  at  the  lower  value of the  nuclear  system  control  deadband, 
and operation  in a zero-g  environment.  The  net  electrical  output  at  this 
condition  is 37 kWe,  indicating a 2-kWe  margin  for  degradation  effects mer 
the  operating  life.  The  arrangement of the  radiator  assembly 
configuration  relative  to  the  overall  system  envelope  is  also 'shown in 
Figure 3-19. 

The  state-point  conditions  prevailing  when  the NaK temperature a t  
the  reactor  outlet  corresponds  to  the  upper  value of the  nuclear  syst& 
control  deadband  are  considered  to  be  corollaries  to  the  design  point. T h e .  

state-point  conditions  at  the  nuclear  system  upper  deadband  control  temper- 
ature  are  presented  in  Figure 3-20. Note  that  the  net  electrical  output  at 
this  condition  is 37 kWe,  the  same  as  for  the  design-point  operating 
condition. 

The  fact  that  the  net  electrical  output  is  the  same  at  both  the 
upper  and  lower  values of the  nuclear  system  temperature  control  deadband is 
a result,  primarily,  of  the  boiler  and  condenser  off-design  operating 
characteristics.  When  the NaK tem eratu-e into  the  boiler  increases  from  the 
lowerodeadband  control  value (1280 F) to  the  upper  deadband  control  value 
(1330 F), the  boiler  pressure  drop  increases  causing a reduction in mercury 
flow.  The  reduced  flow  results  in  lower  condenser  temperatures  and, 
therefore,  reduced  condensing  pressure  and  turbine  exit  pressure.  The 
overall  result  is  that  the  total  energy  available  to  the  turbine  is  essen- 
tially  unchanged,  thereby  causing  no  change  in  net  electrical  output.  The 
component  characteristics  which  permit  the  system  to  operate in a manner 
resulting  in  no  change  in  electrical  output  must  be  considered  unique  to  the 
particular  component  designs  and  operating  conditions  involved.  Normally, 
changes  in  operating  conditions  result  in  changes  in  net  electrical  output; 
but  in  the  case  of  the  35-kWe  system,  the  changes  were  small  enough  to  have 
no  practical  effect  on  overall  system  performance. 

g 

The  system  operating  characteristics  were  verified  by  tests of a 
breadboard  system  with a nonnuclear  heat  source  and an air-cooled  radiator 
heat  rejection  system;  all  other  components  were  of  the ty-pe planned  for  use 
in  the  flight  configuration.  The  results  of  these  tests  generally  confirmed 
the  conclusion  that  essentially  no  change in net  electrical  output is 
obtained for reactor  outlet  temperature  changes  between  the  limits of the 
nuclear  system  control  deadband. 
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Figure 3-19 State-Point  Diagram for 35-kWe  Power  Conversion  System 
(Design-Point  Conditions:  Reactor  Outlet  Temperature 
at Lower End of Deadband  Control,  and Zero-g Environment) 
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Figxe 3-20 State-Point Diagram for  35-kWe Power  Conversion System 
(Off-Design  Condition:  Reactor  Outlet  Temperature at Upper End 

of  Deadband Control,  and Zero-g Environment) 
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3.3 SYSTEM DESIGN 

3.3.1 Genera l   Cr i te r ia  

Design c r i t e r i a  were e s t ab l i shed  which  applied to the  man-rated 35- 
and 90-kWe configuration  concepts.  The results of  analyses  which  formed the 
b a s i s   f o r  some o f   t h e s e   c r i t e r i a  and  design  studies  for  which the c r i t e r i a  
were used  in   def ining  an interim system are   p resented  i n  Reference 7. These 
c r i t e r i a   a r e  examined i n  d e t a i l  below. 

3.3.1.1 System  Redundancy 

To i n c r e a s e   t h e   r e l i a b i l i t y  of a man-rated  system  and t o   i n c r e a s e  
i t s  f l ex ib i l i t y ,   sys t em and component  redundancy were employed  where necessary. 
Tradeoff  studies  indicated  the  proper mode of redundancy  where it was not 
readi ly   apparent .  Redundancy was cons ide red   fo r   t he   fo l lowing   e l ec t r i ca l  
generating  system  elements: 

0 Power conversion systems 

0 NaK pumps 

0 Boi l e r s  

0 Radiators 

0 E l e c t r i c a l  systems 

0 Instrumentation 

0 Reservoirs  and  Valves 

a .  Power Conversion  Systems. - The basic  redundancy  approach was 
t o  have two independent  nlercury  Rankine-cycle power conversion  systems  with 
independent  heat  rejection,  lubricant-coolant,  and e lec t r ica l   subsys tems.  
Two power conversion systems were s e l e c t e d   t o   p r o v i d e   a n   e l e c t r i c a l   g e n e r a t -  
ing  system of  minimum weight and space  which  would  provide  continuous power 
(except  during  system  switchover)  and  which  could  take  advantage  of  crew 
a v a i l a b i l i t y  t o  replace  malfunctioning components. 

The impact  of a man-rated system appears  here  since  redundancy  with 
component replacement would not  be  plausible  with  an  instrument-rated system. 
Fur the r ,   t he   s e l ec t ion  of dua l  power conversion systems with  one on standby 
sets the  framework within which  the  balance  of  the  redundancy  concepts  are 
es tabl ished.  

b .  NaK Fumps.- Personnel  access t o   t h e  NaK loop  containing  the 
r eac to r  is  not  possible  while  the  system i s  operating  because of high  temper- 
a ture ,   h igh  gamma r a d i a t i o n   l e v e l s   i n   t h e  NaK, and t h e   r a d i a t i o n   l e v e l s  between 
the   ins t rument   and   b io logica l   sh ie lds ,  or i n   t h e  volume enclosed  by a 4-pi 
shield.   Since component replacement is  n o t   p o s s i b l e   i n   t h i s   s e c t i o n ,   d u a l  

, pumps were  decided  upon for   the   reac tor   coolan t   loop .  
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The intermediate  loop had  two boi le rs   in   se r ies   (and ,   hence ,  a 
single  intermediate  loop)  to  provide  redundancy  as  described  above.  Since 
there would  be no way t o   r e p l a c e  a malfunctioning NaK  pump in   t he   i n t e rmed i -  
a t e   l o o p  and simultaneously  maintain  system  operation, two NaK pumps were 
provided. 

c .   Boi lers .  - It was decided  that  a b o i l e r  would  be  provided f o r  
each power conversion  system . ( t h e  operating  system  and  the  redundant system). 
The a l t e r n a t i v e  would be t o  have .one boi le r   wi th   swi tch ing   capabi l i ty  on t h e  
mercury  s.ide t o   e a c h  of t h e  two 'mercury  Rankine-cycle  loops.  This  design was 
not   selected  because it was f e l t  t h a t   t h e   u n r e l i a b i l i t y  of the   requi red  1300°F 
mercury  vapor  valve would  compromise the  system  operation.  Further,   even i f  
a leakproof  valve were developed,  any  failure of the   bo i l e r   t ha t   a l l owed   t he  
mercury  inventory t o  mix with NaK would result i n  loss of  both power conversion 
systems  since  the  mercury  inventory would be shared  by  the two systems. The 
boiler  double-containment  concept discussed below (3.3.1.1, i) would prevent 
mixing  of  the  flowing NaK and  mercury. However, leakage  between  the  s ta t ic  
NaK chamber  and mercury  would s t i l l  result i n  contamination  of  both power 
conversion  systems. For these  reasons,   the   decis ion was made t o  use two b o i l -  
e r s  w i t h  each  boi ler   servicing a separa te  power conversion  system. The b o i l e r s  
were  coupled on t h e  NaK side (primary NaK loop of t he  35-kWe system and i n t e r -  
mediate loop s i d e  of the  90-kWe system). 

The b o i l e r s  were connected i n  s e r i e s   ( r e l a t i v e   t o  NaK flow)  because 
para l le l   connec t ion  would  have required  valves  which would have  decreased  the 
ove ra l l   sys t em  r e l i ab i l i t y .  With the   bo i l e r s   i n   s e r i e s ,   t he   p re s su re   d rop  i n  
the  NaK loop  increases,   but no valving is required.  It was dec ided   tha t   the  
pressure  drop  penal ty   (about  3 ps id )  was p r e f e r a b l e   t o   t h e   a d d i t i o n  of four  
NaK valves   to   the  system. 

d. Radiators.  - A r e l i ab i l i t y   ana lys i s   ( r epor t ed   i n   Sec t ion  1 1 - A  
of Reference 7) was performed t o  determine which  would be preferable:  a 
s ing le   hea t   re jec t ion   loop  w i t h  a s ingle   tube   rad ia tor ,  or two completely 
independent  heat  rejection  loops  servicing  each  of the two mercury  Rankine- 
cycle  systems with a dua l  tube rad ia to r   ( sha red   f i n   des ign ) .  This study 
ind ica ted   tha t ,  for high component r e l i a b i l i t y   ( o v e r  .98) and high system 
r e l i a b i l i t y   ( o v e r  .97), the  dual-tube radiator i s  preferable .  

e. E l e c t r i c a l  System.- A reference  approach was s e l e c t e d   f o r   t h e  
dual power conversion  system  electrical   equipment  and programmers. The options 
considered  were  as  follows : 

A s i n g l e  set of e l e c t r i c a l  equipment i n  combination w i t h  one 
and two  programmers (with and wi thout   in te rchangeabi l i ty   for  
t he  two power conversion systems) 

0 Two s e t s  of e l e c t r i c a l  equipment i n  canbination w i t h  one 
and  two  programmers  (with  and  without  interchangeability 
for t h e  power conversion systems) 
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0 Two sets of e lec t r ica l   equipnent   (wl th   and   wi thout   in te rchange-  
abil i ty f o r  t h e  power conversion systems) i n  combination wi th  
one and  two  programmers (with and  without   interchangeabi l i ty  
f o r   t h e  power conversion  systems). 

The se lec ted   conf igura t ion  was one  programmer  and  one set of e l ec -  
t r i c a l  equipment for   each  power conversion  system  with  interchangeabi l i ty  
between e l e c t r i c a l  systems and the  power conversion systems. This  choice  from 

' t h e  options  considered was based  on  the  excessive amount  of switch gear   (cont ro l  
t r ans fe r   con tac t s ,   va lve   t r ans fe r   con tac t s ,  emergency s h u t d m   t r a n s f e r   c o n t a c t s ,  , 
cont ro l   d iodes  and valve  diodes)  required f o r   t h e   o t h e r   c a s e s  . 

f .  Instrumentation.-  A two-fold  redundancy was used i n   t h e   i n s t r u -  
mentat ion  system.  Firs t ,  i n  t h e  emergency  shutdown system, a  "two-out-of- 
three" vot ing   log ic   c i rcu i t   approach  was used. Th i s  meant t h a t   a t   l e a s t  two 
out of t h r e e  measurements m u s t  conf i rm  tha t  a design  point  has  been  exceeded 
before   the shutdown  could  be i n i t i a t e d .  Second,  redundant  instrumentation 
was provided  where  the loss of  one instrument  wuuld  not  permit  steady-state 
performance  analysis  during a  combined system t e s t .  . .  

g.  Reservoirs.- I n  c e r t a i n   s i t u a t i o n s ,   d u p l i c a t i n g  components 
does  not  provide  effective  redundancy,  and  in  these  cases  other measures were 
taken. A l l  loop   expans ion   reservoi rs ,   fo r  example,  were of a bellows  sealed 
design  with a pass ive   p ressur iza t ion  system cons i s t ing  of a captured  gas 
volume. S i n c e   f a i l u r e  of the  expansion  reservoir  bellows would l e a d   t o  loss 
of system  inventory  and pump c a v i t a t i o n ,   a l l   r e s e r v o i r s  were provided w i t h  
redundant  bellows;  i .e.,   no  single bellows f a i l u r e  would prevent   the reser- 
voir  from  performing i ts  f u n c t i o n   i n   t h e  system. 

h. Double Acting  Solenoid  Valves.- To avoid  continuous  operation 
of the system isolat ion  solenoid  valves   ( located  in   lubricant-coolant   system, 
h e a t   r e j e c t i o n  loop, auxi l ia ry   loop ,  and mercury  injection  system), a l l  
solenoid  valves   were  bis table  and mechanical ly   la tched  in  one of the  two 
normal   opera t ing   pos i t ions   un t i l   ac tua ted .  

i. Double Containment. - Because  a reactor  coolant  leak  could  have 
serious  consequences to   personnel   loca ted  above t h e   b i o l o g i c a l   s h i e l d ,  a  con- 
cept of redundancy was s e l e c t e d   f o r  components  which p e s e n t e d  a p o t e n t i a l  
for   c ross - leakage   be tween  the   reac tor   coolan t   loop  and o ther   loops ;   for  
example, t h e   b o i l e r   i n   t h e  35-kWe conf igura t ion ,   the   auxi l ia ry  loop heat  
exchanger, and intermediate  heat  exchanger.  The design  ground rule es tab-  
l ished required  double  containment  of  these components. As used here,  double 
containment is de f ined   a s  component construct ion  such t h a t  no s i n g l e   s t r u c -  
t u r a l   f a i l u r e  can r e s u l t   i n   i n t e r m i x i n g  of flowing fluids through  the component. 

' I n   gene ra l ,   t h i s  was implemented by providing a s t a t i c  NaK zone  between t h e  
ac t ive   f lu id   passages   in   the   hea t   exchangers .  

3.3.1.2 System Main ta inab i l i t y  

The  power conversion  system was designed so t h a t  a l l  components a r e  
~. replaceable   without   requir ing  the  e i ther   removal  of o the r  components or  dis- 

' . connecting  of  piping and e l ec t r i ca l   ha rness   no t   d i r ec t ly   ma t ing  wi th  the com- 
ponent t o  be replaced.  Access  for  maintenance  depended on t h e   e l e c t r i c a l  
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generating  system  configuration. For the  case of the 35-kWe system v i t h  a 
conical  envelope,  access  vas  through a four-foot  access  core  along  the  system 
centerline.  I n  the  case  of the rectangular gO-kVe system,  access TEIS from 
front ,  back,  and top  of the  uni t .  Allovance  vas made a t   t h e  component/piping 
interface  for   three component removals  and  revelds. In  addition,  adequate 
space 17as provided for  semi-automtic  welding and brazing equipment.  Although 
flanged  joints  vould enhance maintainability,  mechanical  joints  are  unaccept- 
able from the  standpoint-of  reliability.  Therefore,  connections  in  liquid 
metal  loops  are of an  all-welded  design. System s t ruc tu ra l  members vhich 
would have t o  be moved t o  permit  access  for component replacement  vere  bolted 
i n  place.  Structural-mounts were  designed so  tha t   ident ica l  components could 
be  replaced  without  changing or replacing  the mount. 

, 1  . 
I n  general,. .however, the power conversion system ~ras designed t o  

require no routine maintebance, repa i r ,  or service;  the  concept of mainte- 
nance, as   appl ied  to   the,4Lectr ical   -generat ing .system, vas   l imited  to  one of 
component  replacemen-t;.. 

3.3.1.3 Piping Design Approach _ - - .  
, . ,  

. .  

A t  the  .high  ,t?mperatures  associated  with  the SNAp-8 system, provision 
m u s t  be made fo r   t he   t he rba l  expansion o f  the piping  between components. There 
are   several   rays t o  $0 . th is .  By taking  a,dvantage of the  'piping  configuration 
betveen components, .it-.is ZQssible t o  reduce  .the p.ipe s t r e s s  and component. end 
loading to   acceptable  L&evgls. By .arranging .the.,components s o  tha t   t he  inter-  
face  points  of c o n t ~ ~ o q s , : ' c o ~ ~ o n e n t s ' . a r e  located ,as c losely  as   possible   in .as  
many cpord ina te   ax~s , :aq .~p~eib l@,   , the   f - lex ib i l i ty   requi rements   a re  reduced. . . 

The disadvantages  of "ing the c_qnne$ting piping itself t o  absorb  thermal 
growth is tha t ,  compared to   other  component mating methods, the  length of pip- 
ing  requixed results, in. ,greater;  pressure losses (hence, increased punp power ), 
increased  pipe  insulatlion; and f lu id .  inventory  weighi,:  additional  pipe  supports, 
and  increased  expansion  reservoir.  ,capacity. . On the  other hand, t h e   r e l i a b i l i t y  
of the  system is  high  s ince  the  qual i ty   control   for   piping can  be  extremely 
good and component supports  are  simplified,  s3nce components can  be  treated  as 
anchor  points  for  the pi@ing. 

, . -  .. . . -  _ ~ ,  

Another m y  t o  ,al_loi f o r  thermal  expansion is t o   i n s e r t  expansion 
jo in ts  i n  the piping betpreen coaponents.  Several methods could  apply. F i r s t ,  
a single  bellows  can be used t o  absorb  the  thermal movement of the  section of 
pipe between components. ,.A,n unres-trained be l lom,  however, F r i l l  impose a . 

presswe thrust on t he  pipling and- hence  -the component interface due t o   t h e  
unbalanced  pressure between the  bellows  convolutions  and  external environment. 
If the  piping  betveen  the components is not i n  a s t r a igh t   l i ne ,  bending moments 
trill be imposed on the   be l low which are undesirable. Second,  a pressure- 
compensating  bellows  can  be  used to   e l iminate   the  pressure t h m t  generated  by 
an unrestrained  bellom. These a re  usu.ally large and complex making quality 
control even more d i f f i c u l t .  I n  addition,  they are not  drainable and would 
t rap   quant i t ies  of l iqu id  metal creating a possible  corrosion problem as wel l  
as  test   loop  handling problem. Third,  a gimbal bellom  design can  be employed. 
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. .  . . . .  . . . . .  . .  
In t h i s  case,.  several belluws .are used in the l i n e  -segment between ccmponents . 
The bellows are  internally: or  externqlly  restrained by means of ,  tie3.rods so 
t h a t  no pressure thrxpt i-s .transmitted  .to t€ie lines ... The-: theiatall. neeben t  of 
the l i n e  is accommodated by flexing, of the bellows. This method, h*ver, 
would require two or three bellaws.,betveen  everyt.wo,.canponents in the system. 

1 The decision ka; made: not; &'use, b e l l a r s  -in. the &NAP.-8 piping syktem because 
of the  difficulty  in::procuring'-uqif ormly fabricated 'be l lma with .predictSljie 
characterist ics.  2;. ." c 

One other &y t d  c*on$rol t h e k l  e&-nsion would be t o  suppart  the 
' ,e :- 

. .  " I  

z 

components in a &mer that, wouid allow fo' move t o  met l i n e   g r ' i h .  ' 

demands. Th-is approach Xas' taken in the W;l: test f a c i l i t y   a t  the. Leis  . 
Research Center. Foi. the  SNAP-8:engineY. ho&$er, L t .  WEIS: decided tht$ t h i s .  
would result  irr.rela$iVely c-lex supports '(e.g.,.. slides and r u l l e r b )  whl;c.h 
were not  adaptable t@ f l i g h t  'systep.. 

- .  

I . ., . . . .  . . . . . . .  i - 
:- . .  - .  - 

?; * .. . $  ?. . 

piping flexibility t b  provide . a  system',?&~cd'*o-p$d be highly relbbI$ and :. 
adaptable t o  the' d w n d s  of.  an' evolving. system larrangemerit. ' . ,' I, 

&"a result; the  piping. syst&'was:. designed t o   t a k e  advan&e of 

. . . .  . . . .  ... , .  7 
, .  . .  

- .  
. . .  .. 

. .  . .-. - 

? > *I:. \ .  . >  

The ovekll. requirements fop the- S@P-8 e l e c t r i c a l  .gen&ra&g s$stema 
are  specified.  i n  NASA Specifi,&ion No. k17-1::. The enviromnental rekuirenie'nts 
fo r  the ~m-8 system a re  giben' &i. w. Spe.cuication. No. 417-2, Revssion 
Both specifications B e r t a i p  $0 t h e  SNAP-8, sy$tem. as q..whole andd,to the various 
subsystems and indiv$duBl. compone.n$-s'. ' 'Behaui&' neiIiliek'%he syifeni erhelope nor 
the mission/system  interpace 'aha. s&en/p&s~~r interface requlseme&S have 
been defined, it is. prepature - t o  aaly' :et*her  'enviromnental'  desig'n cGiteri9 or 
environmental test r equ i r ean t s  to"the power, conversion system. ThG desigh 
approach  taken was t b   m i n t a h ;  the ; f l ight  environmental  requireinentsi for the 
canponents individually, but ' to lhit, the .system envir-oqqenta>, r e q e y n t s   t o  
those  encountered  in*:grouna. testiiig. and handling. 

,_." - . -<..+-.. -,a. . -. 
. . ,  . .  

. . .  
. ' m e  ~enviz;o&niial design  .cr i ter ia   for  'the &-8 pmer  conversion 

system  canponents  are.'del&neated i.n NASA Specifications 417-1 and 4L7-2, : 
Revision C. Specific cexposwe.  dat.a a r e  pesented for the terrestr ia l ,   space7 
and lunar natura.1  enviroments  as,well  as the induced  environments  expected 
during transportation, la&C6, lutiar  landing, and system operation.  :Induced 
and natural  environments ex i s t  simultaneoi.& i n  real time,  and the  design 
criteria  include t h e  -combined  Xoading effects.  i 

The na tura l .   t e r res t r ia l  environments:  arti:.based on conditiops  experi- 
enced i n  coastal   areas of the United States;   in   par t icular ,   the   Atlant ic  Mis- 
sile Range. These .ct$iitio*  .apply t-o the  cbponents dying handlip'gj instal- 
la t ion,  or flight. rea$$ness'-fo$ . a  :+ioa"of $: tis'&i.weeb:' $t&"specific 
requirements  include ,the extrem&s:.and typical  =lues of conditions f$r hmidi ty ,  
sand,. dust, Fungus, s a l t  . . .  fog, temperatu%, wind,.-Hiqj expilas'ive .ah$sphere; 
and migtietic field. ,;- . . . .  

. . . .  
.. . .  . . .  5. 

1 .  . d  

.. . .  
. .  

. .  
, .  ' 

1 

. .  , .  

. .  . *, 
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'The conGitions of natural  space and lunar  surface  environments 
apply t o   t h e  components p r i o r   t o  and  during  startup,  operation, and shut-dovn 
i n  space f o r  a minimum of five  years.  Design values  are  presented  for  the 
component exposures to  'external  pressure,  magnetic f ield,  and  a var ie ty  of 
radiation  'sources.  Included  in  .the  radiation  sources  are  values  for  earth 
radiat ion,  cosmic and solar  high-energy  particles, and constants  for  black- 
body radiat ion of so la r  and galact ic   or igin.  

The induced  environments of t e r r e s t r i a l   o r i g i n  are based on condi- 
tions  experienced i n  packaging,  handling,  transportation, and storage. 
Specific  handling and storage  requirements  for cccmponents are  defined i n  
individual component specifications.  The system  handling  and  storage  require- 
ments are  given  'in NAEiA @ecifi'c'atiori No. 417-2, Revision C. . .  , . .._ . , .  

The launch  and/or lunar landing  phases of induced  envSonments a re  
appl icable   to   the components i n s t a l l ed  i n  the  launch  vehicle. The components 
a r e   f i l l e d  Tjith service  fluids  but  not  operating. The 'specific  design  require- 
ments include  the  rahke-ahd  typical  values. of vibration,  shock (15-g peak), . 

acoustic  noise and l ibear   acce ie ra t ion , (2  5-g longitudinal and 2 1.25-g perpen- 
d icula r ) . 

, , .  
, . . ,,....TI - Y  . .  , 

. -  

~ h e  'inauFea  'environments 9: space  and16r i&& surface  origin  apply 
t o  the';c&pdnents cuhder both  opera'ting 'and qonkpratirig  conditions. , The de- 
s ign   s e~u i rem+nt~   . i nc lu&t? ib ra t ion  .: 7. . \  I -f&quencies.~  and' levels ,  maneuvering 
accelerati.ons+ ' arid reactgr?.iriduced  'radiation. ne vxim~m' t o t a l   i n t e p a t e d .  
radiation,  'incLuding, dcrec);, ,scJaeterea, and csecondary  radiation  from , a l l  ' 
nuclear, s g ~ c e s ~ ;  & X '  be' orie of the;  f b l l o w h g  1iniits"'depending on the  loca- 
t i on  ofW"tkie ,s&Ei$ic, cbinponept ' i n  t h e   s t r u c t ~ e :  Level l defines  the  design 
c r i t e r i g  for solid-st'ate  control  'electronics.,  ,Leyel 2 f o r  mechanical and 
electromechaqical ,comconent's,, and Level 3 f o r  ,'components located  within  the 
ga l le ry  ljetlreen  a dual  'shadow-shield'and/or a +-pi  shield, 

, ,  

I .  

0 . Fast  neutrops (OJ .MeV or   g rea te r )   to ta l   in tegra ted  dose i n  
f:iiie years : ' . j .  

Level 1 = 1 x nvt 
I .  

0 Gamma rays ,   to ta l   in tegra ted  dose in   f i ve   yea r s  : 
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A major cont r ibu t ion  t o  the system g a m  dose ra te  results from 
a c t i v a t i o n  of the   reac tor   coolan t .  The sodium cons t i tuent  of NaK becomes 
the  primary gamma source,   a l though  potassium  contr ibutes   to   the NaK dose r a t e  
a l so .  I The NaK gamma dose l e v e l  i s  comparable t o   t h e   r e a c t o r  gamma dose r a t e  
afEer   a t tenuat ion  by  the  instrument  shield. 

3.3.1.5 Materials  Engineering 

A t  t h e   s t a r t  of t he  SNAP-8 program, it was acknowledged that  mercury 
lodp cons t ruc t ion   mater ia l s  would  be sub jec t   t o   co r ros ion  and mass-transfer 
a t t a c k  by  mercury a t  system operating  conditions.  Consequently,  testing was 
di$ected  toward  the  selection of suitable  mercury  containment  materials.  
S o l u b i l i t y  tests were made using  specimens of var ious  candidate   construct ion 
ma6er ia l s .   In  1962 capsules of se lec ted   mater ia l s  were t e s t e d  under  thermal 
g??&dient  conditions  between 1025 and I25O0F for   per iods  of 500 t o  10,000 hours. 
Resul ts  of t h i s   p r o s a m  were  reported i n  References 1, 8, and  9. A mercury 
corrosion  loop was es tab l i shed  which fu r the r   eva lua ted   t he   e f f ec t s  of mercury 
corrosion  under  simulated  system  operating  conditions  at  l / l g t h  scale.  These 
tests are., 'aescribed  in  Reference 10. I n  1969, a f t e r  8700 hours  of  operation, 
t h e  35-kWe power conversion  system was temporarily  shut down and  a  thorough 
evalu&ion  'of mass transfer  throughout  the  mercury  loop was made.  The r e s u l t s  
of t h i s   su rvey  were reported  in   Reference 11. 

* . .  
' The genera l - res .u l$  of these  programs was t h a t  mercury  corrosion  and 

associate-d  ipass-%ransfer  problem  were  solved by us ing '   the   fo l lowing   mater ia l s  
to-construct'   mercury  loop  elements : refractory  metal   ( tantalum)  for   mercury 
containment iin the   bo i l e r ,  9 Chrome-1 Molybdenum s t e e l   a l l o y s  i n  the  lower- 
temperature com-ponents (mercury  pupp  and  condenser  tubes ), s-816 coba l t   a l l oy  
in th&',hot- &rbine  par ts ,   and  Srpe 316 s t a i n i e s s  s tee l  f o r  component intercon-  
necting  piping. The use  of. " g e  316 s t a i n l e s s   s t e e l   f o r   p i p i n g  was a bas i c  
c r i t e r i o n   f o r  'the  mercury  loop  design. 

, ,  

The extent  of corrosive  attack  in  sodium-potassium  containment 
mater ia ls idepends on the oxide   l eve l   in   the   f lowing  NaK. Tes t s   ve r i f i ed  tha t  
s t a i h l e s s   s t e e l   m a t e r i a l s  (316 se r i e s ,   321   s e r i e s ,  347 s e r i e s ,  304 1017 carbon, 
416 s e r i e s )  were comple t e ly   s a t i s f ac to ry   i n  NaK service,   and  l i fe   expectancies  
of. f ive   yea r s  can  be p o s t u l a t e d , s u b j e c t   t o  one major  condition:  oxide  levels 
&t be  maintained a t  1017 l eve ls   (20   to   25  ppm). SNAP-8 system  goals  were  set 
a t  a 5-ppm leve l .  

3.3'.2 gb-kwe system 
* r . ,  * - 1  

3.3.2.1  Design C r i t e r i a  

The o v e r a l l  power conversion system envelope was defined  as a 
rec tangular   para l le lep iped .  The f inal   outs ide  dimensions of the  envelope 
were 5 x 12 x 10 f t  (height) .  This  envelope was se l ec t ed  with the f ollotring 
objec t ives  : 

0 To provide the maximum poss ib le   access   for  component 
maintenance 

To f i t  i n s i d e   p o t e n t i a l  space shut t le   vehic le   enve lopes .  
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The power conversion  system was t o  be designed  and  fabricated at 
Aerojet   and  del ivered  to   the NASA Space Power F a c i l i t y   a t  Plum Brook,.Ohio.' 
Here,  the power conversion system w m l d  be  mated  with  the  reactor  primary 
loop  ( including  reactor  and b p i  shield) ,  the   hea t   re jec t ion   loop   hea t  sink, . '  

and the   lubr icant -coolan t   loop   hea t   s ink   for  a combined system test. I n i t i a l -  
ly, a nonnuclear  heat  source was t o  have  been  subst i tuted  for   the  reactor  t o  
permit system checkout. 

The  power conversion  system was designed t o   t h e  ground rule t h a t   t h e  
maximum environmental  temperature would correspond t o  the lubricant-coolant 
radiator   operat ing  temperature .  This el iminated  the need fo r   spec ia l   p rov i s -  
i o n s   t o   p r o t e c t  system elements  such as valve motors,  instrumentation,  and NaK 
pumps from  the  elevated  temperatures which would result i f  t h e  heat rejection 
loop   r ad ia to r  were t o  surround  the power conversion  system. To avoid  placing' 
undue r e s t r i c t i o n s  on t h e  test configuration, however, the puwer conversion,  
system s t r u c t u r e  was t o  have been   fabr ica ted   f rom  s ta in less  steel instead of 
a lower-service-temperature  material  (aluminum, for example)  since  auxiliary 
cooling  could be provided for other  elements if  a hea t   r e j ec t ion  loop radiator 
were ul t imately  located  around  the power conversion  system; but the  frame ' 

could  not  readily be protected,  and f a b r i c a t i o n  of a second frame would be 
unnecessarily  costly  and  could de lay  the  tes t ing   schedule .  

The sygtem design was ba.sed on nominal  operating  conditions  associ- 
a ted  wi th  a I200 F reac to r   ou t l e t   t empera t3e ;  however, t h e   a b i l i t y   t o   o p e r a t e  
a t   t h e   f o r m e r  system s t a t e   p o i n t   f o r  a 1300 F reactor   temperature  was re tained.  
Th i s  was r e f l e c t e d   i n  the  component requirements   specif icat ion  a lso.  

The system was designed for an  operat ing l i f e  of f ive   yea r s .  Wher- 
ever   p rac t icable ,   ex is t ing  component designs  were  used.  Maintenance  access 
was considered  permissible from a l l  planes  except  the  bottom  plane. 

A mating  flange was provided a t   t h e  base of t h e  power conversion 
system s t ruc tu re   t o   pe rmi t   t he   un i t  t o  be b o l t e d   t o  the reactor   pr imary  loop 
s t ruc tu re .  All piping  interfaces  were  designed as anchor  points so t h a t   t h e  
power conversion  system  piping was independent of o the r   e l ec t r i ca l   gene ra t ing  
sys tem  and   fac i l i ty   p ip ing .  The  power conversion system was designed  for a 
one-g ver t ical   operat ing  load,   and two-g v e r t i c a l  and  one-g la te ra l   nonopera t -  
ing  loads.  

The power conversion system t e s t   a r t i c l e  would  have  been  nonredundant 
wi th  r e spec t   t o   t o t a l   subsys t ems ;  however, component redundancies would  have 
been  incorporated. 

3.3.2.2 Component Arrangement 

The components l i s ted  i n  Table 3-IV are shown ar ranged   for   the  ' .  

combined system t e s t   u n i t   i n   F i g u r e  3-21. Component arrangement reflects t h e  
ground r u l e  of u s ing   ex i s t ing  components  where possible  and  emphasizes  main- 
tenance and  component a c c e s s i b i l i t y .  
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TABLE 3-IV mM-8 90 kWe POWER CONVERSION SYSTEM PARTS LIST 

Item - 
*Structure 
*Boiler 

W b i n e  Alternator  Assembly 
Condenser 
Parasitic  Load  Resistor 
Pump Motor  Assembly, Heat Rejection Loop 
Pump Motor  Assembly,  Intermediate Loop 
Pump Motor  Assembly,  Mercury Loop 
Pump Motor  Assembly, L/C Loop 
*Reservoir,  Ekpansion, Heat Rejection Loop 
*Reservoir,  Expansion,  Intermediate Loop 
*Reservoir, mansion, Boiler  Static NaK 
*Reservoir,  Expansion, L/C Loop 
Reservoir,  Mercury Injection 
*Valve, NaK Diverter, Heat Rejection Loop 
"Valve, NaK Diverter,  Intermediate Loop 
Valve, Flow Control, Heat Rejection Loop 
Valve, Flow Control,  Mercury Flow 
Valve,  Shutoff,  Mercury Loop 
Valve, Shutoff, Heat Rejection Loop 
Valve,  Shutoff, L/C Loop 
Heat  Exchanger  and  Cold  Trap, Heat 
Rejection Loop Pump Motor  Assembly 

Heat  Exchanger and Cold  Trap,  Intermediate 
Loop Pump Motor  Assembly 

*Electrical  Assembly No. 1 
Transformer  Current - VR-E Compensator 
Transformer,  Saturating  Current-Potential 
Breaker,  Vehicle Load 
Saturable  Reactor 

Valve Four-Way, L/C Loop 

Quantity 

1 
1 
1 
2 

2 

2 

2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
4 
1 

6 

2 

- Item 

*Electrical  Assembly No. 3 
Voltage  Regulator 

Speed Control Module 
Transformer,  Speed  Control 

Compensator,  Speed Control 
Compensator,  Voltage  Regulator 

*Electrical  Assembly No. 2 
*Inverter, EM Pump 
*Inverter,  NaK Pump-Motor Assemblies 
Contactor - Inverter DC 

*Electrical  Assembly No.  4B 
Transformer  Rectifier  Assembly 

*Contactor - Motor  Transfer 
Electrical Protective  System Module 
Power Factor Correction  Assembly 

Electrical Harness 
*Electrical  Controls  Assembly, Nuclear System 
Flowmeter, EM, Intermediate  Loop 
Flowmeter,  Mercury Loop 
Flowmeter, Dl, Heat Rejection Loop 
Flowmeters,  Lube/Coolant Loop 
Line Heaters, L/C 

Quantity 

1 

2 

2 

2 

2 

2 

1 
4 
1 

5 
1 
1 

6 
1 

2 

1 
1 
2 

1 

3 
5 
1 set 

* Government  Furnished  Equipment 
++x Does not  include  reactor primary loop  components, 

shielding, or radiator  assembly 
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The tyrbine-alternator  and  condensers  are  close-coupled t o  minimize 
the  pressure loss between  the  turbine  exhaust  and  condensers  since  the  system 
net  electrical   output  decreases  by  about one kWe for   every  one ps ia  of pres-  
sure increase   in   tu rb ine   back   pressure .  The turb ine-a l te rna tor  is or ien ted  
horizontally  because i t  was designed t o   o p e r a t e  i n  t h i s   p o s i t i o n   r e l a t i v e   t o  
the   loca l   g rav i ty   vec tor .   S imi la r ly ,   the   condenser   opera tes   wi th  i t s  longi-  
t ud ina l   ax i s   w i th in   f i ve   deg rees  of the  environmental   gravity  vector.  

The r e se rvo i r s   a r e   o r i en ted  so tha t   t he   f l u id   i nven to ry   does   no t  
place  s ide  loads on the  bel lows;  i.e., t h e   c e r t e r l i n e  of the  bellows i s  pa ra l -  
l e l   t o   t h e   l o c a l   g r a v i t y   v e c t o r .  

The lubricant-coolant   loop components are located  near   the  cmponents  
tha t   a re   se rv iced   by   the   lubr icant -coolan t   c i rcu i t   (mercury   pmp,   tu rb ine-  
a l ternator ,   mercury  inject ion  system, and electr ical   system).   This  results i n  
minimum lubricant-coolant   piping.  The NaK pmps are cooled  by  heat   re ject ion 
loop NaK. 

The mercury pump is  located below the  condensers   to   maintain  the 
required NPSH during  system  operation. The mercury pump i s  a l so   l oca t ed  so 
that   the   suct ion  pressure  does  not   exceed - 40 ps i a ,   t he  pump v i s c o   s e a l  
limit. The mercury  inject ion  reservoir  is  located  adjacent   to   the  mercury 
p m p   t o   h e l p   e l i m i n a t e  NPSH problems  during  s tar tup  and  to   faci l i ta te   mercury-  
loop dumping during a system  shutdown. 

The condenser  mercury  discharge  valves  are  located  close  to  the 
condensers s o  t h a t   t h e   l i n e s  between  the  condensers  and  mercury pump a r e  
f i l l e d  from  the  reservoir  and do not  have t o  be f i l l e d  by condensing  mercury 
on s t a r tup .  

The boi le r   mercury   ou t le t  is  l o c a t e d   a s   c l o s e   t o   t h e   t u r b i n e   i n l e t  
as   poss ib le   to   min imize   s t resses  i n  the  mercury  vapor  line  due t o  thermal 
expansion,  and to reduce  the amount of hea t   requi red   to   b r ing   the   vapor   l ine  
up to   opera t ing   tempera ture   dur ing   s ta r tup .  

The NaK pumps are   operated  horizontal ly   s ince  they were t e s t e d  i n  
t h i s  pos i t i on   fo r  more than 56,000 hours. However they  were  designed t o  
o p e r a t e   i n   a n y   a t t i t u d e .  

The two p a r a s i t i c   l o a d   r e s i s t o r s   a r e   l o c a t e d   a d j a c e n t   t o   t h e  
condensers   s ince   the   hea t   re jec t ion   loop   has   para l le l   f low  pa ths   th rough 
each condenser/parasitic-load-resistor p a i r .  

The e l e c t r i c a l  components a r e   l o c a t e d   a s  far f rom  the  nuclear   radia-  
t ion  source  as   possible ,   and  can  be  readi ly   isolated  thermally  f rom  the  higher-  
temperature  loop components and  piping. The e l e c t r i c a l   c o n f i g u r a t i o n   r e f l e c t s  
the  following  ground  rules:  
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INTERMEMATE LOOP /Bo'LER [PARASITIC  LOAD  RESISTOR 
MpwSloN TANK 7 

Figure 3-21 90-kWe  Power Conversion System Arrangement 
for  the  Combined  Sys  tern Test 

Figure 3-22 Power Conversion System Frame  Assembly 
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0 Star t   p rogramer   e lements   a re   no t   par t  of t h e   e l e c t r i c a l  
assemblies,   but w i l l  be   l oca t ed   i n   t he   con t ro l  room during : . 
t h e  combined system tes t .  . .  

' <  +::- 

0 Electromagnet ic   interference f i l ters  w i l l  not  be  included i n  
t h e   e l e c t r i c a l  assemblies for t he  power conversion system, ' 

bu t   t he re  i s  some space   ava i lab le   for   incorpora t ion  i f  
desired. 

. .  

, .r :, 

0 Space f o r   s t a t i c   i n v e r t e r s  (needed for ro t a t ing   and  electrd" 
. .  

magnetic  pmps)  has  been  provided in   t he   a s sembl i e s .  

0 The e l ec t r i ca l   a s sembl i e s   cons i s t  of a co ld   p l a t e   w i th  a f'. 

; . '. l.. :,; 

vented  protect ive  cover   fas tened  to   the  base  plate .  To a i d  
i n  system  assembly  and  subsequent  diagnostics,  the  protective 
covers  are  removable,   whereas  the  individual  terminal strips 
remain   a t tached   to   the   base   p la te .  

The planar  S-shaped  boiler was selected  from  several 'candj.dat6 j j  
configurations  because it provided  the  most compact power conversion system 
with good access   fo r  component ma in ta inab i l i t y .  . 5 .  

3.3.2.3 Structural   Design 

, .  

The power conversion  system frame, shown i n   F i g u r e  3-22, i s  based 
on a truss concept. The center  plane  and  supporting  end  faces  form  the  basic 
s t r u c t u r e .  These members a r e  welded s ince   they  do not  have t o  be-removed f o r  
component maintenance or i n i t i a l   i n s t a l l a t i o n .  The top  plane of t h e   c e n t r a l  
"I" sec t ion  is  supported by columns i n   t h e   f r o n t   a n d   r e a r   f a c e  of t h e  struc- . 

ture. For ana lys i s ,  it was assumed t h a t   t h e   s t r u c t u r e  would be  supported a t  
t h e   e x t e r i o r  columns for ground tes ts  leaving  the  central   area  unsupported.  
The s t r u c t u r e  was a l s o  des igned  s o  t h a t  t he  complete power conversion system 
could be l i f ted  f rom  the  top  plane  (exclusive of the  reactor   pr imary loop), 

Square  and  rectangular  turbine members were used rather   than  round 
members t o   s i m p l i f y   j o i n t   d e s i g n  and component mounting.  Furthermore, a 
square member i s  l i g h t e r   t h a n  a round member of g iven   s t i f fness   and  envelope 
dimension.   Structural  member s i z e s  were based  on  the results of a canpre- 
hensive  computer-solution stress analysis.   Analyses were completed f o r  
v e r t i c a l  and l a t e r a l  frame  loading.  Diagonal members were i n s e r t e d   i n   t h e  
top,  bottom,  end,  center and outs ide  faces   to   l imit   f rame  def lect ion  under  
l a t e r a l   l o a d i n g  and t o   s t i f f e n   t h e  f rame  aga ins t   ver t ica l   def lec t ion  due t o  
t h e  method  of  support  (because  the  external  supports  are  located a t   t h e  outer 
per iphery ,   the   cen ter   p lane   t ends   to  def lect  downward r e l a t i v e   t o   t h e   o u t e r  
s t r u c t u r e ) .  No members cross  between  the  center  and  outer faces except f o r  
t h e  two beams a t   the   tu rb ine-a l te rna tor   suppor t .   This   p rovides  maximum space 
fo r   p ip ing ,  components,  and the  associated  supports .  Columns and  diagonals 
in   the   ou ter   faces   a re   removable  where r e q u i r e d   t o   f a c i l i t a t e  system assembly 
and component replacement. 
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Stainless   s~eel"was"se1ected as  t h e   s t r u c t u r a l   m a t e r i a l .  Aluminum, 
carbon  s tee l ,  and s t a i n l e s s   s t e e l  were considered  (see  Figure 3-23). Aluminum 
was e l imina ted   for  t he  fol lowing  reasons.  

0 Use of aluminum  would p r e c l u d e   i n s t a l l a t i o n  of the   hea t   re jec-  
t i o n  loop radiator   around  the power conversion  system  during 
system test. A t  ~OO'F, aluminum has  poor   s t rength  character is-  
t i c s  .. .. :.: ~ . c r 1 ,x:. L M -m< 1. : If .;,1 I .. ,A,* :. i ., "5  i ,. . >,..,? 4.2 .". . _  

: 
0 The o v e r a l l   c o s t   o f   f a b r i c a t i n g   a n  aluminum s t r u c t d - e  would 

exceed  the  cost  of a' s t e e l   s t r u c t u r e   d e s p i t e   t h e  l o  e r   m a p r i a l  
c o s t s   ( t h i s  is because a la rge  aluminum s t r u c t y e  wpuld Tequire 
use of s p e c i a l   f i x t u r e s  and  heat  treatment  tot%?limiDate  dxstor- 
t i ons   du r ing   f ab r i ca t ion ) .  . . , . . . . - & -  6 8 ' .  ' . _  . 

r 
.+<: 
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S t a i n l e s s   s t e e l  was se l ec t ed  
reasons : 

1' 
b '  

0 The::material  cost 
the ' . cos t s  
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0 Thermally-insulated  mounting  brackets  for  the  boiler and  other 
high-temperature components' ana' piping  are   not   required when 
s t a i n l e s s   s t e e l  is used. 

r , < ' . $ f  x*:* _I 

The power conversfon- sfs&in' cmponent  weights  are  i temized i n  
Table 3-V (the  weights of t h e   r a d i a t o r s  have  not  been  included). 
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TABLE 3-V COMPONENT WEIGHTS FClR 90-KWE POWER CONVERSION: SYS" * 

Component  Weight (lb ) 
. . . . .  

N ~ K  pump, Intermediate ~ o o p  (2)"- . ,  
NaK Diverter Valve, Intermediate Loop 12 

Boiler, dry 

..... 1 . . ,  

324 .... 

, - : .  
_ ' '  , ' 833 . . 

Reservoir,  Intermediate Loop 142 
NaK  Pump Heat  Exchanger, Intermediate Loop (4) 80 
Boiler  Reservoir . . .  40 
Mercury Pump ',' 1.200 

Mercury  Flow Control Valve 
Turbine-Alternator, 12 Stage  (2  Alternatqrs) ' . ;; . : . _ .  .1,572 , 1 

Condenser, dry  (2) 
Double-Acting Solenoid Valve (4) 
Mercury Injection System Reservoir . , . . .  . . . .  I ' ' I . , :  2 0 0 :  .! 

NaK  Fump, Heat Rejection Loop (2) 324' 
NaK Fump Heat Exchanger, Heat Reje.ction . . ,  Loop (2) . , I . 40, . 
NaK Diverter Valve, Heat Rejection Loop :; ' .  . : - ! .  

NaK Flow Control Valve, Heat Rejection Loop 
Paras i t ic  Load Resistor,  dry  (2) 
Heat Rejection Loop Reservoir : ! .  i !  . . .  

Lubricant -Coolant Pump . . . .  I 

Lubricant-Coolant  Reservoir 142 

Harness 
Electrical  Assemblies .~ ' . .1,860 
Additional  Electrical Components 536 
Frame li, 484 
Piping 82 8 
Insulation 

Fluid  Inventories 

. .  
. .  

, . . . . .  

. .  . . . .  6 .  
. .  

. '  ' 8  ~ ' " 

. . .  . . .  . . _ . I  . . . .  " . .  . . . .  , . . .  
! , .  I . -187 

4 i. 27' 
. . . . .  . . . .  I . :  . . L  

. . . . .  

. . .  . . .  

b . . . . . . .  , 

. .  
. . .  , . . . .  25 

160 
' 1  . .  1 1 . .  . . . I . _ .  I . .  ! 1 1 : .  

.~ 
v : . ,  ; .? 

, .  . _  , - t i ; , . ' .  ( 1  
2.6 ; : 1 

. . . .  . '  . <  
' ' 463 

i 

, . . . . .  I . .  , .  , . , . ;  . I 

: .  . .  . I , _  1 . I .  , 300 I I . 
,: I .  . . . .  . .  

' I , : >   : . I  . . '  r 
. .  . .  

Mercury 
NaK - Intermediate Loop 
NaK - Heat Rejection Loop 
Poly-phenylether - Lubricant-Coolant Loop 

470 
485 
390 
2 00 

11,512 

* Numbers i n  parentheses  indicate number of units. 
Weight given i s  for t o t a l   un i t s .  

assembly. 
x+ Does not  include  reactor  primary  loop components, shielding or radiator 
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3.3.2.4  Cmponent  support Desims 

a.  Boiler.-  The boiler  mounting  concept is p resen ted   i n   F igu re  3-24. 
A study was made t o   i d e n t i f y  a mounting  method  which  would  minimize s t r e s s e s  i n  
the  boiler  caused  by  the  boiler  weight and t h e   r e s t r a i n t  of thermal movement  of 
the   bo i le r   a t   opera t ing   tempera tures .  A d e t a i l e d  stress ana lys i s  was performed 
for   the   var ious   concepts   s tud ied .  The results of t h i s   s t u d y   l e d   t o   t h e   a r r a n g e -  
ment shown, with  the  boi ler   anchored a t  the  mercury-vapor  outlet end and p i rqed  
a t   t h e  NaK o u t l e t  end w i t h  seve ra l   i n t e rmed ia t e   suppor t s   t o   d i s t r ibu te   t he   g rav -  
i t y   l o a d .  The mercury-vapor  outlet  ,end was anchored to   p revent   t ransmiss ion  of 
loads   f rom  the   bo i le r   to   the   tu rb ine  i n l e t  housing.  Because  of  the  stiffness. 
of t h e   b o i l e r   s h e l l ,   t h e   l o a d s   t r a n s m i t t e d   t o   t h e  end po in t s ,   w i th   t he   r e su l t -  
i n g   s t r e s s e s ,  were excessive.  To limit these   s t resses ,   the   approach   f ina l ly  
se l ec t ed  was t o  "spring'.' t he  co ld   bo i le r  so t h a t  it ope ra t ed   i n  a v i r t u a l l y  
s t ress less   condi t ion   a t   t empera ture .  

b. Turbine-Alternator/Condenser. - The turbine-alternator/condenser 
mounting  concept is shown i n  Figure 3-25,  which a l s o  shows the  mounting  brack- 
e t ry .  The mounting  system must b e   a b l e   t o  accammodate the   fo l lowing   fac tors :  

0 Axial  expansion of the  turbine  housing  between  the  condenser 
and the   t u rb ine   cen te r  l i n e  

0 Vertical  expansion  between  the  condenser  and  the  turbine 
c e n t e r   l i n e  

0 Condenser rad ia l   expans ion  ' 

0 Condenser gravi ty   loading 

. .  . ,  . I  

0 Piping   loads   a t   the   condenser   p ip ing   in te r faces  

0 Vapor l ine   loads  imposed on the   tu rb ine  

0 Frame de f l ec t ions  

0 Turbine-al ternator   gravi ty   loading.  

The design  approach  selected  uses a  formed  bellows  between  the 
turbine  exhaust and condenser   inlet   to   isolate   the  turbine  exhaust   mainfold I 

from the  loads imposed d i r e c t l y   o r   i n d i r e c t l y  b y   t h e   f a c t o r s   l i s t e d  above. 
Each bellows is re s t r a ined   w i th  two t i e   r o d s   t o   p r e v e n t  a la rge   p ressure  
thrust   f rom  being imposed  upon the  turbine  exhaust   manifold.  This pressure 
t h r u s t  would r e s u l t   o n l y  i f  a condenser  overpressure  condition  occurred d u r -  
ing   t es t ing   s ince   the   nominal   opera t ing   pressure  is low. The belluws  are 
deflected  during  assembly so that   they  are   unstressed  during  system  operat ion.  
Since  the  temperature (600'~) and  pressure (2.5 p s i a )   a r e  low  and  the  deflec- 
t i o n s   a r e  small, a  formed b e l l m   a f f o r d s   a d e q u a t e   r e l i a b i l i t y  (a s i m i l a r  u n i t  
ope ra t ed   fo r  more than 10,000 hours   i n  t h e  35-kWe system  tes t   loop) .  

The var ious   b racke ts   seen  on the  exploded  assembly,  Figure 3-25, 
$unction a s  follows : 
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Figure 3-24 Bo i l e r  Mounting  Concept 
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Figure 3-25 Turbine-Alternator/Condenser Mounting  Concept 



The a l te rna tors   a re   suppor ted   by   t runnion  mounts i n t o  which are 
f i t t e d  the  t runnion  inser ts   located  on  the  a l ternator   housing.  The trunnion 
supports are s l o t t e d   t o  accommodate the   t u rb ine   ax ia l   expans ion .  These fou r  
b r a c k e t s   s u s t a i n   t h e   t u r b i n e - a l t e r n a t o r   v e r t i c a l   l o a d i n g .  

The  two cen te r - l i ne   b racke t s   pos i t i on   t he   t u rb ine -a l t e rna to r  so 
t h a t   t h e   c e n t e r  of t h e  unit does  not move i n  t h e  t w b i n e   s h a f t   a x i a l   d i r e c -  
t i on .  These   b racke t s   a r e   s lo t t ed   ve r t i ca l ly  s o  tha t   t hey   t ake  no v e r t i c a l  
load and  cannot  cause  bending  of  the  turbine  housing. 

The two  condensers   a re   bo l ted   to  a common condenser  mounting  bracket 
which  can move v e r t i c a l l y  on the  condenser  load-bracket  shaft.  This  allows 

. the  condensers t o  move  downward t o  accommodate the   ve r t i ca l   expans ion  of t h e  
turbine  exhaust  manifold.  It a lso   t ransmi ts   the   condenser /p ip ing   in te r face  
loads t o   t h e  mounting  frame  which i s  b o l t e d   t o   t h e  system s t r u c t u r e .  The only 
loads  which  can  reach  the  turbine  exhaust   manifold  are   the  ver t ical   forces  
a c t i n g  on the  condenser and loads  produced  by  the  angular  displacement of t h e  
bel lows.   These  ver t ical   forces   are  due t o  t h e  weight of the  condenser  and 
t h e  v e r t i c a l  component of the   p ip ing   in te r face   loads ,  and a r e   t r a n s m i t t e d   t o  
the  turbine  exhaust  manifold  through the  bellows t i e  rods.  The condenser 
load   spr ing  is  a d j u s t e d   t o   b a l a n c e   t h e   v e r t i c a l   f o r c e s  s o  t h a t  t h e  n e t   v e r t i -  
cal   force  approximates  zero.  

Other designs  considered a l l  presented  design  and  fabr icat ion 
complexities  that   the  bellows  approach  eliminated. 

e. Reservoirs.- A common mounting  design was k e d  for a l l  system 
reservoi rs .   Bas ica l ly ,   each   reservoi r  is  connected t o  a s u p p o r t   r i n g   a t   t h e  
t o p  and bottom s k i r t  of t h e   u n i t  by means of a f l a t  sp r ing  so  t h a t  normal 
growth of t he   r e se rvo i r   can  be accommodated by d e f l e c t i o n  of the  spr ing.  
The spr ing a t  t h e   t o p  of t he  unit i s  a square U shape  that   can  absorb  the 
a x i a l  growth of t h e   u n i t .  The thermal  growth i s  away from the  bottom of t h e  
u n i t  so t h a t   t h e   r e s e r v o i r  does not  load  the  connecting  pipe.  The i n t e n t  was 
t o  prepare a design  which d i d  not depend on moving or s l i d i n g   p a r t s   i n  a 
vacuum i n   o r d e r   t o   f u n c t i o n .  

d. Pumps.- The pumps  (NaK, mercury,  and  lubricant-coolant) were 
b o l t e d   t o   b r a c k e t s   a t t a c h e d   t o   t h e  power conversion system or  t o  t h e  frame 
i t se l f .  Slot ted  holes   provided  for   thermal  growth of t h e  pump and motor 
housings . 

e.  P a r a s i t i c  Load Resis tors . -  Each p a r a s i t i c   l o a d   r e s i s t o r  was 
b o l t e d   t o  a bracket   using  the  lugs  located on the  uni t   near  i t s  center  of 
grav i ty .  The b r a c k e t   i n   t u r n  is b o l t e d   t o   t h e  frame. The mounting  bracket 
i s  s p l i t  s o  t h a t   t h e   p a r a s i t i c   l o a d   r e s i s t o r   c a n  be i n s t a l l e d  or removed 
without  removing  the  bracket. A second  support  provided a t  one  end  of each 
r e s i s t o r  acts  a s  a s top .  Between t h e  two  supports,  bending moments introduced 
a t   t h e  component i n t e r f a c e   a r e   t r a n s l a t e d   i n t o   f o r c e s   a c t i n g  on the  brackets .  

70 



3.3.2.5  Piping  Requirements 

a .   P ip ing  Arrangement. - The piping  arrangement  for  the power 
conversion  system i s  shown i n   F i g u r e  3-21. The main flaw p i p i n g   i n   t h e   i n t e r -  
mediate and hea t   re jec t ion   loops  i s  >inchOD x 0.083- inchwa~ 316 s t a i n l e s s  
s t ee l ,   w i th   t he   excep t ion  of the   p ip ing   near   the  NaK pumps.  The NaK pumps 
have 2-inchOD x 0.065-inchwall  suction and discharge  connections  (also of 
316 s t a i n l e s s  steel) .  The hea t   re jec t ion   loop   p ip ing ,   to   and   f rom  the   fac i l -  
i t y   h e a t   s i n k ,  i s  anchored a t   t h e  frame i n t e r f a c e   f o r   s e v e r a l   r e a s o n s .  
F i r s t ,   t h i s   decoup les   t he   hea t   r e j ec t ion   l oop   p ip ing  from t h e   f a c i l i t y   p i p i n g  
which i s  an   advantage   s ince   g rea te r   fac i l i ty   p ip ing  loads can  be  imposed on 
t h e  frame  than on t h e  power conversion  system components.  Second, a s  a con- 
sequence of t he   above ,   t he   p re s su re   l o s ses   i n   t he   l i nes   t o   t he   hea t   r e j ec t ion  
loop  heat   s ink  can  be  decreased  by  using  larger   diameter   piping  than i s  used 
i n   t h e  system. The p ip ing   to   the   reac tor   p r imary   loop  w i l l  a lso  be  anchored 
t o  decouple  the power conversion  system  from  the  reactor  primary  loop. 

The lubr icant -coolan t   p ip ing ,  which cons i s t s  of low-temperature 
small-diameter  tubing, i s  anchored a t  t he  power conversion  system  structure 
periphery.  

Pressure losses for the   intermediate  and hea t   re jec t ion   loops   a re  
given i n   F i g u r e  3-26. Loop p ip ing   s i zes  were derived  by  matching  the NaK 
pump head r ise   with  the  system  f low losses under t rans ien t   and   s teady-s ta te  
conditions.  

Pressure   losses   in   the   mercury   loop   a re   a l so  shown  on Figure 3-26. 
The loop   p ip ing   s izes  were  determined  using  the  following  guidelines:  

0 The mercury  vapor l ine   has  a minimum pressure  drop  compatible 
w i t h  the  component  and p i p i n g   s t r e s s   l i m i t a t i o n s .  

0 The mercury pump s u c t i o n   l i n e  m u s t  not r e s t r i c t   t h e  pump  NPSH 
requirement of 10 psia,   nor w i l l  i t  permit   pressures   in   excess  
of 40 psia  during ground t e s t s .  

0 The mercury  pmp  discharge  l ine m u s t  maintain minimum volume 
wi th in   t he  head r i s e   l i m i t a t i o n s  of t he  pump. 

The lubr icant -coolan t   loop   p ip ing  i s  s i z e d   f o r  minimum system volume 
compatible  with  the component flow  requirements. Two ove r r id ing   des ign   c r i t e r i a  
were (1) the  lubricant-coolant   pmp NPSH requirement  of 1.8 p s i a ,  and ( 2 )   t h e  
back  pressure  requirement of 2 t o  5 p s i a   t o   t he   bea r ings  of the  mercury pump and 
tu rb ine -a l t e rna to r .  The overal l   system  pressure  drop i s  not  considered t o   b e  a 
problem  because  the  performance of the  lubricant-coolant  pump i s  adequate   for  
the  current  requirements.  

b.   Piping  Stress  Ana.lysis.-   Piping f o r  the  intermediate,  mercury, 
and   hea t   re jec t ion   loops  was analyzed for t he rma l   s t r e s ses   a t   t he   sys t em 
opera t ing   tempera tures .   In   addi t ion ,   the   p ip ing   in te r face   loads  were calcu- 
l a t e d   f o r  one g r a v i t y  assuming  unsupported  piping. The a l lowable   ro ta t ing  
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machinery  interface  loads  are  based upon ex is t ing   conf igura t ion   cont ro l  
drawings  for   these components. It was assumed t h a t   s t a t i c  components  which 
have  not  been  designed or are   being  modif ied  can  withstand  interface  loads 
comparable to   loads  that   the   connect ing  piping  can  accept .   Sane  general  
results of t he   p ip ing   s t r e s s   ana lyses   a r e   a s   fo l lows :  

To minimize stresses in   t he   i n t e rmed ia t e   l oop  NaK-pump suc t ion  
l i n e s   a n d   i n   t h e  mercury vapor   l ine ,   the   bo i le r  is mounted 
using a combination of anchors,   pinned  supports,   spring  support:  
and   in i t ia .1   co ld   spr inging  of t h e   b o i l e r  i t se l f .  

Some l i n e s  do not require intermediate   supports   in   the one-g 
environment. 

The in te rmedia te   loop   and   hea t   re jec t ion   loop   l ines   to   and  
f rom  the   rad ia tor   a re   anchored   a t   the  power conversion  system 
f rame  in te r face   wi th   the   fac i l i ty   p ip ing .  

The NaK diver te r   va lves   a re   cons idered   par t  of the   p ip ing  and 
are  not  supported  independently. 

The b o i l e r  i s  considered  anchored a t  t h e  mercury-vapor o u t l e t  
end t o  minimize  the  length of the  mercury  vapor l i n e .  The 
mercury-vapor l i n e  i s  a s   s h o r t  as p o s s i b l e   t o  minimize t h e  
b o i l e r / t u r b i n e   i n l e t   l i n e   p r e s s u r e  loss a n d   t h e   h o s s i b i l i t y  
of  mercury  vapor  condensation  during  system  startup. 

In su la t ion  System.- A study was made t o   s e l e c t  t he  in su la t ion  
method t o   b e   u s e d   f o r   t h e  power conversion  system.  Various  kinds - such  as  
Min-K, r e f l ec t ive   i n su la t ion ,   supe r   i n su la t ion ,  and vermicul i te  - were 
considered. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

The c r i t e r i a  which  inf luenced  the  select ion were: 

c o s t  

Ease of app l i ca t ion  and r e u s a b i l i t y  

Res i s t ance   t o   nuc lea r   r ad ia t ion  damage 

Compatibil i ty  with NaK and mercury 

Res t r a in t  on pipe movement 

Adaptabi l i ty   to   piping  configurat ion  changes 

Weight  and  volume required 

Chloride  content  (per MIL-I-24244) 

S t a b i l i t y   i n  a hard vacum. 
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I n   a d d i t i o n ,  i t  was dec ided   tha t   the   sur face   t empera ture  of t he  
insulat ion  could be high enough so that  personnel  working on the   loop  would 
require  asbestos  gloves.  To minimize  insulation  weight  and  volume,  the 
in su la t ion  was s i z e d   f o r   o p e r a t i o n   i n  a vacuum desp i t e   t he   f ac t   t ha t   ope ra t ion  
in   a i r   du r ing   checkou t  would  be  required.  Since  the  normal  operating mode i s  
i n  vacuum t h i s  was the  reference  environment.  

The m a t e r i a l   t h a t   b e s t  met t h e   d e s i g n   c r i t e r i a  was Min-K* insu la t ion  
which can  be  used in   blanket   and  tape  form  with a s t a i n l e s s   s t e e l   f o i l   j a c k e t  
around the   ou ts ide .  

I n  summary, vermicul i te  was not  acceptable  because of i t s  high 
ch lor ide   conten t ;   super   insu la t ion  is  excess ive ly   cos t ly   and   f r ag i l e ;   r e f l ec -  
t i v e   i n s u l a t i o n  i s  excessively  bulky,  heavy, and cannot   be  readi ly  changed t o  
accommodate piping  modifications.   Since  the  manufacturer  usually  designs  the 
la t te r   insu la t ion   sys tem,   des ign   da ta   a re   p ropr ie ta ry  making t h i s  method very 
d i f f i c u l t   t o   s t u d y .  

3.3.2.6 Electr ical   System 

The e lec t r ica l   sys tem  appears   in   the   b lock   d iagram  in   F igure  3-3. 
The v a r i o u s   e l e c t r i c a l  components a re   l oca t ed  i n  protective  housings  and 
perform  the  functions  described  below. 

a .   Electr ical   Assemblies .  - The low-temperature 
e lec t r ica l   assembl ies   p rovide   an   ac t ive ly   cooled   hea ts ink   to   main ta in   the  
components a t  a s table   temperature   using 140 F lubr icant -coolan t   f lu id .  This 
f l u i d  i s  cooled  by a separa te ,   ex te rna l   hea ts ink  (a  low-temperature  radiator 
or TSE equiva len t ) .  The following  functions  a.re  performed by t h e  components 
i n  the  low-temperature   e lectr ical   assemblies:  

0 

a The vol tage  regulator   provides  a con t ro l   s igna l   p ropor t iona l  
t o   t he   f r equency  of t h e   a l t e r n a t o r   o u t p u t   t o   t h e   s t a t i c   e x c i t e r  
t o   r e g u l a t e   t h e   a l t e r n a t o r   o u t p u t   v o l t a g e   a t   t h e  nominal  system 
output  value. 

0 The speed  control module opera tes   in   conjunct ion   wi th   the  
sa tu rab le   r eac to r  and p a r a s i t i c   l o a d   r e s i s t o r   t o   r e g u l a t e  
the  s teady-state   f requency of t h e   a l t e r n a t o r .  

0 The power factor   correct ion  assembly  corrects   the power f ac to r  
of the  system  and  vehicle  load demand on the  a l ternator   f rom 
lagging  to   approximately  uni ty  (when t h e  vehicle   load i s  a t  de- 
s ign   cond i t ions ) .  The purpose i s  t o   i n c r e a s e   a l t e r n a t o r   e f f i -  
ciency  and  hence  available  real-power  output. 

*Min-K insu la t ion  i s  manufactured by  Johns-Manville  Aerospace  Products 
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0 The e l ec t r i ca l   p ro t ec t ive   sys t em  p ro tec t s   t he   e l ec t r i ca l   sys t em 
f rom  in te rna l  (power  conversion  system)  and  external  (vehicle 
load)  faults. Any f a u l t   i n   t h e   v e h i c l e   l o a d  is i s o l a t e d  from 
the  power conversion  system  by  opening  the  vehicle  load  breaker. 
An internal   faul t   causes   the  pover   conversion  system t o  shut  
down following a programed  sequence of events.  The e l e c t r i c a l  
sensors   associated  with the  protective  system  operate  from  the 
e l e c t r i c a l   s i g n a l   t h e y   s e n s e  and  do not   requi re   addi t iona l  
power s o u r c e s .   I n t e r n a l   f a u l t s  a r e  dis t inguished from ex te rna l  
f a u l t s  by a time  delay i n  the  protect ive  system which allows 
the  system tine t o  recover from a n   e x t e r n a l   f a u l t   a f t e r   t h e  
vehicle  load  breaker  has  opened,  and  before  action i s  t a k e n   t o  
shut  dolm the  system. 

0 The inve r t e r   conve r t s   dc   t o   ac  power t o   s t a r t  and  operate  the 
pumps during  the  period  preceding  and  subsequent t o  a l t e r n a t o r  
operation  (startup,  shutdown, and nuclear  system  decay  heat 
removal). 

0 The inve r t e r   fo r   t he   e l ec t romagne t i c  pump converts  dc t o  a c  
power t o   s t a r t  and  operate  the  electromagnetic pumps during 
a l l  phases of operation.  During  startup,  shutdotm,  and  nuclear 
system  decay  heat  removal,  the  inverter  input  pover is provided 
by a dc power supply;  during  steady-state  operation,  the power 
input  is provided  by a t r ans fo rmer - r ec t i f i e r  which receives  i t s  
pover  from  the  alternator.  

0 The t r ans fo rmer   r ec t i f i e r   conve r t s  400 Hz a l t e rna to r   ou tpu t   t o  
dc power which is inpu t   t o   t he   e l ec t romagne t i c  pump inve r t e r s .  

0 The inve r t e r   dc   con tac to r s   a r e   ac tua t ed  by  a s i g n a l  from t h e  
programer and cause   e l ec t r i ca l   ene rgy   t o  be t r ansmi t t ed   t o  
t he  pump inve r t e r s .  A l a t ch ing   des ign   a s su res   t ha t  no e l e c t r i -  
ca l   i npu t  i s  r equ i r ed   t o   ma in ta in  them i n   a n  open or closed 
pos i t ion .  

0 The motor t ransfer   contactors   are   actuated  by a s i g n a l  fram the  
programer  and performs two funct ions : (1) cause   t he   e l ec t r i ca l  
i n p u t   t o   t h e   r o t a t i n g  pumps t o  be  switched t o   t h e   i n v e r t e r ,  or 
(2)  s e l e c t   t h e  NaK  pump which is to  operate   ( redundant  NaK pumps 
a re   i n s t a l l ed   i n   bo th   t he   i n t e rmed ia t e  and  heat   re ject ion  loops) .  
When the   ac tua t ing  power is removed, t h e  MTCs automatical ly  
t r a n s f e r   t h e  pumps from the   i nve r t e r   ou tpu t   back   t o   t he   a l t e r -  
nator   output .  For shutdolm,  the programmer ac tua te s   t he  MTCs 
t o   t r a n s f e r   t h e  pumps back to   t he   i nve r t e r   ou tpu t   pove r   fo r  
decay  heat  removal. 
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0 The sa tu rab le   r eac to r   con t ro l s   t he  power d e l i v e r e d   t o   t h e  
p a r a s i t i c  load r e s i s t o r  f rom  the   a l t e rna to r   i n   o rde r   t o  
maintain  nominal  turbine  speed. 

0 The speed  control  transformer  assembly  provides power t o  t h e  
speed  contr ol module. 

0 The sa tu ra t ing   cu r ren t   po ten t i a l   t r ans fo rmer ,   i n   con junc t ion  
With t h e  v o l t a g e   r e g u l a t o r ,   p r o v i d e s   a l t e r n a t o r   f i e l d   c u r r e n t  
t o   con t ro l   t he   a l t e rna to r   ou tpu t   vo l t age .  

0 The vehicle  load  breaker  connects  and  disconnects  the  alternator 
t o   t h e  vehicle load. A l a t ch ing   des ign   a s su res   t ha t  no e l e c t r i -  
ca l   i npu t  is r equ i r ed   t o   ma in ta in  it i n  open or c losed   pos i t ion .  

b. P a r a s i t i c  Load Res i s to r .  - This device   func t ions   in   conjunct ion  
with  - the  speed  control  system by a c t i n g   a s  a v a r i a b l e   e l e c t r i c a l   l o a d  on t h e  
a l t e r n a t o r  after t h e  tu rb ine  speed enters the  s teady-state   control   range of 
the  speea  control  system. For normal   operat ion,   the   speed  control   system 
regula tes  the power d i s s i p a t e d   i n   t h e   p a r a s i t i c   l o a d   r e s i s t o r   t o   e q u a l   t h e  
difference  between  the  e lectr ical   output   generated by the   a l te rna tor   and   the  
vehicle   load demands toge ther  w i t h  t h e  power r equ i r ed   t o   ope ra t e  t h e  system 
components. I n  t h i s  my, the   un i t   ma in ta ins  a c o n s t a n t   e l e c t r i c a l  load on 
t h e   a l t e r n a t o r  so that   the   system  s ta te-point   condi t ions  are   independent  of 
the  vehicle   load.  The p a r a s i t i c   l o a d   r e s i s t o r  is  immersed i n   t h e   h e a t   r e j e c -  
t i on   l oop  fluid, and r e j e c t s  t o  the f l u i d  a s  waste h e a t   t h e   e l e c t r i c a l  power 
absorbed. 

c. Control  Console.- The combined system t e s t   f a c i l i t y   c o n t r o l  
console  vas  designed t o  provide the fol lmring:  

(1) system  and ccanponent diagnost ic   instrumentat ion  readout   devices  

(2) A power conversion  system  alarm  panel 

(3)  A panel   to   permit   remote  manual   control  of the programmer  and 
t o  i n i t i a t e  s t a r t u p  and shutdom. During s teady-state   opera-  
t i ons ,   t he  manual control   panel   permits :  

0 Adjustment  of  the  mercury flow through  the  f low  control 
valve 

0 I n t e r r u p t i o n  and r e i n i t i a t i o n  of the protect ive  system 
vehicle   load  breaker   reclosing  cycle  

0 Adjustment  of  frequency  and  voltage 

(4) A cont ro l   pane l  f o r  remote  manual con t ro l  of  each pump a t  
inver te r   ou tput   f requencies  
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(5) A startup-shutdown  monitor wi th  manual control  capabili t ies.  
This  monitor  includes: 

0 An event  recorder  vhich  indicates  the  startup or shutdolm 
sequence s t a tus  

0 A clock  vhich  indicates  total  elapsed  time from i n i t i a t i o n  
of s ta r tup  or shutd0r.m 

0 An interval  t imer which indicates  elapsed  time of selected 
s ta r tup  and  shutdoTm subsequences 

0 A "hold  sequence"  switch  vhich  stops  the  startup or shut- 
dolm sequence a t  any point,  except  as  follows : It s h a l l  
not be possible   to  manually  "hold" the   s ta r tup  sequence 
(or equivalent shutdown period), from the time tha t   the  
boiler  isolation  valve is opened u n t i l  90% of the first 
mercury  flow plateau time period  elapses. The s t a r tup  
(or  shutdolam) sequence shall   continue from the  point of 
t h e  "hold" vhen the "resume sequence"  switch is actuated. 

d. Programer.- The programer  controls a l l  functions of the pover 
conversion  system  including  sequencing on s t a r t ,  shutdown,  and r e s t a r t .  It 
provides  for  internal and external   faul t   protect ion by the  use of the  protec- 
t i v e  system. The  programmer would be located  in  the f ac i l i t y   con t ro l  room 
for   the combined system t e s t   a t  Plum Brook. 

3.3.2.7 Interface Requirements 

The regions of the power conversion  system  frame which  have  been 
assigned for  mechanical, e l ec t r i ca l ,  and instrumentation  interfaces  are sholm 
on Figure 3-27. The  power conversion  system f a c i l i t y  mechanical interfaces 
are  located  along one face of the frame to   s impl i fy  mating xLth f a c i l i t y   t e s t  
suppoyt equipment. The loop vacuum/vent  and f i l l -drain  interfaces   are   located 
a t   t he   t op  and  bottorn, respectively, of the frame f o r  ground tests. 

The interfaces between the   e lec t r ica l   harness  and the  power conver- 
sion system,  and  betveen  the  electrical.  harness and t h e   f a c i l i t y  will be 
governed by  the  folloving  guidelines : 

0 Routing will be determined on a ful l -scale  mockup with 
p a r t i c u l a r   a t t e n t i o n   p a i d   t o   t h e m 1  environment. 

0 Harness cable will be routed  in  bundles and clamped t o  
nonremovable  frame elenents. 

0 Conductors vi11 be  velded to   the  terminals .  

0 Conductor insulation will be designed fo r  a vacuum 
environment . 
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The ins t rumenta t ion   harness . in te r faces  w i l l  fol luw  guidel ines  
s imi l a r   t o   t hose   u sed   fo r   t he   e l ec t r i ca l   ha rness .   In   add i t ion ,   app ropr i a t e  
rout ing   and   sh ie ld ing  will be incorporated t o  minimize e l e c t r i c a l   i n t e r f e r -  
ence. 

3.3-3 35-kWe System 

3.3-3.1 System  Configuration 

The 35-kWe SNAP-8 e.nvelope, shown i n   F i g u r e  3-28, is a combined 
truncated  cone  and  cylinder divided in to   t he   fo l lowing   fou r  main  assemblies: 

0 The nuclear  system  containing  the  reactor  and  nuclear  shield 

0 The ga l l e ry   s ec t ion   con ta in ing   t he  power conversion  system 
rad ioac t ive  components 

0 The separat ion  sect ion  containing the  b io log ica l   sh i e ld  

0 The main sect ion  containing  the  remainder   of   the  power conver- 
sion  system components  and the  system  controls .   This   sect ion 
i s  d i v i d e d   a x i a l l y   i n t o  .two compartments  of equa l   s i ze  which 
are  completely  independent  (no  piping o r  components cross  from 
one  compartment to   the  second) .  

A four-foot-diameter  access  cylinder  through  the  center of t he  main 
section  frame accommodates i n i t i a l  component i n s t a l l a t i o n  and  subsequent 
maintenance,  since  the  main  section  would  be  surrounded w i t h  a r ad ia to r  and 
would not  be  accessible  from  the  outside.  

A c c e s s i b i l i t y   t o   t h e   g a l l e r y   s e c t i o n  components f o r   i n i t i a l  assembly 
i s  by means of removable  frame members. After   the   system becomes operat ive,  
t h e  NaK is  rad ioac t ive   and   the   ga l le ry   sec t ion  i s  not   accessible .  

The main sec t ion  was designed t o  be compatible  with a hea t   r e j ec t ion  
loop  radiator   around t h e  outs ide.  The g a l l e r y  w a s  desiyned  to  be  surrounded 
by a b p i  sh i e ld .  

The 35-kWe system  flow  schematic  appears  as  Figure  3-29. 

3.3.3.2 Cbmponent Arrangement  and  Mounting 

Figure 3-5 (page 3 - E )  presents   the   overa l l  35-kWe  SNAP-8 component 
arrangement  for t h e  dual power conversion  system  configuration  for manned 
missions. The components a r e  l i s ted  in   Table  3-VI. 

me boi lers ,   auxi l iary  heat   exchangers ,   pr imary loop NaK pumps, and 
the  pr imary NaK loop  expansion  reservoir   are  mounted i n   t h e   g a l l e r y   s e c t i o n   t o  
minimize  and  centralize t h e  volume containing  radioact ive  mater ia ls .  This con. 
f igura t ion   permi ts   the   use  of  shadow r a d i a t i o n   s h i e l d i n g   a s  opposed t o   l a r g e r  
and  heavier  individual component shielding.  
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TABIX 3-VI COMPONENPS I N  SNAP-8 35-KWE lKxAL PCIWER CONVERSION SYSTEM 

Cmponent 

NaK Pump 

Boiler 
S t a r t  Loop Heat Exchanger 
Primary NaK Loop Ilkpansion Reservoir 
Primary NaK Loop Check Valve 
Mercury F’ump 
Mercury Flow Control Valve 
Turbine Assembly 
Condenser 
Mercury Inject ion System 
Heat Rejection Loop Flow Control 

Va lve 
Pa ras i t i c  Load Resistor 
Auxil iary  Star t  Loop Shutoff Valve 
Heat Rejection Loop Expansion 

Reservoir 
Lubricant-Coolant Pump 

Lubricant-Coolant  Expansion 
Reservoir 

Lubricant-Coolant  Shutoff  Valves 

Mercury Condenser Isolat ion Valve 
Mercury Boiler  Isolation Valve 
Alternator 

High-Temperature 
Elec t r ica l  Assembly 1 

2 

Low-Temperature 
Elec t r ica l  Assembly 1 

2 

Quantity 

4 
2 ,  

2 

2 

2 

2 

2 

2 
2 

2 
2 

Inverter  
P r o w - m e r  

2 

2 
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The ga l le ry-sec t ion   he ight  was minimized  by  coaxially  mounting  the 
two b o i l e r s ,  two auxi l iary  heat   exchangers ,   and  the  expansion  reservoir .  
Ef fec t ive ly ,   the   bo i le rs   and   auxi l ia ry   hea t   exchangers   ac ted   as   p ipe  runs from 
t h e   g a l l e r y   i n t e r f a c e   t o   t h e  NaK  pump s u c t i o n   l i n e   i n t e r f a c e .  The r e s e r v o i r  
was loca ted   i n s ide   t he   bo i l e r   co i l .  The boiler/reservoir  combination was 
i n s u l a t e d   a s  a un i t   w i th  a two-inch th ick   b lanket  of f in-K  insulation  around 
the  per iphery,   across   the  top of t h e   r e s e r v o i r  and across   the  bot tom of the  
auxi l iary  heat   exchanger .  The r e a s o n   f o r   t h i s  was t o   c r e a t e  a constant-  
temperature  definable  environment  for  the  reservoir.  

To s impl i fy   t he   r e se rvo i r   p re s su r i za t ion  system, a captured-gas 
inven to ry   i n   t he   r e se rvo i r  was used to   p rovide   the   opera t ing   pressure .  The 
temperature  of  captured  gas  inventory  with no r egu la to r  will fol low  the  
environmental  temperature. The pressure   'kndow"  in   the   p r imary  NaK loop is 
s e t  by a maximum i n l e t   p r e s s u r e  of 35 p s i a   t o   t h e   r e a c t o r  and 20 p s i a   t o   t h e  
NaK  pump suct ion.  Thus, t he   r e se rvo i r   p re s su re  was i n i t i a l l y  set to   permi t  
pump ope ra t ion   a t   s t a r tup   f r equenc ie s   w i thou t   cav i t a t ion .  A s  the  loop  heated 
up, t h e   r e s e r v o i r   p r e s s u r e   r o s e   t o   t h e  normal operat ing  value s o  t h a t ,  by the  
t ime  the pump a c c e l e r a t e d   t o  i t s  nominal  operating  point,   the  loop  pressure 
was properly set .  An ana lys i s   es tab l i shed   the   s teady-s ta te   ga l le ry   t empera-  
t u r e   p r o f i l e  and the   p r imary   loop   reservoi r   t rans ien t   response  of the  system 
dur ing   s t a r tup ;   t he   r e su l t s   a r e  shown i n   F i g u r e s  3-30  and 3-31. 

Figure 3-32 shows t h e   e f f e c t  of increased   ga l le ry   he ight  on b io lo-  
g ica l   sh ie ld   weight .   This  assumes t h a t  t he   b io log ica l   sh i e ld   t h i ckness  is  a 
constant  so  tha t   i nc reas ing   t he   ga l l e ry   he igh t  moves the   b io log ica l   sh i e ld  up 
the  cone (see  Figure  3-28)  increasing i ts  diameter and  hence  weight. The 
re ference   for   th i s   curve  i s  the   sh i e ld   fo r   t he   50 - inch   ga l l e ry .  The g a l l e r y  
ta rge t   he ight  was i n i t i a l l y  50 inches.  

The NaK p m p s   a r e  mounted 180 d e g r e e s   a p a r t   t o   f a c i l i t a t e  component 
mounting a s   w e l l   a s   t h e   r o u t i n g  and hydrau l i c   cha rac t e r i s t i c s  of t h e   i n t e r -  
connecting  piping. 

The component l oca t ions   i n   t he  main frame  sect ion  are   based on t h e  
same guidelines  used for t h e  90-kWe system components. In t h e  35-kWe system, 
the   e l ec t r i ca l   a s sembl i e s   a r e   l oca t ed   a s  remote  from the   nuc lear   source   as  
possible .  The corresponding components of t he  dual power conversion systems 
a r e  mounted 180 degrees   apar t   thereby  containing one s e t  of power conversion 
system components i n  each v e r t i c a l   h a l f - s e c t i o n  of the  frame.  This  arrange- 
ment a l so   permi ts   the   use  of dup l i ca t e  component mounting  brackets  and  inter-  
connecting  piping. 

The fo l lowing   c r i t e r i a  were  used i n   t h e   d e s i g n  of t he  mounting 
provis ions   for   the  components : 

0 Three  basic  sections - bol ted   toge ther  

0 - + 6-g long i tud ina l   acce l e ra t ion  

0 one-g l a t e r a l   a c c e l e r a t i o n  

0 des ign   fo r  two sets of power conversion  system components 
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Figure 3-30 Gallery  Section  Thermal  Map 

TI ME, HOURS 

Figure 3-31 Primary NaK Loop Reservoir  Response  During  System  Startup 
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0 Components removable  from 4-ft  access tunnel ,  which  can be a 
s t r u c   t u r a  1 member 

0 Mounting t o   e x t e r n a l  frame  columns i s  prohibi ted 

0 Two-inch annular   reg ion   reserved   for   rad ia tor  

0 Vacuum and high-temperature  environment 

0 Factor of s a f e t y  = 1.10 based on y i e l d  stress 

0 Two-year she l f  l l f e  

0 Five-year  operating l i f e  

Some general  component mounting  features  should  be  noted. The 
placement  of a l l  component mounts  followed  the  ground r u l e   t h a t  component 
replacement   shal l   not   necessi ta te   the  removal  of  any  other component or t h e  
disconnect ion  of   any  f luid  piping  not   connected  to   the component being re- 
placed.  Original  concepts of t r a c k  and  swing-out types of  mounting were 
d iscarded   in   favor  of s impler   r ig id   suppor ts  and add i t iona l   p ip ing   t o   p rov ide  
adequate  space  for Component replacements. None of t h e  components i n   t h e  
main f r a m e  sec t ion  was mounted t o   t h e   e x t e r n a l  frame  since  the  frame members 
were reserved  for  at tachment of t h e   r a d i a t o r s .   S t a i n l e s s   s t e e l  mesh was 
incorporated i n  some of t he  mounts t o  permit component thermal  growth  and t o  
support   the component under  handling  loads. 

3.3.3.3 Structural   Design 

The primary members of the  gal lery  and  main  sect ion  f rames  are  
s ta in less   s tee l   rec tangular   tub ing   (F igure  3-33). The select ion  considera-  
t i o n s  for the  frame members a r e   t h e  same a s   t h o s e   s t a t e d   f o r   t h e  90-kWe 
sys  t e m  frame . 

To demonstrate  adequate volume based  on member s izes   for   l aunch  
acce le ra t ion ,   t he   bas i c   s t ruc tu re  is  designed t o  withstand a maximum g r a v i t y  
vector  of + 6 g ' s   o r ien ted   a long   the   longi tudina l   ax is  of the  frame.  Side 
loads of 175 g ' s   a re   inc luded  i n  the  frame  requirements t o  accommodate ground 
handling. A de t a i l ed  stress ana lys i s   ve r i f i ed   des ign   accep tab i l i t y .  

3.3.3.4 Piping  Requirements 

I n  general ,   the   individual   loop  piping  arrangement ,   guidel ines ,   and 
l i m i t a t i o n s   a r e   t h e  same a s   t h o s e   s t a t e d   f o r   t h e  90-kWe system. The 35-kWe 
primary NaK loop  contained  the  boiler,  however, s o  tha t   the   mercury   bo i le r  
and tu rb ine  were r e l a t i v e l y  remote.  Piping stress analyses were performed 
fo r   t he   i nd iv idua l   f l u id   l oops .  

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

The ind iv idua l  pumps perform  adequately,  and meet the i r   respec-  
t i ve  flow and pressure rise requirements a t   a l l  speeds. 
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0 The component/piping  interface  loads  are a l l   w i t h i n  
tolerances.  

0 The piping stress levels are acceptable. 

0 The mercury vapor l i n e  requires preheating a t   s t a r t u p   ( t h e  
a u x i l i a r y   s t a r t   l o o p   r e t u r n   l i n e  is used t o   a s s i s t   e l e c t r i c  
trace hea te r s  ) . 

The instrume-ntation  and  electrical   subassemblies  requirements 
conform t o   t h o s e   f o r   t h e  90-kWe system. 

3.3.3.6 Interface  Requirements 

The 

0 

0 

e 

0 

0 

0 

e 

0 

system  interfaces  can  be summarized as   fol lows:  

The piping between t h e  power conversion system and r a d i a t o r s  
i s  anchored a t   t h e  frame. 

The piping  between  the  gallery and power conversion system 
i s  not  anchored.  This permits g r e a t e r   l i n e   f l e x i b i l i t y   a n d  
spec i f i ca l ly   a l lows  a minimum-length mercury vapor l i n e .  

The rad ia tors   a re   t e rmina ted  one f o o t  above the  bottom of the  
main sec t ion   t o   p rov ide   an   ex i t   avenue   fo r   p ip ing   (d ra in   l i nes ,  
s e r v i c e   l i n e s ,   e t c . )   t o   t h e   g a l l e r y .  

A two-inch  envelope i s  l e f t  around  the  periphery of t h e  main 
sec t ion   t o   l eave   r ad ia to r   space  so  tha t   the   conf igura t ion  w i l l  
not  have t o  be  changed l a t e r .  

The en t i r e   un i t   c an  be l i f t e d  from  the  top  plane.  

All major  subsections are  designed t o  be bol ted  together .  

The main sec t ion /b io log ica l   sh i e ld  and the   ga l l e ry /b io log ica l  
shield  can  be  remotely  disconnected;  f langes  are  bolted  to- 
ge ther   wi th   de tachable   bo l t s  and captive  nuts  (Figure 3-34). 

The in t e r sec t ion   p ip ing  i s  des igned   for   the  use of remote 
p a r t i n g  and automatic  rewelding  tools. 

The main s e c t i o n  frame can  support  the  lubricant-coolant  and 
h e a t   r e j e c t i o n   r a d i a t o r s  and the  lubricant-coolant  cold  walls 
i n  t h e  combined system test  (Figure 3-35). 

All se rv ice   l i nes   a r e   des igned   t o   be   i so l a t ed   du r ing   t he  
combined system test .  
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3.3.3.7 Test  Support Equipment 

In   conjunct ion   wi th   the  35-kWe system design, a s tudy  was made and 
a conceptual  design  prepared  to  define  requirements  for  associated test  sup- 
p o r t  equipment  (TSE). The TSE requirements were determined  primarily  for 
nuc lear   t es t ing  of t he  power conversion system a t   t h e  NASA Space Power Fac i l -  
i ty .  However, an  approach was adpoted  which would permit  decoupling  of  the 
equipment from an  operating system, and  which would. p r o v i d e   f l e x i b i l i t y   i n  
the  event of changes i n  the   sys tem  concept   and   po ten t ia l   u t i l i za t ion   in   o ther  
f a c i l i t i e s .  The adoption of this   approach resulted i n  t h e   d e f i n i t i o n  of 
th ree   separa te ,   t ranspor tab le  TSE c a r t s .  

The design  and  operation  of  each of t he  TSE car t s   a re   based  on the 
following ground r u l e s .  . .  

0 The cont ro ls  and instrumentat ion  required  for  t h e  operation 
of each c a r t   a r e   l o c a l l y  mounted and r ead i ly   adap tab le   t o  
remote  operation. 

0 The c a r t  components  and  frame materials  are  compatible w i t h  
both vacuum and nuclear  radiation  environments.  

0 The cart   frames  are  equipped w i t h  wheels,  screw  jacks,  and 
choch  brakes to   p rovide   mobi l i ty   be tween ' s ta t ions  and s t a b i l -  
i t y   w h i l e  i n  se rv ice .  

0 The car t   in te r faces   a re   des igned   for  maximum f l e x i b i l i t y  
i n  t he   s e l ec t ion  of t h e   t e s t   f a c i l i t y  and PCS subsystem 
t h a t  is t o  be serviced.  

a .  Pressure,  Vent,  and Vacuum (PVV) C a r t .  - The PW c a r t  sup l ies 
argon  cover  gas a t   p r e s s u r e s  of 0 t o  50 ps ig  and a vacuum a s  low as 10- 
microns. The PVV c a r t  is designed for use on any  of   the  individual   loops  in  
the  power conversion  system  and i n  conjunction  with  the TSE systems  described 
below. 

t 

b. NaK Pur i f ica t ion   Car t . -  The NaK p u r i f i c a t i o n   c a r t   c i r c u l a t e s  
NaK a t  f l ow  r a t e s  of 0 t o  10 gpm. It can pu r i fy  NaK t o  5 ppm of oxygen or 
less, and  provides a means  of determining  the oxygen c o n t e n t   t o   l e v e l s  below 
5 ppm. F ina l ly ,   t he   ca r t   can   hea t   t he   t oga l  NaK inventory of t he   pu r i f i ca -  
t i o n   c a r t  and  loops t o  approximately 1350 F. 

c.  Lubricant-Coolant  Fluid  Service  Cart. - This   ca r t   c i r cu la t e s  
t he   s e rv i ce  f lu id ,  polyphenyl  ether,  a t  a f l o w   r a t e  of 6 gpn  and hea ts   the  
f lu id  t o  30OoF.  The c a r t   a l s o   f i l t e r s   s o l i d s   t o  a residue of  approximately 
1 ppm or l e s s  and  removes gases  from  the f luid.  
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3.4 FABRICATION AND ASSEMBLY 

3.4.1 Fu l l - sca l e  Mockups 

The compact nature  of  the power conversion system l e d   t o   t h e  decis- 
i on  t o   f a b r i c a t e  a f u l l - s c a l e  mockup of t he  power conversion system which 
would funct ion as an  engineer ing  design  a id   and  fabr icat ion  tool .  Components 
used i n  t h e  mockup were  space SNAP-8 hardware or wooden component  mockups. 
The major  objectives of t h e  mockup were as   fol lows:  

0 Assist in   the   des ign   of   in te rconnec t ing   p ip ing   and   se rv ice  
l i n e s .  Mockup pipe  runs were t o  be  used a s   p a t t e r n s  for t h e  
f i n a l  power conversion system piping. 

0 Develop t h e   r o u t i n g  of the  instrumentat ion  and  e lectr ical  
harnesses. 

0 Develop the   rou t ing   fo r   t he   l ub r i can t - coo lan t   l oop   p ip ing .  

0 Assist i n   t h e   l o c a t i o n  and  design  of  piping  supports. 

0 Verify component installation  sequences  and  techniques,   and 
d e f i n e   c r i t i c a l   a r e a s  or procedures. 

0 Evaluate component,  frame member, and   p ip ing   loca t ions   in  
terms of  maintenance  and  replacement. 

0 Verify s p e c i a l   t o o l i n g  and  equipment requirements. 

3.4.1.1 Frame - 90-kWe Power Conversipn System- 

The f u l l - s c a l e  mockup frame f o r   t h e  90-kWe power conversion system 
shown i n  Figure 3-36 was f a b r i c a t e d   a t   A e r o j e t .  The frame was fabricated  f rom 
carbon s t e e l  and painted for environmental  protection. The engine  frame  mate- 
r i a l  was s t a i n l e s s  s t ee l ;  however, for  the  low-temperature-environment power 
conversion system ground tes t ,  it would  have  been  possible t o  use the  mockup 
frame  as a tes t  s t r u c t u r e   i n s t e a d  of f a b r i c a t i n g  a new frame. The mockup 
frame was f a b r i c a t e d   t o   e n g i n e   f r a m e   p r i n t s   t o   d e r i v e  maximum possible   design 
and fabrication  feedback. 

3.4.1.2 Gal lery  Sect ion - 35-kWe Fower Conversion-System 

The ground tes t  frame,  piping,  and component f u l l - s c a l e  mockups were 
completed  and a r e  shown i n   F i g u r e  3-37. Only instrumentation  harnessing  and 
some component mounts were requi red   to   comple te   the  mockup of t h e   g a l l e r y  
sec t ion .   F lex ib le   meta l   tub ing  was used t o  form  the mockup b o i l e r s  and  piping. 
The f l ex ib l e   t ub ing  was then  r igidized  using  an  epoxy  res in  so t h a t  it could 
be removed in   s ec t ions   t o   a id   i n   t he   f ab r i ca t ion   and   a s sembly  of t h e   f i n a l   t e s t  
piping.  Actual pump housings were used i n   t h e  mockup; the  remainder of the  
cmponent mockups were f a b r i c a t e d  from wood. The mockup  was assembled i n  
accordance  with a pre l iminary   d raf t  of a gallery  assembly  procedure  which would 
be  updated  based on t h e  mockup exper iences   to  become the   engine   ga l le ry  assem- 
bly s p e c i f i c a t i o n .  
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Figure 3-36 Ful l - sca le  Frame. Mockup - 90 kWe Power Conversion  System 

Figure 3-37 Ful l - sca le   Gal le ry   Sec t ion  Mockup - 35-kWe Power Conversion Sy 

91 



3.4.2 Piping 'System  Fabricat ion  Invest igat ions 

3.4.2.1  Tubing  Preparation 

The dense  packaging of t he  power conversion system components  and 
piping and the  requirement   for  system c lean l ines s  led t o   t h e   d e c i s i o n   t o  use 
semiautomatic  tube-cutting  and  weld-preparation  tooling for some phases of 
f a b r i c a t i o n  and component replacement. Known tubing  equipment  manufacturing 
companies who might  have the  required too l ing  were surveyed. One company was 
ident i f ied   as   an   o rganiza t ion   tha t   manufac tured  a s t anda rd   l i ne  of por tab le ,  
manual,  and compact t oo l s   t ha t   cou ld  be used for tubing  cut t ing,   c leaning  and 
debur r ing   s t a in l e s s  s t e e l  t u b i n g   i n   s i z e s  up t o  two inches   in   ou ts ide   d iameter .  

3.4.2.2  Tubing  Welding  and  Brazing 

Inves t iga t ions  were  undertaken  to   ident i fy   possible  systems which 
would automatically  weld  and  braze  tubing. It was i n t e n d e d   t o  use braze 
jo in t s   i n   t he   l ub r i can t - coo lan t  system and  weld j o i n t s   i n   t h e   l i q u i d - m e t a l  
systems. Braze f i t t i n g s   a r e   a v a i l a b l e  which c o n t a i n   t h e   b r a z e   a l l o y   f o r   t h e  
tube j o i n t .  The system i s  complemented by the  too l ing   ment ioned   in   sec t ion  
3.4.2.1. 

Hand butt-welding of t u b i n g   i n  SNAP-8 t e s t  systems occasional ly  
resulted i n   e x c e s s i v e  weld drop-through or weld s p a t t e r  and l ack  of penetra-  
t i o n .  To maintain system c lean l ines s ,   r epea tab le  welds, and  increase  the 
p robab i l i t y  of successful ly   execut ing  c losure  welds ,   automatic  w e l d  systems 
were inves t iga ted .  I n  addi t ion ,  compact designs were r equ i r ed   t o   pe rmi t  
welding  in  the  confined  regions of t h e  power conversion system. 
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4.1 

4.1.1 

4.0 SYSTEM OPERATION 

90-KWE SYSTEM 

Steady-State  Operation 

The  steady-state  design-point  operating  conditions  for  the  90-kWe 
system  are  described  in  Section 3.0 of this  report. In addition  to  the 
design  operating  point,  a  number  of  off-design  operating  conditions  occur 
which  represent  deviations  from  the  design  point,  but  which may still be 
considered  steady-state  operating  points. 

One  of  these  conditions  is  operation  with  the  reactor  outlet NaK 
temperature  at  the  upper  limit  of  the  nuclear  system  control  deadband.  The 
effect of this  condition on the  net  electrical  output  is  also  discussed  in 
Section 3.0. 

The  effect  of  sunlight  and  earth  shadow  for  space  missions  in  a 
near-earth  orbit  presents  another  such  condition. As a  vehicle  moves  from 
sun to  shadow,  the  heat  rejection  radiator  temperature  decreases,  lowering 
the  condenser  coolant  temperature.  This, of  course,  reduces  the  condenser 
operating  pressure  which  means  that  the  backpressure  on the turbine  is  lower 
allowing  an  increase  in  turbine  power  and  net  electrical  output. 

The  effect of  reductions  in  vehicle  load  on  system  state-point 
conditions  offers yet another  condition. When  a  part  of  the  vehicle  load  is 
removed  from  the  system,  the  excess  electrical  output  is  absorbed by the 
parasitic  load  resistor  where  it  is  transferred  as  heat  to  the  heat  rejection 
loop.  The  effect  is  to  raise  the  condenser  coolant  temperature  which 
increases  the  turbine  backpressure.  This  results  in a reduction  in  system 
gross  electrical  output. 

A final  off-design  steady-state  operating  point  is  due  to  the 
effects  of  reductions  in  condenser  mercury  inventory  primarily  as  a  result 
of  turbine-alternator  and  mercury  pump  space  seal  losses  during  extended 
operating  periods.  Using  a  condenser  of  the  existing  design  in  the  90-kWe 
system  means  that  the  condenser  will  operate  far  from  the  original  design 
point.  Condenser  mercury  inventory  losses  cause  appreciable  reductions  in 
mercury  vapor  pressure  and  a  tendancy  toward  an  unstable  liquid-vapor  inter- 
face in  a  zero-g  environment.  However,  since  the  90-kWe  system  in  its 
present  form  was  intended  primarily  as  a  ground  test  article  in  a  one-g 
environment,  the  interface  instability  problem  is  not  significant.  The 
condenser  would  have  to  be  redesigned  if  operation in  a  zero-g  environment 
became a requirement. 
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4.1.2 Startup  and  Shutdown  Modes 

The  90-kWe  test  was  designed  primarily  as  a  test  article  to  start, 
operate  at  steady-state,  and  shutdown  in  a  one-g  environment  in  the NASA 
Space  Power  Facility  at Plum Brook. Startup  and  shutdown  procedures  were 
formulated for  this  system  based  on  the  procedures  developed for earlier 
SNAP-8 systems  and  the  studies  conducted  to  verify  the  acceptability  of  the 
transients  produced  during  startup.  Similar  studies  to  verify  the  accept- 
ability of startup  and  shutdown  procedures  for  a  90-kWe  system, or for a 
systgm,with  an  intermediate  loop  and  a  nominal  reactor  outlet  temperature of 
1200 F , have  not  been  conducted.  However,  extensive  startup-  and  shutdown- 
transient  studies  were  conducted  earlier  in  the  development  program for system 
with  no  intermediate  loop  and  with  a  nominal  reactor  outlet  temperature of 
1300°F. The  results  of  these  earlier  studies  (combined  with  the  facts  that 
the  reactor  operating  temperature  is  lower,  and  the  intermediate  loop 
attenuates  temperature  transients)  indicate  that  the  startup  and  shutdown 
procedures  for  the  90-kWe  system  will  be  acceptable.  The  details  of  some 
specific  conditions  and  procedures,  such  as  the  initial NaK flow  and  ac 
frequency  supplied  to  the  pump  drives  at  the  beginning of startup,  remain  to 
be  completed. 

4.1.3 System  Transients 

The  major  transients  to  which  the  system  is  subjected  are  associated 
with  startup  and  shutdown.  The  most  severe  transients  occur  during  an 
emergency  shutdown.  Lesser  transients,  which  may  be  considered  as  deviations 
from  steady-state  operation,  occur  as  a  result  of  vehicle  load  changes,  and 
system  and  component  degradations  causing  changes  in  parameters  such  as  flows, 
pressures,  fluid  inventories,  and  heat  transfer  effectiveness. 

An  analysis  of  transients,  using  a  computerized  dynamic  simulation 
of the  system,  is  needed  to  adequately  determine  the  effects of the  various 
transients  on  the  overall  system  and  on  individual,  critical  components. 
Earlier  versions  of SNAP-8 systems  were  simulated  on  computers,  but  these 
simulations  were  not  updated  to  r.eflect  the  changes  associated  with  the 9-kWe 
system. So, while  the  effects  of  the  various  transients  on  the  system  and 
components  can  only  be  estimated,  the  knowledge  gained  from  the  previous 
studies,  combined  with  an  assessment  of  the  potential  effects of changes  in 
the  system  and  components,  provides  a  reasonable  basis  for  these  estimates. 

The  major  criteria  determining  the  acceptability  of  various  system 
transients - particularly  those  associated  with  startup  and  shutdown - are 
related  to  limitations  of  the  reactor,  the  mercury  pump,  and  the  turbine 
exhaust  pressure. I 

The  reactor  limitations,  defined  by  the  nuclear  system  contractor, 
are  primarily  associated  with  maximum  allowable  rates  of  temperature  change 
and  maximum  allowable  temperature  values.  The  limitations  had  been  defined 

* Most  recent  reactor  coolant  outlet  temperature  recommended  by  the  nuclear 
system  contractor. 
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for  a  specific  reactor  design  with  a  nominal  operating  temperature  of 1300OF. 
After  the  reactor  limitations  were  established,  design  changes  were 
incorporated  and  a  nominal  operating  temperature  close  to 1200 F was 
recommended by the  nuclear  system  contractor.  Although  the  contractor 
indicated  that  some  of  the  reactor  limitations  would  be  more  restrictive as a 
result  of  the  design  changes  and  information  obtained  from  test  evaluations, 
revised  reactor  limitations  have  not  been  established. 

0 

The  mercury  pump  limitation  is  primarily  associated with suction 
pressure  requirements  during  startup  when  condensing  pressures  are  low.  This 
limitation  is  not  a  significant  factor  for 90-kWe  system  operation  in  the 
ground  test  facility  since  elevation.  head  becomes  the  predominant  factor in 
determining  pump  inlet  pressure.  However,  ground  tests  should  demonstrate 
the  validity  of  principles  and  acceptability of equipment  associated with 
system  operation in  zero gravity.  Consequently,  studies of  system  transients 
must be conducted to-determine the  control  conditions  and  hardware  performance 
requirements  needed  to  maintain  adequate  condenser  and  pump  inlet  pressures. 

The  turbine  exhaust-pressure  limitation  is  related  primarily  to  the 
condenser  operating  conditions.  The  design  must  assure  that  condenser 
pressures  during  startup  do  not  increase  to  the  point  where  turbine 
acceleration  is  impeded or turbine  deceleration  is  induced.  Therefore,  system 
transient  studies  must be conducted  to  determine  just  what  controls  and  hard- 
ware  requirements  are  needed  to  assure  that  the  proper  condenser  pressure will 
be  maintained. 

Hardware  requirements  and  proper  control  conditions  had  been  estab- 
lished  for  earlier  SNAP-8  systems.  Experience  with  these  systems  make  it 
reasonable  to  assume  that  similar  equipment  and  procedures  will  adequately 
meet  limitations  which  may  be  imposed  on  the  90-kWe  system.  However,  new 
criteria  and  applicable  limitations  must be  defined  and  transient  studies 
conducted  before  the  startup  and  shutdown  procedures,  proper  control  conditions. 
and  hardware  requirements  can be established. 

The  hardware  requirements  and  control  conditions  which  must  be 
established  are  primarily  related  to  the  mercury  injection  system  functions 
and  the  operating  characteristics of the  heat  rejection  loop  flow  control 
valve  which  regulates  condenser  conditions  during  startup  and  shutdown. 
Concepts  were  generated  for  both  the  mercury  injection  system  and  the  heat 
rejection  loop  flow  control  valve.  The  primary  functions  of  the  mercury 
injection  system  are (1) to  introduce  mercury  into  the  Rankine-cycle  loop, 
at  controlled  rates,  during  power  conversion  system  startup,  and (2) to  act 
as  a  reservoir  for  the  mercury  inventory  which  is  pumped  from  the  Rankine- 
cycle  loop  during  shutdown. A secondary  function  is  to  provide  a  means  for 
adjusting  the  Rankine-cycle  loop  inventory  during  long  periods of system 
operation 

A schematic of the  mercury  in'jection  system  is  shown in Figure 4-1. 
During  power  conversion  system  startup,  mercury  is  injected  into  the  loop  at 
the  mercury  pump  inlet,  through  the  mercury  injection  valve,  as  the  reservoir 
volume  is  decreased by the  movement  of  the  actuator  piston.  Pressure is 
applied  to  the  actuator  piston  from  the  lubricant-coolant  pump  discharge. 
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Figure 4-1 Low Pressure  Mercury  Injection and Restart  System 



The rate  of  merctlry  injection  is  controlled by the  action of the  mercury flow 
control  valve.  The  mercury  injection  valve is closed  when  the  reservoir 
position  indicator  shows  that  the  proper  loop  inventory has  been injected. 
The  mercury  condenser  isolation  valve  is  closed  at  the  same  time  and  the 
mercury  pump  then  circulates  mercury  through  the  loop. 

During  a  normal  power  conversion  system  shutdown,  the  mercury 
reservoir  recharge  valve  is  opened  and  the  loop  inventory  is  pumped  back  to 
the  reservoir,  at  a low  rate, by the  mercury  pump  discharge  pressure.  The 
force  exerted  on  the  reservoir by the  mercury  pump  pressure  is  greater  than 
the  force  exerted on the  actuator  piston by the  lubricant-coolant  pump  d5s- 
charge  thereby  permitting  the  loop  inventory  to be returned t o  the  reservoir. 

, . .  

During  an  emergency  shutdown,  the  mercury  reservoir  actuator  valve 
is  actuated  to  the  "dump"  position.  This action'peidts the  lubricant- 
coolant  pump  discharge  pressure  to  act on the  side  of  the  actuator  piston 
which  will  move  the  reservoir  bellows  to  rapidly  increase  the  reservoir 
volume. At the  same  time  the  mercury  boiler  isolation  valve  is  clos.ed  and 
the  mercury  injection  valve  is  opened. As a  result,  the:mercury  reservoir 
becomes  a  very  low-pressure  sink  and  mercury  inventory  is  returned  to  the 
reservoir  by  the  differential  pressure  created by boil-off  of  residual 
boiler  inventory  and by the  condenser  pressure. 

The  motor-driven  heat.  rejection  loop  floy  control  valve  performs. 
an  important  function  during  power  conversion  system  startup  and  shutdown. ' 

The  heat  rejection  loop  Flow  control-  valve  is  sigriAlleg  to.  move  in  a  manner 
that will  maintain  the  condenser  pressure witGin a:tolera~ce band  around 
the  steady-state  operating  value. A,cOndenser pressure  sensor  actuates  the 
valve motor  in  the  proper  direction.,  The  condense?  :pressure  is  maintained- 
at a level  near  the  steady-state  'operating va&e  t-o  assure  adequate  mercury 
pump  suction  pressure  and  to  prevent  high  condenser  ,pressures  which  would 
tend  to  inhibit  turbine  acceleration or induce  turbine  deceleration. 
Therefore,  during  startup  the  valve  increases  heat  rejection  loop  flow  as 
mercury  flow  and  condenser  heat  load  are  increased.  During  shutdown,  the 
valve  reduces  the  heat  rejection  loop flow as  mercury  flow  and  condenser 
heat  load  are  decreased. 

\ 
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4.2 35-KWE SYSTEM 

4.2.1 Steady-State  Operation 

The  steady-state  design-point  operating  conditions  for  the  35-kWe 
system  are  described in Section 3.0. Studies  were  conducted to determine 
the  effects  on  net  electrical  output  and  system  conditions of other  steady- 
state  operating  Conditions  which  represent  perturbations  from  the  design 
point. 

The  first  condition  is  operation  with  the  reactor  outlet NaK 
temperature  at  the  upper  limit  of  the  nuclear  system  control  deadband.  The 
effect of this  condition  on  net  electrical  power  is  discussed  in  Section 3.0, 
and  the  resulting  statepoint  conditions  are  shown in  Figure 4-2. 

The  effect  of  variations in sun  and  shade  environments  for  space 
applications  in  a  near-earth  orbit  is  shown in  Figure 4-3. As a  result of 
the  decrease  in  heat  rejection  loop  radiator  temperatures  when  moving from 
sun to shade,  the  condensing  temperature  is  reduced  approximately 25 F which 
results  in  a  decrease  in  turbine  exhaust  pressure of  approximately 2 psia. 
The  increase  in  enthalpy  available  to  the  turbine  produces  an  increase  in 
net  electrical  output  of 1.9 kW. 

Reductions  in  vehicle  load  demands on the  system  increase  radiator 
temperatures  since  the  unused  electrical  power  is  dissipated in the  parasitic 
load  resistor  located  in  the  heat  rejection  loop.  The  effect  of  the most 
severe  reduction  in  vehicle  load  demand  (when  the  vehicle  load  is  zero)  is 
shown  in  Figure 4-4. The  increased  radiator  temperatures  cause an increase 
in  turbine  exit  pressure,  a  reduction  in  enthalpy  available  to  the  turbine, 
and  a  decrease  in  gross  electrical  output of  approximately 2 kW. 

During  long-term  steady-state  operation,  some  mercury  leakage  occurs 
from  the  mercury  pump  and  turbine-alternator  space  seals. A conservative 
estimate  (based  on  tests)  indicates  a  total  leakage of 10 lb  over 10,000 hours 
of operation.  The  leakage  is  reflected  as  a  loss in condenser  inventory  which 
increases  the  available  condensing  area  causing  a  reduction in the  condensing 
temperature  and  pressure. As a  result,  the  net  electrical  output  will 
increase  slightly,  approximately 0.1 kW, as shown in Figure 4-5. 

The  effects  of  the  off-design  operating  conditions on the  electrical 
output  are smarized in  Table 4-1. 

98 



Figure 4-2 State-Point Diagram for 35-kWe  Power Conversion  System 
(Off-Design  Conditions:  Reactor  Outlet  Temperature a t  
Upper End. of Deadband Contro.1, , and Zero-g  Environmept) 

Figure 4-3 State-Point Diagram for  35-kWe  Power C6nversion  System 
(Off-Design  Conditions:  Reactor  Outlet  Temperature a t  
Lower  End of Deadband Control, and Shade Environment) 
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Figure 4 4  State-Point  Diagram  for  35-kWe  Power  Conversion  System 
(Off-Design  Conditions : Reactor  Outlet  Temperature  at 
Lower  End  of  Deadband  Control,  and No Vehicle  Load) 

L I 

- 
I , .  i ,? 

Figure 4-5 State-Point  Diagram  for  35-kWe  Power  Conversion  System 
(Off-Design  Conditions:  Reactor  Outlet  Temperature  at 
Lower  End of Deadband  Control,  and  10-lb  Reduction  in 

Condenser  Inventory) 
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TABLE 4-1. 35-KW-E SYSTEM OFF-DESIGN  OPERATING  CONDITIONS 

Alternator  Net  Electrical 
Operating  Condition Gross Output (kWe) Output  (kWe) 

Shade 59.9 38.9 

High  Reactor  Outlet 58 .o 
Temperature 

37-0 

No Vehicle  Load 56.0 0 

10 lb . Mercury 
Inventory Loss 

59.1  38.1 

Design 58.0 37-0 

4.2.2 Startup  and  Shutdown  Modes 

The SNAP-8 35-kWe  system  must  start  and  shut  down  automatically in 
gravitational  fields  ranging  from  zero  gravity  to 1 g  under  differing  initial 
conditions.  The  system  must  undergo  an  initial  startup  when  the  system  fluids 
and  components  are  "cold;"  that  is,  at  temperatures  on  the  order of (but  not 
below) 5OoF. During this  startup,  the  entire  mercury  inventory  must  be 
injected  into  the  Rankine-cycle  loop.  The  system  must be  capable of restart- 
'ing automatically  under  temperature  conditions  similar  to  the  initial  startup, 
or  under  elevated  temperature  conditions  resulting from  a  shutdown  after  system 
operation. During  a  system  restart,  the full loop  inventory  is  not  injected 
since  the  inventory  located  between  the  condenser  outlet  and  boiler  inlet 
isolation  valves  is  not  removed  from  the  loop. Two types of shutdown  are 
required.  The  first is a  normal  shutdown  which  is  a  gradual,  controlled  shut- 
down  sequence  required by predetermined  test  planning or in the  event of minor 
system  operating  difficulties.  The  second  is  an  emergency  shutdown  which is a 
rapid,  controlled  shutdown  seguence  resulting  from  indicated  potential  major 
system  operating  difficulties.  During  a  normal  shutdown,  the  resulting  system 
transients  are  gradual  and  within  specified  limits so that  at  least 20 such 
shutdowns  can  occur.  During  emergency  shutdowns,  however,  the  system 
transients  are  more  severe so that  only  a  very  limited  number  are  permitted. 
The  primary  purpose of the  emergency  shutdown  is  to  limit  the  effects of 
potential  major  system  operating  difficulties  and  thereby  maintain  the 
integrity of the  overall  system. 

* Potential  major  system  operating  difficulties  include  indication  of loss of 
flow in the  primary or heat  rejection  loops,  turbine  overspeed  and under- 
speed,  and  condenser  overpressure. 
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Extensive  system  dynamic  studies  were  conducted to determine  the 
proper  startup  and  shutdown  procedures  for  the  35-kWe  system.  These  studies 
were a l s o  used  to  determine  requirements for hardware-and  control  componehts 
needed  during  startup  and  shutdown.  The  results  of  these  studies  are 
discussed  in  detail  below.  The  detailed  startup,  normal  shutdown,  and 
emergency  shutdown  procedures  were  determined  from  the  results  of  these 
system  dynamic  studies. 

4.2.3 System  Transients 

4.2.3.1 StartuE 

During  the  development  of  the  SNAP-8  system,  the  startup  require- 
ments  were  changed  a  number  of  times  from  an  initial  requirement  for  a  single 
startup  in  space  under  zero-gravity  conditions  for  an  instrumented-rated 
system,  to  a  multiple  restart  under  zero  to  one  gravity  conditions  for  a  man- 
rated  system. To  formulate  system  startup  procedures  which  would  result  in 
acceptable  transients  for  both  the  power  conversion  system  and  the  nuclear 
system,  dynamic  studies  were  conducted  using  computer  simulations of the 
system  or  significant  portions  of  the  system.  Initial  simulations  for  both 
the  power  conversion  system  and  nuclear  system  were  programmed on analog  and 
hybrid  computers,  and  studies  were  closely  coordinated  with  Atomics 
International,  the  nuclear  system  contractor.  Complementary  studies  were 
also  conducted by Atomics  International  in  which  more  detailed  reactor 
simulations  were  used.  The  results  of  studies  conducted by Atomics 
International  are  reported  in  References 12 and 13, and  in  various  SNAP-8 
reactor  system  progress  reports  prepared by Atomics  International  for  the  AEC. 

Initial  system  startup  studies  were  aimed  primarily  at  defining 
procedures  which  would  result  in  reactor  temperature  and  power  transients 
that  would  not  exceed  limitations  established by the  nuclear  system  contractor, 
and  which  would  assure  adequate  net  positive  suction  head  for  the  mercury 
pump.  The  nuclear  system  limitations  are  shown  in  Table 4-11 and  Figure 4-6. 
The  results  of  the  studies  conducted  at  Aerojet  are  presented  in  Reference 14, 
along  with  plots  of  typical  system  transients  and  preliminary  requirements 
for  hardware  and  control  components  associated  with  startup.  The  initial 
startup  studies  were  conducted  for  a  system  required  to  start  automatically 
only  once  and  with  no  rigid  shutdown  requirements  other  than  to  scram  the 
reactor.  Therefore,  some  of  the  hardware  and  controls  requirements 
generated from these  studies,  such  as  condenser  temperature  control  valve, 
mercury  injection  system,  and  certain  programmer  functions,  were  of  limited 
usefulness.  However,  the  procedures  developed  from  the  studies  kept  system 
transients  within  the  allowable  limits  and  formed  the  basis  for  subsequent 
studies  following  changes  in  startup  and  shutdown  requirements. 

The  change  in  requirements  to  a  multiple  startup  and  shutdown 
system  for  manned  missions  necessitated  additional,  expanded  system  dynamic 
studies. A digital  computer  simulation  of  the  system  was  programmed  and 
used  to  conduct  studies  for  defining  procedures  and  hardware  requirements 
for  a  restartable  system. 
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Par meter 

Thermal  Power (kW) 

Outlet  Temperature (OF) 

TABLE 4-11. SNAP-8 NUCLEAR SYSTEM OPERATING LIMITATIONS 

Inlet  Temperature (OF) 

Core  Temperature,  AT (OF) 

c1 NaK Flow (lblhr) 
E: 

NaK  Pressure  in  Reactor  (psia):  Operating 
8OO-13OOoF 
<800oF 

Rate of Change of NaK  Temperature ('F/min) 

Step  Change  in  Temperature  into  Plenum (OF) 

Number of Thermal  Cycles, > 50°F * 

Minimum Nominal 

NA 600 

NA 1300 

NA 1100 

" 200 

(scram @ 10,800) 48,800 

35 
20 
10 

NA NA 

NA 

NA 

NA 

NA 

MaXimUIll 
Steady  Transient 

600* (scram @ 675  750) 

NA 1300 

NA NA 

65,000 70, ooo 

50 75 
50 75 
50 75 

C 1 5 0  (1 min (See Fig. 4-6) 
or more) 

NA 10 

150 NA 

* This  limit  does  not  include  normal  deadband  cycling 
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Figure 4-6 Allowable NaK Temperature  Transients  at 
Reactor  Inlet  and  Outlet 

104 



"he  studies  conducted  to  define a restartable  system  were  based 
primarily  on  the  following  criteria: 

20 starts  without  servicing 

100 start  cycles  (servicing  permissible) 

Both  man-rated  and  instrument-rated  concepts  considered 

Zero-  to 1-g operation 

N l y  automatic  startup  and  shutdown - .  

Restart  after  controlled  and  certain  emergency  shutdowns. ' 

Comply  with  latest  reactor  constraints 

Utilize  operating  requirements  and  characteristics  of 
existing  hardware 

Utilize  existing  hardware  where  possible . .  , 

Restrict  motion  of  mercury  during  launch  and  maneuver 

Contain  mercury  after  shutdown, _ , ,  , , 

Restart  system  to  be  readily  adaptable  for  .mercury inventoh 
trim 

Boiler  conditioned  to  permit  self-sustained  operation 

Turbine or vapor  line  preheat  using  mercury  vapor  not 
required 

Mercury  loop  evacuated  and  sealed  prior  to  initial  startup 

Power  conversion  system  to be capable  of  more  than  one 
startup  attempt 

Restart  system  design  should  not  require  flight  verification 
test 

Suitable  with  redundant  power  conversion  systems 

, .  

. , , .  

. .  

. h  . 
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The  startup  procedure  developed  for  the  restartable  system  was  based 
on methods  devised for  earlier  versions  of  the  systems. The  major  steps in 
the  startup  process  are: 

Flow is  initiated in the  primary  and  heat  rejection  loops  at 
low levels. Pump power  is  provided by a  battery-powered 
Fnverter.  The  reactor  is  started  and  brought up to nominal 
operating  temperature  at  a low power  level. 

After  reactor  transients  have  settled,  the  primary  loop  flow 
is  increased to approximately 5% rated  in  preparation  for 
power  conversion  system  startup. 

The  power  conversion  system  is  started by injecting  mercury 
into  the  Rankine-cycle  loop.  The  mercury  flow  is  gradually 
increased  and  the  turbine-alternator  starts  to  accelerate. 

As the  turbine-alternator  accelerates  and  reaches  approx- 
imately 5% rated  speed, all pump motor  loads  are  trsnsferred 
from the  inverter to the  alternator.  The  turbine-alternator 
continues  to  accelerate  thereby  increasing  the  speed  of  the 
pumps  and  increasing  flow  rates  in  all  loops  until  rated 
speed  is  obtained.  This  procedure  is  referred to as  a 
"bootstrap"  process. 

As the  turbine-alternator  reaches  *rated  speed,  the  mercury 
flow is  brought  to  a  level  at  which  sufficient  electrical 
power  is  generated  to  operate all  system  pumps  and  controls. 
Mercury  flow  is  maintained  at  this  self-sustaining  level 
until  reactor  transients  have  settled. 

The  mercury  flow  is  increased  gradually  to  the  rated  value 
and  net  electrical  output  is  increased until  rated  power  is 
produced.  Electrical  power  may  then be  supplied  to  the 
vehicle. 

System  and  component  transients  determined  for  the  startup  pro- 
cedures  investigated  were  compared  with  acceptable  values  for  various  critical 
parameters.  The  most  stringent  limitations  are  those  associated  with  the 
reactor,  as  shown  in  Table 4-11 and  Figure 4-6, so  that  the  rate  of  change  of 
reactor  coolant  temperature  and  reactor  peak  power  are  the  most  critical 
parameters. A typical  startup  transient for a  situation in  which  mercury  is 
injected  at  a  rapid  rate  thereby  producing  the most severe  reactor  temper- 
ature  and  power  transients,  is  shown  in  Figure 4-7. The  35-kWe  system, 
designed  with  two  power  conversion  systems  for  redundancy,  incorporates  two 
boilers  in  series  in  the  primary NaK loop.  Therefore,  because of thermal 
and  transport  lags,  the  startup  transients  imposed on the  reactor  will  be 
different,  depending  on  which  power  conversion  system  (and  therefore  which 
boiler)  is  operated  during  startup.  The  reactor  transients when  operating 
the  two  different  boilers on startup  are  compared  in  Figure 4-8. For this 
comparison,  the  programmed  mercury  injection  into  the  two  boilers  was  the 
same.  The  results  show  that  injecting  mercury  into  the  boiler  closest to the 

106 



600- 

400 - 

200 - 

O- 

c 
2 
3 
c W 

I- 
W 

$ 
a 

a 
a 

E 
W 1100 I 

a 
5 16,000- 4.0 

d 
W 
W 
p 12,000 - 2 3.0 
In J 

0 
W TURBINE-ALTERNATOR  SPEED 
In // 

5 
W z 
m a 

I 

0 -  0 
0 100 2 0 0  300 400 W 600 

TIME  AFTER  MERCURY  ENTERS  BOILER,  SEC 

Figure 4-7 "pica1 Startup  Transient for 35-kWe  System 
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the  reactor  inlet  produces  the  most  severe  transients.  The  startup  transients 
imposed on the  reactor  are smarized in the  table  below  which  shows  that 
acceptable  values  are  obtained  during  startup  with  either  boiler  operating. 

Rate of Change of Maxhum Reactor  Peak  Power 
Reactor  Temperature  Outlet  Temp. (OF) (kWt 1 

Unit Allowed  Computed  Allowed  Computed  Allowed  Computed 

Boiler 1 300°F/min  19O0F/min 
in 30 sec  in 30 sec 
500°F/min 190°F/min 1375 1355 675 560 
in 5 sec in 5 sec 

- 

Boiler 2 300°F/min 250°F/min 
in 30 sec in 30 sec 
500°F/min 395"F/min 1375 1368 675 640 
in 5 sec in 5 sec 

The  startup  studies  and  resultant  transients  described  above  were 
based on reactor  constants  obtained  from  design  studies  and  evaluation  of 
early  reactor  test  results  as  supplied by  Atomics International.  The  results 
of subsequent  tests with  a  reactor  of  modified  design  indicated  that  certain 
reactor  constants  had to be  changed so that  additional  startup  studies  were 
required.  The  additional  studies  were  expanded to include  a  set  of  conditions 
which  would  test  the  validity of the  startup  procedure  and  the  control  com- 
ponent  characteristics  to  produce  acceptable  transients  when  extreme  conditions 
are  imposed on the  system (i.e., when  a  combination  of  system  conditions will 
produce  transients  which  approach or tend  to  exceed  the  limits  set  for  various 
critical  parameters). The  results of the  computer runs made  to  test  these 
limiting  .conditions  are  shown  in  Table 4-111, and  are  presented  as  margins of 
safety (i.e., a  percentage  of  the  maximum  allowable  value)  for  the  critical 
parameters when the  margin  of  safety  is  defined by the  relationship: 

Margin  of  safety (%) = 
maximum  allowable  value - computed  value 

maximum  allowable  value x 100 

Therefore,  a  negative  margin  of  safety  indicates  that an allowable 
value  for  a  critical  parameter  has  been  exceeded. The  results  shown  in 
Table 4-111 indicate  that  the  maximum  allowable  reactor  temperature  and  the 
reactor  peak  power  parameters  are  exceeded  under  certain  conditions  when  the 
latest  reactor  constants  were  used  in  the  computer  simulation.  These  results 
indicate  that  some  modifications  to  the  startup  procedure or reactor  control 
characteristics  may be required.  Plots  of  the  computed  transients  and  a 
discussion  of  the  results  and  analytical  techniques  used  in  this  study  are 
contained  in  Reference 15. The  results of these  startup  studies  formed 
the  basis  for  a  series of tests  conducted by Aerojet in the  35-kWe  system 
test loop and  at  the  NASA/LeRC SNAP-8  system  test  facility.  The  results  of 
the  startup  tests  conducted by Aerojet  are  discussed in  Section 4.3.3. 
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Parameter 

TABLE 4-111 MARGINS OF SAFETY FOR  CRITICAL  SYSTEM  PARAMETERS 

Reactor  Inlet, T 

Reactor  Inlet, T ( 2 )  

(1) 
5 

30 
Reactor  Outlet, ? 
Reactor  Outlet, T 

5 

30 
o Reactor  Outlet  Temperature CI 

(0 

Reactor  Power 

Condenser  Pressure 

Radiator  Inlet 

Mercury Pump Suction  Specific 
Speed 

M X X i m u m  Reactor  Turbine-Alternator 
Allowable Limit  Test L i m i t  Test 
Value Boiler 2 Boiler 1 

9.17°F/sec 

5. O°F/sec 

9.17'F/sec 

5 .O°F/sec 

1375OF 

675 kw 

40 psia 

70O0F 

14,700 

4% 

+5% 

+7% 

4% 

-% 
-1d0 

+63% 

+14% 

+15% 

+a% 
+aye 

+93% 

+85% 

+4% 

+51% 

+84% 

+2Wo 

+5% 

Condenser 
L i m i t  Test 
Boiler 2 

+7@ 

+54% 

+7% 

+5% 

-2% 
-6% 

+55% 

+4% 

+3% 

(1) Maximum  rate  of  change of temperature  in  a  5-second  period 

(2) M a x i m u m  rate of change  of  temperature  in a 30-second  period 



Extensive  system  testing  was  conducted  at  the  NASA-LeRC  SNAP-8  test 
facility  to  investigate  significant  startup  parameters. Two of the  most 
significant  investigated  were  the  initial  rate  of  increase of  mercury  flow 
during  the  turbine-alternator  acceleration  period,  and  the  rate  of  increase 
of  mercury  flow  up  to  the  time  when  rated  net  electrical  output  is  produced. 

The  initial  rate  of  increase  of  mercury  flow  (the  initial  mercury 
flow ramp)  is  maintained until  a  flow  level (the  self-sustaining  flow)  is 
reached  which  will  result  in  the  generation of sufficient  electrical  power 
to  operate  all  system  pumps  and  electrical  controls.  The  initial  mercury 
flow  ramp  is  a f'unction of  the  mercury  flow  control  valve  characteristics 
and  the  acceleration  characteristics of the  turbine-alternator.  The  turbine- 
alternator  acceleration  characteristics  are  significant  because  the  system 
pumps  are  transferred  to  the  alternator  output  from  the  inverter  when  the 
alternator  frequency  exceeds  the  inverter  frequency  (approximately 5% of  the 
rated  alternator  frequency).  Once  the  pump  motors  have  been  transferred  to 
the  alternator  output,  the  turbine-alternator w i l l  "bootstrap"  to  rated  speed; 
that  is,  the  mercury  flow  will  increase  due  to  increased  mercury  pump 
pressure  resulting  from  increased  pump  speed.  A  range of initial  mercury 
flow  ramps  exists  which  will  result  in  acceptable  system  transients.  The 
shortest  initial  mercury  flow  ramp  (greatest  rate  of flow increase)  is 
determined by the  boiler  mercury  inlet  pressure  buildup  and  the  resulting 
reactor  temperature  transients.  The  longest  initial  mercury flow  ramp 
(slowest  rate of  flow increase)  is  determined by the  capability  to  sustain 
the  bootstrap  process;  that  is,  if  mercury  is  introduced  too  slowly,  the 
turbine-alternator  will  not  produce  sufficient  power  to  continue  acceleration 
after  the  pump  motor  loads  have  been  transferred  to  the  alternator  output. 

The  results  of  startup  tests  conducted  at  the  NASA-LeRC  SNAP-8  test 
facility  show  that  initial  mercury  flow  ramps  extending  over  time  periods 
between 80 and 140 seconds  are  acceptable.  Initial  mercury  flow  ramps 
shorter  than 80 seconds  in  duration  are  not  desirable  since  they  prohibit 
the  use  of  an  open-loop  flow  control  and  can  result  in  unacceptable  transients. 
Initial  mercury  flow  ramps  longer  than 140 seconds  in  duration  are  not 
acceptable  since  marginal  turbine-alternator  acceleration  occurs. A  more 
detailed  discussion  of  these  tests  and  plots  of  the  resulting  transients  are 
presented  in  Reference 16. 

The  rate  of  increase  of  mercury  flow  from  the  self-sustaining 
value  to  rated  value  is  significant  since  the  condenser  pressure  must  be 
maintained  close  to  the  steady-state  value  during  this  period. If the 
condenser  pressure  becomes  low,  mercury  pump  suction  pressure  can  be  reduced 
to  the  point  where  cavitation  can  occur  when  operating  in a  zero-gravity 
environment. If the  condenser  pressure  becomes  high,  the  turbine  back 
pressure  can  be  increased  to  the  point  where  output  power  is  reduced  and 
turbine  deceleration  can  occur.  Therefore,  a  mercury  flow  ramp  must  be 
provided  which  is  gradual  enough  to  permit  the  heat  rejection  loop  flow 
control  valve  to  make  the  necessary N a K  flow  adjustments to the  condenser 
but  does  not  unduly  extend  the  startup  period.  The  results  of  startup  tests 
conducted  at  the  NASA-LeRC SNAP-8 test  facility  show  that  good  control  of 



mercury  condenser  pressure  is  attained  when  a  mercury flow ramp  time of 900 
seconds  is  used.  Satisfactory  reactor  temperature  and  power  transients  are 
obtained when  mercury  flow  ramp  times  of 500 seconds  or  more  are  used.  More 
detailed  discussion  of  these  tests  and  plots of the  resulting  transients  are 
presented  in  Reference 17. 

4.2.3.2 Normal  Shutdown 

The  change in requirements  to  a  multiple  startup  and  shutdown  system 
introduced  the  need  for  detailed  studies of  shutdown  transients  from  which 
procedures,  control  requirements,  and  associated  hardware  requirements  could 
be formulated.  The  shutdown  transients  investigated  included  not on ly  those 
occurring  as  a  result of power  conversion  system  shutdown,  but  also  those 
resulting  from  the  nuclear  system  shutdown  and  the  effects of the  decay  heat 
generated by the  reactor. 

The  transients  associated  with  the  power  conversion  system  shutdown 
portion  of  the  overall  system  shutdown  were  investigated  primarily  with  the 
aid  of  a  digital  computer  program.  The  shutdown  process  generally  resembles 
the  startup  process,  but  in  reverse.  The  procedure  basically  involves 
controlled  reduction of mercury  flow  by  means  of  the  mercury  flow  control 
valve. An idealized  plot of  mercury  flow  as  a  function  of  time  is  shown  in 
Figure 4-9. The  major  steps in the  process  are: 

A gradual  reduction  in  mercury  flow  to  a  value  which  will 
provide  sufficient  power  to  operate  the  system  on  the 
electrical  output of the  alternator.  During  this  period, 
reactor  power  is  reduced  to  an  intermediate  level  and  the 
reactor  power  and  temperature  transients  produced  are well 
within  the  limitations  established by nuclear  system 
contractor. 

A period  of  constant  mercury  flow,  at  a  level  to  permit  self- 
sustained  system  operation.  This  period,  labelled  as  the 
"plateau"  condition on Figure 4-9, allow:  for  stabilization 
of the  reactor  power  and  temperature  transients  before 
additional,  more  severe  transients  are  imposed. 

A rapid  reduction  in  mercury  flow  to  a  low  value  adequate  to 
maintain  a  condensing  pressure  high  enough  to  permit  return- 
ing  most  of  the  mercury  loop  inventory  to  the  mercury 
reservoir.  During  this  period,  the  turbine-alternator  will 
decelerate  to  a  speed  at  which  the  alternator  frequency 
matches  the  frequency of the  pump  inverter  and  the  pwrrp 
electrical  loads w i l l  be switched  to  the  inverter  thereby 
operating  the  system  pumps  at  reduced  speed. 
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(4) A period  of  low  mercury  flow (3 t o  5% rated  f low) when the  loop 
inventory is returned  to   the  mercury  reservoir .  A t  t he  end of 
th i s   per iod ,   the   mercury   f low  cont ro l   va lve  and mercury  loop 
i so l a t ion   va lves   a r e   c lo sed  and the   reac tor  is programmed on 
a "fast   se tback" mode. 

(5) Primary  and  heat  rejection  loop  flows  are  continued  at low 
va lues   for  an  extended  period  of  time t o  remove t h e   f i s s i o n  
product  decay  heat  generated i n  the   reac tor .  

Typical shutdown t rans ien ts   ob ta ined   us ing  a d i g i t a l  computer 
s imulat ion  are  shown i n   F i g u r e  4-10. The s ign i f i can t   t r ans i en t s   a r e   t hose  
occurr ing  during  the f i rs t  1200 seconds when mercury  flow  and  reactor power 
are   gradual ly   reduced and the   r eac to r  power and  temperature  transients  are 
permit ted to s t a b i l i z e .  The second  por t ion   o f   the   t rans ien ts  shown i n  
Figure 4-10, t h o s e   a f t e r  1200 seconds,  were  superseded by l a t e r   d e t a i l e d '  
s tud ies .  

Typical  reactor and pr imary-loop  t ransients   obtained  f rom  this  
l a t t e r   p h a s e  of  shutdown a r e  shown i n  Figure 4-11 fo r  a simulation  including 
the   l a t e s t   r eac to r   cons t an t s   ob ta ined  from  the  nuclear  system  contractor. 
The t r a n s i e n t s   i n d i c a t e   t h a t   t h e  maximum al lowable  reactor   temperature   is  
exceeded  thereby  requiring some modification  of  the shutdown  procedure. 
Mercury-loop t rans ien ts   assoc ia ted   wi th  t h i s  same shutdown period  are  shown 
in   F igu re  4-12 i n  which  mercury  flow to t he   bo i l e r ,   t u rb ine -a l t e rna to r  
speed,  and  condenser  conditions  are  plotted.  The p l o t  of  condenser  inventory 
ind ica t e s  how the  mercury  ' loop  inventory i s  re turned   to   the   mercury   reservoi r  
during  this   phase of shutdown. The p l o t  of condenser   in le t   p ressure   ind ica tes  
how pressure   i s   main ta ined   in   the   condenser   a t   the   very  low mercury  flows  by 
the   ac t ion   of   the   hea t   re jec t ion   loop   f low  cont ro l   va lve .  

Additional shutdown s tudies ,   par t icu lar ly   those   assoc ia ted   wi th   the  
reactor  decay  heat  removal  portion of system shutdown,  were  conducted with 
the  a i d  o f   t h e   d i g i t a l  computer  program TAP (Thermal  Analyzer  Program)  which 
provided a s implif ied  s imulat ion  of   the power conversion  system and  a more 
detai led  s imulat ion  of   the  nuclear  system. A desc r ip t ion  of TAP, a  guide to 
the  use  of  the program,  and the  s imulat ion of seve ra l  key  elements  used f o r  
the  SNAP-8 system  simulation  are  contained  in  Reference 18. The r e s u l t s   o f  
s tud ie s  t o  determine  flow  requirements  in  the  primary and hea t   r e j ec t ion  
loops for removing reactor   decay  heat   fol lowing  the  reactor   "fast   se tback ' '  
shutdown per iod   ind ica te   tha t   the   p r imary   loop  and hea t   re jec t ion   loop  N a K  
pumps should  be  operated a t  a frequency  that   provides  approximately 2% 
ra ted  f low  in   the  pr imary  loop.  Flows  of t h i s  magnitude  must  be  maintained 
f o r  a pe r iod   o f   a t   l ea s t  1.5 hours   to   reduce  reactor   temperatures  t o  
acceptable  values (on the  order   of  1OOOOF). Following  this  l .5-hour  period, 
the  fol lowing  possible   courses   of   act ion  exis t :  
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(1) Continue  operation  of  primary  loop  and  heat  rejection  loop N a K  
pumps  at  a  speed  corresponding  to  approximately 2% rated flow 
for  an  additional,  minimum  time  of 4.5 hours. 

(2) Continue  operation  of  the  primary  loop NaK pump  only  for an 
additional  minimum  time  of  seven  hours. 

The  first  will  reduce  reactor  temperatures  to  a  level  substantially 

, safe  isothermal  temperature  for  extended  periods  of  time  after  shutdown.  The 
below  the  maximum I lOO?F  limit  established by nuclear  system  contractor  as  a 

second  course of action  will  reduce  reactor  temperature  initially  to  a  level 
below  the llOO?F isothermal  temperature  limit  with  a  subsequent  rise  in 
temperature  to  approximately  llOO°F  after all  pumping  is  stopped.  Figure 4-13 
shows  the  peak  temperatures  that  will  occur  at  the  reactor  inlet  or  outlet 
when  all  pumping  is  stopped  at  various  times  after  the  reactor  "fast  setback" 
has  been completed. 

An analysis of these  actions  was  conducted  with  the  assumption  that 
the  reactor  would  have  a  view  of  space or a  cold wall  for  rejecting  some 
heat by radiation.  With  the  introduction of the 4-pi shielded  configuration, 
the  operation  of  the  primary  loop  and  heat  rejection  loop NaK pumps  should be 
extended  to  assure  adequate  reactor  cooldown. A system  shutdown  sequence 
was  formulated  which  provides  a  conservative  allowance 'for operation of the 
NaK pumps  at  reduced  flows  for  a  period of eight  hours  after  reactor  shutdown. 
Additional  studies  should  be  conducted  to  determine  whether or not  the  period 
of pump  operation  could  be  shortened  to  reduce  battery  power  requirements. 

4.2.3.3 Emergency  Shutdown 

The  requirements  to  provide  a  system  with  multiple  startup  and  shut- 
down  capabilities f o r  use  in  a  combined  system  test  and  manned-mission 
applications  emphasized  the  need for studies  to  determine  the  severity of 
transients  imposed by emergency  situations,  and  to  establish  ways  to  reduce 
the  transients by employing  appropriate  corrective  actions.  The  scope  of  the 
emergency  shutdown  study  was  limited  to  those  situations  which  could  result 
in  excessive  reactor  transients or produce  conditions  which  may  jeopardize 
the  integrity  of  the  system  fluid  loops  or  components. 

A qualitative  evaluation of  potential  emergency  shutdown  situations 
indicated  that  the  most  severe  situations  would  occur  if loss of  flow 
occurred  in  either  the  primary  loop or the  heat  rejection  loop. LOSS of  flow 
in the  primary  loop  eliminates  the  possibility  of  removing  reactor  heat 
either  during  a  rapid  shutdown  or  as  a  result  of  the  decay  heat  generated by 
fission  products. Loss of  flow  in  the  heat  rejection  loop  eliminates  the 
possibility of rejecting  heat  which  is  generated  in  the  reactor  or  transferred 
to the  mercury  loop.  Therefore,  studies  were  conducted  to  determine 
transients  primarily  associated  wlth  the  reactor  as  a  result  of loss of  flow 
in  either NaK loop.  The  most  rapid  rate of  decrease  of NaK flow  occurs  in 
conjunction  with  a NaK pump  failure  involving  an  impeller  or  rotor  seizure. 
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A NaK-flow decay  curve  resulting  from  such an incident  was  obtained 
from test  data  and  is  shown in Fig-we 4-14. The  flow  decay  curve  was  used 
in studies to  determine  transients  involved  in  loss-of-flow  incidents. The 
.studies  were  conducted with  the  aid  of  the  previously  mentioned TAP digital 
computer  program. 

The  initial  results  of  studies  to  determine  the  effects og loss of 
primary  loop  flow  showed  that  high  rates  of  temperature  changes (50 F/sec) 
in the  reactor  accompanied  the  rapid  initial  decrease in  flow and  that  high 
maximum  temperatures  (>165OoF) will be  produced  at  the  reactor  outlet.  The 
longer  the  flow  decrease  persists  without  some  corrective  action  being  taken, 
the  higher  the m a x i m u m  temperature  at  the  reactor  outlet will be. If loss of 
flow  is  detected,  a  reactor  "fast  setback"  is  initiated  and  the  redundant NaK 
pump  is  started  as  a  corrective  action;  the  maximum  temperature  at  the 
reactor  outlet  can  be  reduced  to  acceptable  values (<1475'F). Typical 
results  from  this  study  are  shown by the flow and  temperature  plots in 
Figure 4-15 which  also  shows  the  assumed  flow  decay  curve. 

Since  the  redundant NaK pump  may  not  always be available for the 
corrective  action,  a  more  positive  means  of  assuring N a K  flow  is  to  supply  a 
backup  pump  with  a  reduced  flow  capability.  Typical  reactor  temperature 
transients  for  a  system  employing  this  type  of  corrective  method  are  shown 
in  Figure 4-16. High  initial  rates  of  temperature  change  occur  in  the 
reactor,  but  the  maximum  temperature  can be kept  within  allowable  values  if  a 
backup  pump  with  a  flow  capability  about 2% of  rated  flow  is  used.  This 
method  has  been  recommended  and  is  incorporated in the  emergency  shutdown 
procedure  formulated  for  the  system. 

The  studies  conducted  to  determine  the  effects  of loss.of heat 
rejection  loop  flow  were  based on the  assumption  that, when a loss of  flow 
is  detected,  the  power  conversion  system  would  be  shut  down  and  the  reactor 
started on a  fast-setback  mode. Two types  of  cases  were  studied  for 
incidents  involving loss of  heat  rejection  loop  flow. For the  first  type, 
it  was  assumed  that  the  overall  system  would  contain  redundant  power 
Conversion  systems so that  flow  could be initiated  in  the  heat  rejection 
loop of the  redundant  power  conversion  system  at  a level consistent  with  the 
low-frequency  speed of  the  pump  inverter  (approximately 2v0 of rated  flow). 
If the  overall  system  did  not  contain  a  redundant  power  conversion  system, 
a  backup  pump  could  be  used  to  supply  an  equivalent  flow. For the  second 
type  of  flow-loss  incident,  it  was  assumed  that no redundant  power  conversion 
system or heat  rejection  loop  backup NaK pump  would  be  available  to  supply 
flow  following loss of  flow. In both cases,  it was assumed  that  a  backup 
pump  was  available  to  supply  approximately 2C% flow  in the  primary  loop 
following  the  power  conversion  system  shutdown. 

Reactor  temperature  transients  resulting  from  these  two  cases  are 
shown  in  Figure 4-17. Initial  rapid  rates of temperature  change  occur  at 
the  reactor  outlet  (50°F/sec)  as  a  result of the  primary  loop  flow  decrease 
as  the  power  conversion  system is shut  down  and  peak  temperatures  are 
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limited to acceptable  values by the  primary  loop  backup  NaK  pump  flow. For the 
case  with  no  heat  rejection  loop  backup  pump,  the  reactor  tends to become  iso- 
thermal  at  temperatures  around 13OO0F, which  is  not  desirable. For the  case 
with heat  rejection loop backup  pumping,  satisfactory  reagtor  temperatures  are 
maintained;  that  is,  peak  temperatures  are  less  than 1475 F, and  the  reactor 
isothermal  temperature is less  than llOO°F. A shutdown  procedure  providing 
for a  heat  rejection  loop  backup  pumping  capability  of  approximately 20% of 
rated  flow  has  been  recommended. 

A limited  number of system  shutdown  tests  was  conducted  at  the  NASA/ 
LeRC  SNAP-8  test  facility  including  tests to simulate loss of heat  rejection 
loop  flow. The test  results  are  discussed  and  plots  of  the  system  transients 
are  presented  in  Reference 19. The  results  of  these  tests  show  that  the 
system  can  be  shut  down  rapidly  without  exceeding  the  reactor  temperature 
limitations  if  primary-loop  NaK  flow  can  be  maintained  at  a  reduced  level 
following  shutdown  of  the  power  conversion  system. 

Other  .incidents  (such  as  condenser  overpressure,  turbine-alternator 
overspeed,  and  alternator  undervoltage)  can  also  precipitate  emergency  shut- 
downs,  but  the  emergency  shutdown  procedure  is  the  same in all  instances. 
Detailed  studies  of  these  other  types  of  emergency  situations  were  not 
conducted  but  would  be  included  in  more  comprehensive  safety  studies  which 
would  be  performed  before  initiating  combined  system  tests.  The  safety 
studies  would  also  include  additional  studies  of  the  loss-of-flow  incidents 
which  would  result  in  some  refinements  to  the  emergency  shutdown  procedure 
and  equipment. 

4.2.4 Restart  System  Component  Studies 

The  system  startup  and  shutdown  studies  conducted  with  the  digital 
computer  simulation  were  used to define  hardware  and  control  component 
requirements  as  well  as  to  define  the  procedures  and  transients  involved. 
Additional  related  studies,  both  qualitative  and  quantitative,  were  needed 
to adequately  define  the  restart  system  component  requirements.  The  restart 
system  components  consist  of  the  mercury  reservoir  and  actuating  device,  the 
mercury  flow  control  valve,  solenoid  valves to direct  the  flow  of  mercury to 
and  from  the  Rankine-cycle  loop,  and  the  heat  rejection  loop  flow  control 
valve to control  condenser  conditions. 

A major  item  in  the  definition  of  the  overall  start  system  has  been 
the  mercury  injection  system  which  basically  includes  the  mercury  reservoir 
and  the  actuating  method for expelling  mercury  from  the  I-eservoir.  During 
the  development  of  the  SNAP-8  system,  the  mercury  injection  system  has  under- 
gone a  number  of  design  iterations  with  the  identification  of  the  point  for 
injecting  mercury  into  the  Rankine-cycle  loop  being  a  significant  factor. 
The  injection  point  may  either  be  downstream  of  the  mercury p u p  (thereby 
requiring  a  high-pressure  system to inject  mercury  at  pressures  slightly 
greater  than  the  pump  discharge  pressure), or upstream  of  the  mercury pump 
(thereby  requiring  a  low-pressure  system  to  inject  mercury  at  pressures 
sufficient to meet  the  pump  suction  pressure  requirement. ) 
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In the  early  stages of system  development when a  single  startup 
was  required,  the  relatively  simple  startup  system  shown in Figure 4-18 was 
devised  which  consisted of a  regulated,  gas-pressurized  mercury  reservoir. 
During  injection,  mercury  flow  to  the  boiler was metered  at  the  proper  rates 
by the  mercury  flow  control  valve.  During  injection,  back-flow  through  the 
mercury  pump  was  prevented by the  check  valve  located  at  the  pump  discharge. 
When the  loop  inventory  had  been  injected,  the  mercury  pump  circulated  the 
flow through  the  loop  and  the  valve  at  the  pump  discharge  since  pump 
pressure  then  becomes  greater  than  the  injection  system  pressure. A temper- 
ature  control  valve  located  at  the  condenser N a K  outlet  assured  adequate 
mercury  pump  suction  pressure  when  the  pump  is  required  to  circulate  the 
mercury.  The  temperature  control  valve  regulated  the  flow  of N a K  coolant 
to  the  condenser  thereby  controlling  condensing  temperature  and  pressure 
which  is  the  primary  factor in determining  mercury  pump  inlet  pressure. 
Components  for  this  system  were  used  during  tests  conducted  with  the  35-kWe 
system  at  Aerojet. 

Upgrading SNAP-8 to  a  man-rated  system  with  the  capability for 
multiple  starts  and  shutdowns,  including  the  ability to cope  with 
emergency  shutdown  situations,  required  a  reevaluation of the  basic  startup 
concept  and  components.  The  reevaluation  took  the form of qualitative  and 
quantitative  studies  with  several  iterations  performed  to  account for 
additional  f'unctions  required of the  restart  system  and  changes  in  state- 
point  conditions  and  system  configuration. 

Early  restart  system  concepts,  preliminary  startup  and  shutdown 
procedures,  and  preliminary  hardware  requirements  were  devised  for  low- 
pressure  injection  systems  with  actuation  provided by purap pressure 
generated by the  lubricant-coolant  and  mercury  pumps. A more  comprehensive 
qualitative  study  was  conducted  to  evaluate  the  relative  merits  of  various 
concepts for both  high-  and  low-pressure  injection  systems.  The  results  of 
this  study  and  detailed  system  transient  studies  were  used  to  generate  start- 
up and  shutdown  sequences  and  hardware  requirements  for  a  mercury-pump- 
pressurized,  low-pressure  restart  system.  During  the  transient  studies 
conducted  to  define  the  requirements,  it  was  determined  that  a  valve  more 
versatile  and  sensitive  than  the  temperature  control  valve  previously 
mentioned  was  needed  to  control NaK flow  to  the  condenser  during  startup 
and  shutdown.  Therefore,  preliminary  requirements  were  established for a 
heat  rejection  loop  flow  control  valve  which  could  respond  to  signals  from 
the progrmer and from  pressure  transducers  located  at  the  mercury  inlet 
to  the  condenser. I 

Interest  was  revived  in  high-pressure  injection  systems  which 
could  meet  the  restart  requirements  because of the  interdependence  of 
mercury  flow  and  turbine-alternator  acceleration  during  critical  phases  of  the 
startup  sequence  with  low-pressure  injection  systems.  This  interdependence 
presented  some  complications in defining  the  mercury flow  control valve 
orifice  characteristics  for  the  period when turbine  and  pump  speed  increase 
from  approximately 5% rated  to f u l l  speed. A qualitative  study  of  candidate 
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high-  and  low-pressure  injection  systems was conducted.  The  results 
indicated  that  with  a  high-pressure  injection  system  the  mercury  flow 
control  valve  characteristics  could be more  easily  defined.  Therefore,  the 
startup  and  shutdown  procedures  and  component  requirements  for  a  high- 
pressure  injection  system  actuated by a  separate  pump-pressurized  hydraulic 
fluid  subsystem  (as  shown  in  Figure 4-19) were  established. 

As more  information on startup  transients  was  obtained  from 
computer  studies  and  test  results  from  the  35-kWe  system,  it  became  evident 
that  a  feasible  low-pressure  injection  system  could  be  devised  which  would 
have  advantages  over  a  high-pressure  system. An additional  study of the 
relative  merits of several  candidate.high- and  low-pressure  injection 
systems  was  conducted  which  included  a  detailed,  quantitative  analysis  of 
the  characteristics  of  the  various  systems  and  their  capabilities  to  meet 
the  numerous  requirements  of  a  system  with  restart  capability.  The  results 
of  the  study  were  used  (in  conjunction  with  results  obtained  from  35-kWe 
system  tests  conducted  at  Aerojet  and  NASA-LeRC)  to  define  the  startup  and 
shutdown  procedures  and  component  requirements  adopted  for  the  35-kWe 
system.  The  procedures  and  component  requirements  for  the  system  (as  shown 
in  Figure 4-1) formed  the  basis  for  the  restart  system  component 
specifications. 

The  overall  result  was  the  definition of a  feasible  restart  system, 
procedures,  and  components  capable of  meeting  many  diverse  and  stringent 
requirements.  Many of the  basic  approaches  to  meeting  the  overall  require- 
ments  and  the  component  design  principles  involved  should be  applicable  to 
other  Rankine-cycle  loop  systems  for  ground or space  power  applications. 
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4.3 SNAP-8  SYSTCEM  TESTING 

The object ive of the  SUP-8 t e s t  program was t o   e v a l u a t e   t h e   p e r -  
formance  and  endurance p o t e n t i a l  of  the components  and system. Spec i f i c  
objectives  were t o  observe  interactions  between  the components and   the  system, 
to   de t ec t   any   l i f e - r e l a t ed   deg rada t ion  or o t h e r   r e l i a b i l i t y  phenomena, t o  
obtain  basic   off-design  system  performance  data ,   and  to   invest igate   t ransients ,  
including  the  demonstration  of  start   and  stop modes. These  objectives were a l l  
success fu l ly  met. 

The t e s t i n g   i d e n t i f i e d  numerous a reas  of s i g n i f i c a n t  component and 
system in t e rac t ions   such   a s   cause   and   e f f ec t   r e l a t ionsh ips   i n   bo i l i ng   i n s t a -  
bi l i ty ,   system  contaminat ion,   mercury  inventory  control ,   and  t ransient   opera-  
t i o n .  Endurance tes t ing   p rovided  a measure  of system r e l i a b i l i t y ,   a n d  
s t rengthened  confidence  in   the  integri ty  of t h e  SNA power conversion  system 
to   opera te   cont inuous ly   for  more than 10,000 hours. r 8  Performance  mapping  of  the 
system i d e n t i f i e d   t h e  basic off-design  performance  of the components  and sys- 
t e m .  The mapping defined the reac t ions   o f  the system to   d i s turbances  that  
would be imposed by   t he   r eac to r   con t ro l  system, sun-to-shade  operation, 
rad ia tor   t empera ture   var ia t ions ,  and  mercury  inventory  variations. 

The tes t ing   p rovided  a physical  demonstration of t h e   f e a s i b i l i t y  of 
remote s t a r t u p  and  operation of l a rge   l i qu id   me ta l  power conversion systems 
for  space  use.  It a l s o   c o n t r i b u t e d   t o   t h e  knowledge  of ma te r i a l   p rope r t i e s ,  
large  l iquid  metal   loop  c leaning  techniques,  and l iqu id   meta l  t es t  f a c i l i t y  
design . 
4.3.1 T e s t   F a c i l i t i e s  

Test programs were conducted a t  both NASA (Lewis  Research  Center) 
and Aerojet-General  Corporation (Azusa F a c i l i t y ) .  The NASA t e s t i n g  was per- 
formed  during  the  period 1965 through 1969 using a t e s t  f a c i l i t y  known a s  W-1. 
The program consisted  of  three  phases. The f i rs t  phase  (Reference 20) was a 
study of r e a c t o r   t r a n s i e n t s .  The f ac i l i t y   con ta ined  a b o i l e r  and  condenser; 
other  components  were  simulated  with tes t  support  equipment. The second 
phase  (References 21  and 22) was  a per iod   of   t es t ing   us ing  a complete power 
conversion  system. The pr inc ipa l   ob jec t ive  was endurance t e s t i n g   u s i n g  a 
double-containment ,   tantalum  and  s ta inless   s teel   boi ler .  The third  phase 
(References 1.9 and  23)   s tudied  s tar tup and  shutdown cha rac t e r i s t i c s   o f   t he  
system. Shutdown sequences were performed  which  simulated  both  normal  and 
emergency  shutdown conditions.  

A t  Ae ro je t ,   t e s t ing  began i n  1964 i n  a f a c i l i t y  known a s  Rated Power 
Loop 2 (RPL-2). The f a c i l i t y  had a complete  mercury  loop  with tes t  support 
equipment  used i n   t h e  NaK loops. The tes t ing   p r imar i ly   s tud ied   bo i le r ,   tu rb ine , ,  
and  condenser  performance. 
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During 1965, t e s t i n g  began on a complete 35-kWe system known a s  
Power Conversion System 1 (PCS-1) (Reference  24).  This  system  incorporated 
all of the  SNAP-8 components with  the  except ion of t he   r eac to r ,   r ad ia to r ,   and  
f lu id  r e se rvo i r s .  System t e s t i n g  was conducted  with  gas  heaters  replacing 
the   reac tor ,   an   a i r -cooled   hea t   exchanger   rep lac ing   the   rad ia tor ,  and gas- 
covered   reservoi rs   rep lac ing   f l igh t - type   be l lows   reservoi rs .  

An overal l   v iew of t h e   a c t u a l  PCS-1 i s  not   poss ib le  due t o   t h e  
in t e r f e rence  of t e s t   c e l l  walls and structure.   Photographs of a s c a l e  model 
a r e  used t o  g ive   the   bes t   perspec t ive  of t h e   t e s t   f a c i l i t y  a n d  system  s ize  
and  geometry.  Figure  4-20 shows f r o n t  and r e a r  views  of a 1/4-scale  model of 
t h e   f a c i l i t y  and  system. A schematic of the  system i s  presented   in   F igure  4-21. 

4.3.2  Endurance Tes t ing  

Endurance t e s t i n g  was always an   ob jec t ive   i n   t he  test program, but 
i t  was n o t   u n t i l  1968 t h a t  a t r u e   t e s t  of the  power conversion  system a t  
Aerojet  could be made. The components used i n   t h e  power conversion  system 
tests a r e  listed below. 

Bo i l e r  Mercury I n j e c t i o n  System 

Condenser S t a r t  Programmer 

Mercury Pump I n v e r t e r  

Primary NaK  Pwnp Speed Control  Module 

Heat Reject ion NaK  Pump Saturable  Rea c t or 
Lubricant-Coolant  Pmp  Voltage  Regulator 

Turb ine   Al te rna tor   S ta t ic   Exci te r  

P a r a s i t i c  Load Res i s to r  Motor T r a n s f e r  Contactor 

Mercury Flow Control  Valve  Speed  Control  Transformer 

Lubricant-Coolant  Valves  Stabilization Assembly 

Mercury I s o l a t i o n  Valve P ro tec t ive  System 

Auxil iary Heat  Exchanger 

A s  shown i n   F i g u r e  4-22, the  accrued  operating  t ime began t o   r i s e  
s h a r p l y   i n  1968. By t h e  end  of t e s t i n g   i n  1970, the   operat ing  t ime of t h e  
power conversion  system a t   A e r o j e t  had  reached a t o t a l  of 13,400 hours. 

Par t icular ly   noteworthy was an  endurance t e s t  conducted on a s i n g l e  
s e t  of cmponents.  The objec t ive  was t o  have a s p e c i f i c  power conversion 
system  operate   as   long  as   possible   without   replacing  any component. This 
approach  allowed  observation of any   l i fe - re la ted   sys tem  def ic ienc ies  or 
unexpected  operat ing  character is t ics .  The l r s i n g l e - s e t "   t e s t  met, and exceeded, 
expectat ions.   Original ly ,   the   object ive was t o   o p e r a t e  2500 hours w i t h  t he  
s i n g l e  set of components. The t e s t  was t e rmina ted   a f t e r  7300 hours of opera- 
t i o n .  The pr imary   reason   for   t e rmina t ing   the   t es t  was t o  conduct  an  inspec- 
t i o n  of t he   t u rb ine  which  had  accumulated more than 10,000 t e s t  hours. 
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Figure 4-20 Power Conversion  System Test Configuratiori: , 

l/k-Scale Model Front V i e w  (Top) and  Rear V i e w  (Bottom) 
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Figure 4-22 35-kWe System (PCS-1)  Test  Time 
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The single-set   t ime was counted on the   bas i s   o f   the  component with 
t h e   l e a s t  number of   opera t ing   hours ,   in   th i s   case   the  mercury pump. Other 
components had s igni f icant ly   g rea te r   opera t ing   t imes ;  some passed  the 10,000- 
hour mark, t he   o r ig ina l  SUp-8 l i f e  requirement. The operating  t imes of t he  
components a t   t h e  7300-hour, s ing le - se t   po in t  were: 

Turbine-al ternator  10,800 hours 

Primary  loop NaK pump 7 , 600 

Heat   re jec t ion   loop  NaK  pump .. 7,900 
Mercury p m p  7,300 

Lubricant-coolant  pmp 12 , 700 

Boiler 8,700 
Condenser 13,200 

E lec t r i ca l   con t ro l s  11,300 

. .  

A s p e c i a l   t e s t  was conducted  during t h e  s i n g l e - s e t   o p e r a t i o n   t o  
determine t h e  presence, and ex ten t ,  of  any  long-term  system  transients. The 
system was a d j u s t e d   t o  i t s  des ign   ope ra t ing   s t a t e  and  allowed to   ope ra t e   w i th  
abso lu te ly  no fur ther   adjustments   being made. This  procedure  allowed  the 
de tec t ion  of any  slow,  otherwise  unnoticeable,  transients or system degrada-. 
t i o n .   I n   a l l   p r e v i o u s   t e s t i n g ,   t h e   o b j e c t i v e  had been t o   o b t a i n   s p e c i f i c  
data on various components or some sys tem  charac te r i s t ic ,  s o  manual ad jus t -  
ments t o   t h e  system operat ing  point  were f requent ly  made. 

The "hands-off"  opera.tiona1 mode was cont inued  for  1400 hours. 
Although  no  large  transients  were  observed,  there  were  nevertheless, phenomena 
de tec ted  which otherwise would have  been masked by  normal  data  scatter  and 
would  have  gone  undetected. Over t h e  1400-how. period, t h e  a l t e rna to r   ou tpu t  
gradually  decreased  from 54.5 kw t o  49.5 kw. 

The power decrease was due t o  two f a c t o r s :  a decrease i n  mercury- 
flow, and a turbine  performance  degradation. The decrease i n  mercury  flow 
which was caused  by  an  increase i n  boi ler   pressure  drop  accounted  for  70% of 
t h e  power decrease. An increase   in   bo i le r   p ressure   d rop  i s  not  unexpected 
and, i n   f a c t ,  i s  ind ica t ive  of improved  mercury  wetting  within  the  boiler and 
po ten t i a l ly   be t t e r   qua l i t y   vapor .  The change i n  boiler  pressure  drop  and t h e  
r e s u l t a n t  power loss was not a system  problem. The system was equipped  with 
a mercury  flow  control  valve  which  could  have  readily  adjusted  for  the  change 
in   bo i le r   p ressure   d rop .  The flow-control-valve  margin  far  exceeded  the 
a l t e r a t ion   r equ i r ed  to compensate f o r  t h e  boiler  pressure  drop  change. The 
hands  off  operation showed t h a t  some degree  of  mercury  flow  control  valve 
adjustment would probably  be  necessary  in  a SNAP-8 appl ica t ion .  

A turbine  performance  decline of approximately 2 percentage  points 
i n  eff ic iency  accounted  for  30% of the  power decrease.  Turbine  performance 
decl ine  does  not   represent  a haza rd   t o  system l i f e  po ten t i a l ;   t he   t u rb ine  i s  
considered  capable of a t  l e a s t  20,000  hours  of  operation.  Performance  degra- 
da t ion  i s  expected i n  a l ong- l i f e  system and was an t i c ipa t ed  i n  t h e  o r i g i n a l  
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design. The SNAP-8 system design  included a degradation  allowance of 2 kWe 
which is s u f f i c i e n t   t o  compensate for  the  observed  turbine  performance  change. 

Endurance tes t ing   p rovided  a q u a n t i t a t i v e  measure of t h e   r e l i a b i l i t y  
of t h e  SNAP-8 power conversion system. The components  and system a s  a whole 
demonstrated a c l e a r   p o t e n t i a l   f o r   a t   l e a s t  a 10,000-hour l i f e .  Throughout 
endurance  tes t ing,   the  system was stable  and  gave  no  evidence of any l i f e -  
l i m i t i n g   c h a r a c t e r i s t i c s .  The long-term  transients  which were observed were 
w i t h i n   t h e   r a n g e   f o r  which  compensation  and  allowance  had  been  provided. 

4.3.3 System  Performance  Evaluation 

4.3.3.1 System-Component I n t e r a c t i o n s  

T e s t i n g   i n  PCS-1 resulted i n   a c q u i s i t i o n  of  performance  data  for 
a l l  of  the components i n  a system configurat ion.  The system and component 
in te rac t ions   observed   in   the  system tests a r e   p r e s e n t e d   i n   d e t a i l   i n  Refer- 
ences  24, 25, and 26. Spec i f i c  phenomena observed were: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Quanti ty  of  unvaporized l iquid d r o p l e t s   i n   t h e  mercury ' 
vapor  stream 

Effects  of deconditioned  boiler  performance 

Pressure  f luctuat ions  generated by the   bo i le r   and   the  
effect  on system output 

E f fec t s  of p a r t i a l  loss of  mercury  inventory 

Pressure   t rans ien ts   genera ted   wi th in   the   bo i le r   dur ing   s ta r tup  

Degradation of t u r b i n e   e f f i c i e n c y  

Effects  of mass-transfer  buildups on turbine  performance 

Effects on t h e  system of various  types  of component f a i l u r e s  

Effects  of noncondensable  gas i n   t h e  system 

Condenser   p ressure   ins tab i l i t i es  

Condenser  choked  flow phenomenon (References 4 and 26) 

Ef fec t s  of r a p i d   e l e c t r i c a l   l o a d   v a r i a t i o n s  

Speed con t ro l  system perturbat ions 

Ef fec t s  of  mass transfer  and  gas  accumulations on pump 
performance. 

. .  
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4.3.3.2 Transients  Imposed by Operating Mode 

"he SNAP-8 system  can  experience numerous t r a n s i e n t s  as a r e s u l t  of 
condi t ions  associated  with  normal   control   funct ions of the  mission.  Ektensive 
t e s t i n g  was performed t o   d e f i n e   t h e  system reac t ion   to   these   condi t ions .  The 
fo l lowing   ope ra t iona l   cond i t ions ,   de t a i l ed   t e s t   r e su l t s  of  which are   contaiqed 
i n  References 24, 25,  and 26, were s tudied  during system t e s t i n g :  

0 Boi le r  NaK temperature  variations  result ing  from  normal  reactor 
con t ro l  system per turba t ions  

0 Condenser NaK temperature   var ia t ions  resul t ing  f rom  missions 
having  alternate  sun-shade  operation 

0 Mercury  inventory  var ia t ions  resul t ing from space  seal   leakage 
or other  causes of inventory loss 

0 Component and system hea t   l oad   va r i a t ions   r e su l t i ng  from  sun- 
shade   e f fec ts  on the  coolant   system 

0 Automatic system shutdowns  caused by var ious  system  fai lures  
or mishaps. 

4.3.3.3 Remote System Startup  Demonstration 

A s ign i f icant   phase  of t he  SNAP-8 program was the  developient  and 
demonstration  of a method t o  start the  system  remoteiy  in   space.  The bas i c  
ground r u l e  was t h a t  t h e  power conversion system m u s t  s t a r t   r e l i a b l y   w i t h o u t  
imposing  excessive  thermal  gradients on t h e   r e a c t o r .   I n  a s ense , . an  optimum 
procedure   ex is t s ,   s ince   the   sures t  way t o   s t a r t  t h e  power conversion  system 
i s  a r ap id   s t a r tup ,   whereas   r eac to r   r e l i ab i l i t y   f avor s  a slow startup.  Exten- 
sive  studies  were  conducted  to  develop a s t a r t u p  scheme which  would.be com- 
pa t ib le   wi th   bo th  t h e  reactor   and power conversion  system. I n  1968, a s e r i e s  
of sys t em  s t a r tup   t e s t s  was conducted t o   v e r i f y   t h e   r e s u l t s  of t h e   s t a r t u p  
s tudy program. The tests demonstrated  the  automatic  remote  startup  capabili ty 
of t h e  SNAP-8 system. 

S ta r tup  was d iv ided   i n to  two separate   phases:  a reactor   heatup 
phase,  and a power conversion  system  startup  phase.  To s imula te   the   reac tor  
heatup  phase, a dc   inver te r   ran   the   lubr icant -coolan t   pmp and NaK pumps a t  
about  one-fourth  speed.  During  this  pha.se,  the NaK loops  were  coupled  by  an 
auxi l iary  heat   exchanger  which  provided a s imulated  heat   s ink for t he   r eac to r .  

The first s t e p   i n  power conversion system s t a r t u p  was t o   i n c r e a s e  
t h e  NaK and  lubricant-coolant  flows  to  about  one-half rated va lue ;   t h i s  was 
done wi th   the  dc inve r t e r .  A t  t h i s  point,   the  mercury  loop of t h e  power 
conversion system was s t a r t e d .  The mercury  loop  s tar tup was a "bootstrap" 
operation. Mercury was i n j e c t e d   i n t o  t h e  bo i l e r   unde r   p re s su re   a t  a cont ro l led  
r a t e   t o   s t a r t   r o t a t i o n  of the  turbine-alternator  and  mercury pump which was 
e l e c t r i c a l l y   c o u p l e d   t o   t h e   a l t e r n a t o r .  When t h e  turb ine-a l te rna tor   acce le ra-  
t ion  reached  one-half   speed,   the  NaK and lubricant-coolant  pmps  were  trans- 
f e r r e d   e l e c t r i c a l l y   t o   t h e   a l t e r n a t o r  and a l l   r o t a t i n g  components  completed 

- 
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acce le ra t ion   t o   r a t ed   speed   s imul t aneous ly   w i th   t he   t u rb ine -a l t e rna to r .  As 
ra ted speed was approached ,   the   e lec t r ica l  speed c o n t r o l  system took  over t o  
cont ro l   the   speed   and   e lec t r ica l   ou tput  of t h e  system. 

The system s t a r t u p  scheme was first demonstrated  with a SNAP-8 power 
conversion system under t e s t  a t  Aerojet .   Similar but more extensive tests 
were subsequently  conducted a t  NASA LeRC using  an e l ec t r i c  NaK h e a t e r   a s   t h e  
reac tor   s imula tor .  A l l  s t a r t u p  tests required simulat ion of bo th   the   reac tor  
and   the   rad ia tor   wi th   appropr ia te   hea t   exchangers .   Future   t es t ing  was planned 
a t   t h e  NASA Plum Brook  Space Power F a c i l i t y   t o  merge a power conversion system 
and a r e a c t o r   t o  more accu ra t e ly   de f ine   t he   cha rac t e r i s t i c s  of a s t a r t u p .  

The  primary results of  a t y p i c a l   s t a r t u p   a r e  shown i n   F i g u r e  4-23. 
The da ta   begin   a f te r   the   reac tor   hea tup   per iod   and  just before  mercury  injec- 
t i on ;   t he re fo re ,   t he  pumps were a l l   a t  one-half speed except  for  the  mercury 
pump which   acce lera tes   wi th   the   tu rb ine-a l te rna tor .  The data show the  mercury 
flow ramp, the   t u rb ine -a l t e rna to r   acce l e ra t ion ,   t he   acce le ra t ion  of a l l  pumps 
together  after  one-half   speed i s  reached by t h e   t u r b i n e - a l t e r n a t o r ,   t h e   a l t e r -  
nator   output  power,  and boi ler   temperatures .   Boi ler   out le t   temperature  is t h e  
c r i t i c a l  parameter i n   t h e   s t a r t u p ,   a s   f a r   a s   t h e   r e a c t o r  i s  concerned. The 
most severe t rans ien t   the   reac tor   exper iences  i s  during t h e  r e l a t i v e l y   h i g h  
i n i t i a l  mercury  injection rate which a c c e l e r a t e s  t h e  r o t a t i n g  components. 

The tests demonst ra ted   the   va l id i ty  of t he   SWp-8   s t a r tup  scheme. 
All thermal  transients  remained  within limits spec i f i ed   by   t he   r eac to r  con- 
t r a c t o r .  The success  of  the tests was a major   s tep   in   the   p rogress  of t h e  
system toward  an  eventual  space  application. The t e s t i n g  a t  NASA LeRC a l s o  
inves t iga t ed  system shutdown c n a r a c t e r i s t i c s .  Tests of  shutdown  sequences, 
repor ted   in   Reference  19, were performed  which  simulated  both  normal  and 
emergency  shutdown  conditions. All t rans ien ts   remained   wi th in   sa fe  component 
limits. 

4.3.3.4 Power Inc rease   Po ten t i a l  

Throughout  most of t he  SNAP-8 program, the   goa l  was  a n e t   e l e c t r i c a l  
output  of 35 kW. Test ing of t he  35-kWe system occupied  the  major i ty  of a l l  
t e s t i n g .  During t h e  l a t te r  p a r t  of t he  program,  design  began on a modified 
vers ion of SNAP-8 capable of a 90-kW n e t   e l e c t r i c a l   o u t p u t .  The t e s t i n g   p e r -  
formed i n  1970  centered  around  evaluation of the  system a t   t h e   e l e v a t e d  power- 
output  condition. 

The 90-kWe operating  condition required a higher  mercury  flow  and 
a lower  condensing  pressure.  Testing was e s t a b l i s h e d   t o   e v a l u a t e  components 
a t   t h e   c o n d i t i o n s   t h a t  would be experienced  under t h e  new conditions.  The 
components i n   q u e s t i o n  were t h e   t u r b i n e ,   a l t e r n a t o r ,   b o i l e r ,  and  condenser. 
The tu rb ine  was known t o  be unsuited  to  the  higher-power  operation, s o  no 
t e s t  demonstration was attempted. The a l t e r n a t o r  was tes ted t o  i t s  new re- 
quirement of 80 kVA and was found t o  be adequate,   provided  additional  cooling 
was supplied.  
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The b o i l e r  would a l s o  need t o  be  redesigned. However, s imulat ion 
of t h e  new operating  conditions was poss ib l e  by using test  parameters, but 
sca l ed  on a per tube  basis. The modif ied  boi ler   design was subs t an t i a t ed  by 
t h e  tests. 

The condenser was found to be unacceptable a t   t h e   h i g h e r  power l e v e l  
f o r  a zero-g  application.  Although  thermally  acceptable, i t s  pressure drop 
was excessive. The pressure  drop  could  be reduced by ma.intaining a high mer- 
cury inventory level  i n   t h e  condense r ,   bu t   t h i s   i n t roduces   i n t e r f ace   s t ab i l i t y  
problems. I n  a ground  application,  the  condenser was s a t i s f a c t o r y .  

A detailed r e p o r t  of t h e   t e s t i n g  i s  found i n  Reference 26. 

4.3.4 Correlation  of Test Results and  Mathematical Models 

Much of t h e  SNAP-8 design  and  analysis  was based upon mathematical 
models  of t h e  system. One of the   ob jec t ives  of system t e s t i n g  was t o   i d e n t i f y  
the  degree  of  correlation  between  the  mathematical   models  and  actual system 
performance . 

Two models were used i n   t h e  program. The f i rs t  def ined  the  s teady-  
s ta te  performance of t h e  system. The model was used to p r e d i c t  t h e  perform- 
ance of t h e  system when subjec ted   to   s low  t rans ien ts   such   as   the  NaK tempera- 
ture. var ia t ion  caused  by  the  reactor   temperature   control  system. The computer 
program i s  known a s  SNAP-8 C ~ c l e   E a l y s i s  (SCAN). 

The second  mathematical  model  predicted  performance  of  the system 
dur ing   f a s t   t r ans i en t s   t yp ica l   o f  system s t a r t u p  and  shutdown. The model was 
p rogramed   a s  a hybrid  computer system simulation.  Correlation  between t e s t  
and  theory  for  each of t hese  models is discussed  below. 

4.3.4.1 Corre la t ion   wi th   the  SCAN Computer Model 

Extensive system t e s t i n g  was conducted t o  observe   the   e f fec ts  on 
the  system  of  various  parameter  perturbations.  The NaK tempera ture   var ia t ion  
i s  se l ec t ed   he re   a s   an  example. The t e s t  consis ted of changing  the  boi ler  8°K 
in le t   t empera ture   over   the   reac tor  deadband  temperature  range (1330 t o  1280 F )  
with a l l   o the r   va r i ab le s   be ing   a l lowed  to vary   w i thou t   r e s t r a in t .  

The results o f   t he  tes t ,  together   with SCAN pred ic t ions ,   a r e   t abu -  
l a t e d   i n   T a b l e  4-N.  The agreement  between  the tes t  data   and  the SCAN data  i s  
good, giving  considerable  confidence  in  the  abil i ty  of  the  model to p r e d i c t  
the  performance  of future SNAP-8 system design. Test series inves t iga t ing  
o the r   t yp ica l  system perturbat ions were equa l ly  successful. 

4.3.4.2 Correlat ion  with  System  Star tup Computer Model 

A d i r e c t  comparison  of  the system startup  mathematical   model  and 
test da ta  i s  d i f f i c u l t .  The reason is  t h a t   t h e  t e s t  f a c i l i t y  d i d  not use a 
r e a c t o r  or a r a d i a t o r .  The funct ions of t hese  components  had t o  be simulated 
and  an  accurate  simulation was not  possible.  
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TABLE 4-IV SYSTEM RESPONSE  TO  REACTOR TEKPERATURE 

VARIATION FROM 1330 t o  I28O0F 

Function 

Heat  Input t o   B o i l e r  

Condensing Pressure 

Turbine  Inlet  Temperature 

Turbine  Inlet   Pressure 

Boiler  Mercury Outlet Pressure 

Boiler  Mercury Outlet 

Temperature 

Heat  Rejection 

*Boiler  Pinchpoint  Temperature 

Difference 

Condenser NaK Outlet Temperature 

Al t e rna to r  Output 

Mercury  Liquid Flow 

Test Data SCAN Data. 

1% i nc rease  1% increase 

No  not iceable  change 0.1 psi increase 

3 0 O ~  decrease 5 0 ' ~  decrease 

0.8 ps i   decrease  0.6 ps i ,   dec rease  

0.8 p s i  decrease 0.5 ps i   decrease  

45OF decrease 45OF decrease 

No noticeable  change 0.276 increase 

45OF decrease 45OF decrease 

No noticeable change No not iceable  chhabge 

0.5 kW decrease 0.3 kW decrease 

100 lb /hr   increase  100 lb /hr   increase  

. I  

*Minimum d i f f e rence  between NaK and  Mercury  Temperatures 
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However, t he   va l id i ty   o f . t he   ma themat i ca l  model was demonstrated. 
The model was used a s  a source of input   data  t o  conduct   s tar tup modes. Flow 
ramp rates ,   temperature   s imulat ions,   inventory  control ,  etc.  , were a l l  based 
upon t he   p red ic t ions  of t h e  model. The f a c t   t h a t   t h e   s t a r t u p s  were success- 
f u l l y  accomplished is  ev idence   o f   the   va l id i ty  of t h e  model. Component 
acce lera t ions ,   t empera ture   g rad ien ts ,   and   a l l   o ther   aspec ts   o f   the   s ta r tup ,  
p roceeded   s a t i s f ac to r i ly .  

4.3.5 Projected F i n a l  Development Tes t ing  

The system t e s t i n g  conducted a t  Aerojet  and NASA  LeRC successful ly  
demonstrated  the  performance  and  re l iabi l i ty  of  components  and t h e   i n t e g r i t y  
of system opera t iona l  modes. However, s e v e r a l   a d d i t i o n a l   a r e a s  of valuable 
t e s t i n g  remain i n   o r d e r   t o  have a fu l ly  developed  nuclear powered e l e c t r i c a l  
generat ing system. 

The s i n g l e  most  important  additional tes t  i s  a combined system tes t  
such   a s   t ha t   o r ig ina l ly   p l anned   t o  be conducted i n   t h e  NASA Plum Brook  Space 
Power F a c i l i t y .  The combined system tes t  would inc lude   the  power conversion 
system, t h e   r e a c t o r  and  nuclear  control  system, a h e a t   r e j e c t i o n  system wi th  
the   capabi l i ty   to   s imula te   space   condi t ions ,   and   s imula t ion  of  space vacuum 
cond i t ions .   In   t he  combined system test ,  the  complete  spectrum  of  transient 
response would be invest igated  and  evaluated.  The t ransient   response  inves-  
t i g a t i o n s  would include  those  associated  with  the power conversion  system, 
the  nuclear  system, and the   in te rac t ions   be tween  the  two, p a r t i c u l a r l y   t h e  
r ap id   t r ans i en t s   occu r r ing   du r ing   s t a r tup  and  shutdown. 

Addi t iona l   t es t ing ,  which  could be inc luded   as   par t   o f   the  combined 
system t e s t ,  would be conducted to   i nves t iga t e   t he   fo l lowing :  

a .  Hydrogen transport .-   During  the  operation of a combined nuclear/  
power conversion system, hydrogen w i l l  escape  from  the  reactor  fuel  elements 
and d i f f u s e  through  the  system. Hydrogen  can e f f e c t  system performance i n  
s e v e r a l  ways: react   wi th  containment   mater ia ls   and  a l ter   their   mechanical  or 
chemical   propert ies ;   react   wi th  NaK t o  form a solid  hydride  and  impair  flow; 
accumulate i n   t h e  mercury  loop and af fec t   condenser ,   bo i le r ,   o r  pump perform- 
ance.   Analyt ical  studies have  been made t o   e s t a b l i s h   t h e  equilibrium d i s t r i -  
but ion of hydrogen i n   t h e  system. A computer  program,  designated a s  DCHT - 
Double Containment  Boiler  Hydrogen  Transport Computer Program f o r  SNAP-8 and 
described i n  Reference 28, was developed to   ca l cu la t e   t he   an t i c ipa t ed   hydrogen  
d i s t r i b u t i o n .  The a n a l y t i c a l  studies were supported by small-scale system 
loop tests i n  which  hydrogen was in j ec t ed   i n to   t he   p r imary  NaK loop. Although 
the  resul ts  were inconclusive,  a tendency for hydrogen t o  accumulate i n   t h e  
mercury loop was indicated.  A combined system tes t  would permi t   the   inves t i -  
gat ion of a l l  potent ia l   problems  associated  with  hydrogen  diffusion  and  an 
eva lua t ion   of   the   e f fec ts  on system performance. 

b. Combined r a d i a t i o n  and  temperature effects.- The combined 
effects  of radiation  and  temperature on the  operat ion and  performance of 
components should be evaluated.  These effects should  be.evaluated  par t icu-  
l a r l y  for components l oca t ed   i n   t he   h igh - rad ia t ion  zone wi th in   t he  &-pi sh i e ld .  



c.  Long-term degradation.-  A more comprehensive  evaluation  of 
component and system degradation  occurring  during  long-term  endurance  testing 
would def ine   the   poss ib le   degrada t ion  modes. 

d. Mass Transfer . -   Further   invest igat ions  should  be made t o  
de te rmine   the   e f fec ts  of  temperature  and flow as they   r e l a t e   t o   t he   depos i -  
t i on   and  removal of mass- t ransfer   products .  

e. Mission  adaptation tests.- Tests should be conducted t o   f u r t h e r  
d e f i n e   t h e   e f f e c t s  of  mission-imposed  conditions on system  performance  and 
operat ion.  The mission-imposed  conditions  include t h e  proximity of t h e  sun, 
sun-shade cycles, and  system  shutdown  and res ta r t   requi rements .  

I 
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5.0 MECHANICAL COMPONENTS 

5.1 TURBINE-ALTEBNATCIR 

The SNAP-8-turbine-alternator  converts  the  thermal  energy of super- 
hea ted   mercury   vapor   in to   e lec t r ica l   energy  for use wi th in   t he  SNAP-8 system 
and as useful  electrical power t o  a mission  vehicle.  The tu rb ine -a l t e rna to r  
des ign   fo r  a 90-kWe system ( i d e n t i f i e d   a s   t h e  Mark 70 des ign)   cons is t s  of a 
dua l   f ive-s tage   sp l i t - f low  reac t ion   tu rb ine .  Two s o l i d   r o t o r ,  brushless, homo- 
polar   inductor - type   a l te rna tors  of proven  design  are  used  with one a l t e r n a t o r  
a t tached   to   each  end  of t h e   t u r b i n e   s h a f t .  The loca t ion  of the   tu rb ine-  
a l t e r n a t o r   i n   t h e  90-kWe system is shown schemat ica l ly   in   F igure  5-1. The 
t u r b i n e - a l t e r n a t o r   f o r   t h e  35-kWe system ( i d e n t i f i e d   a s   t h e  Mark 66 design) 
cons i s t s  of  a cant i levered  four-s tage  axial-f low,   impulse  turbine  coupled  to  
a s i n g l e   a l t e r n a t o r  of t h e  same design  used for a 90-kWe system. A l l  t e s t i n g  
exper ience   for   tu rb ine-a l te rna tors  was achieved  with  the Mark 66 design. The 
loca t ion   of   the   tu rb ine-a l te rna tor   for   the  35-kWe system is shown schematically 
i n   F i g u r e  5-2. The des ign   fea tures  and ope ra t ing   cha rac t e r i s t i c s  for t he  
t u r b i n e - a l t e r n a t o r s   u t i l i z e d   i n   t h e  two systems are   p resented  below. 

5.1.1 Mark 70 Turbine-Alternator 

5.1.1.1 Development  Background 

Upgrading S N A P - 8  t o  a 90-kWe system was done using  the  proven 
technology of t h e  Mark 66 tu rb ine  (which had been  successful ly  tes ted)  and a s  
much e x i s t i n g  hardware as   poss ib le  combined with  an  appropriate  system s t a t e -  
point  change. The major   s ta te-point  change was t o  reduce  the  turbine  back 
pressure  from 14 ps ia  (Mark 66 t u r b i n e )   t o  a range of 2.0 t o   2 . 5   p s i a .  The 
increase   in   ava i lab le   energy   across   the   tu rb ine   resu l t ing   f rom a r educ t ion   i n  
back  pressure was achievable  with  only a modest  increase i n   f l o w   r a t e   o v e r  
t h a t   r e q u i r e d   f o r   t h e  35-kWe system. Combining the   ga in   i n   ava i l ab le   ene rgy  
with a s i g n i f i c a n t   g a i n   i n   t u r b i n e   e f f i c i e n c y  by  using a reac t ion   tu rb ine ,  
t he   ne t   e l ec t r i ca l   ou tpu t   o f   t he  SNAP-8  system could be more than  doubled 
which  would, i n   t u r n ,  more than  double   the  overal l   system  eff ic iency.   Studies  
of t he  SNAP-8  system  with components optimized  have shown t h a t ,   f o r   t h e  same 
600-kWt r eac to r  power, a n   o v e r a l l  system e f f i c i e n c y  of  20% can  be  achieved. 

The system  designed t o  produce  higher   output   and  overal l   eff ic iency 
was t o  use a s  much developed  hardware  and  technology as possible .  The excep- 
t i o n   t o   t h i s  was that   the   turbine  assembly was t o  be  redesigned  as a r eac t ion  
machine rather  than  . the  impulse type of turbine  previously  used.  With t h i s  
approach,   the   turbine  eff ic iency  could be increased  from  the 57% of the  Mark 
66 impulse t o  about 78% f o r   t h e  Mark 70 r e a c t i o n  machine. 
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A reaction  turbine and a higher  system  output level  required a 
change in  the  turbine-alternator  configuration. To preserve  the  bearing 
design of the Mark 66 turbine and s t i l l  maintain a r e l a t i v e l y  low axia l -  
thrust   load,  the  reaction  turbine was s p l i t   i n t o  two opposed axial-flow 
reaction  turbines on a s ing le   shaf t   to   ba lance   the   ax ia l  thrust. T h i s  
configuration  incorporates two bearing and space s e a l  arrangements  having 
the  design  cr i ter ia   that  were proven i n  a 10,000-hour  endurance test  of the 
Mark 66 turbine.   In  addition,  the two al ternators   dr iven by the  turbine  are 
located on opposite  sides of t h e  turbine  with  mechanical  drive  couplings 
similar  to  those  previously used. The turbine-alternator  configuration is  
as shown in  Figure 5-3. 

With two  opposed a l te rna tors  on a s lngle   shaf t ,  one m u s t  r o t a t e   i n  
a direction  opposite  to  the  present machine. Paralleling  the  output  requires 
mechanical  alignment to  control  load  sharing and phase sh i f t ing .  Other 
mechanical  changes en ta i l   t he  simple  replacement of right-hand  parts  with 
left-hand  parts where the change in   ro ta t iona l   d i rec t ion  so  dictates  (e.g. ,  
the  visco seals and molecular  pmps in  the  seal-to-space  installation).  

5.1.1.2 Turbine 

The turbine  consists  of two f ive  s tage,  opposed reaction  turbines 
with  the f i rs t  stages  being  radial  inflow and the  remainder  being  axial  flow. 
These mounted  on  a s ingle   shaf t   to  minimize axial   thrust   loads.   Introducing 
the  turbine  flow  at  the  center  of  the assembly and s p l i t t i n g  i t  in   ha l f  
cancels  the  axial   thrust   load. The design  of  this  turbine i s  described  in 
Reference 3. 

The exhaust from each  turbine  flows  directly  to i t s  own condenser 
where the  flow  paralleling i s  completed  by jointly  manifolding  the two 
condensers. This arrangement preserves  the  use of a single mercury pump. 
Modification of the  condenser i n l e t  manifolds was required  to  achieve  the 
design  goal  turbine  back  pressure  of 2.0 t o  2.5 psia.  

The following  state-point  conditions were established  for  the 
reaction  turbine. 

Turbine  mercury  flow r a t e   ( t o t a l )  13, 550 W h r  
Turbine inlet   pressure 146 psia 

Turbine inlet  temperature 1155OF 
Turbine  exhaust  pressure  2.5  psia 
Turbine  exhaust  temperature 52 O°F 

Design goal   eff ic iency  ( total- to-s ta t ic)  78% 

In   addi t ion   to   rev ised   sys tem  s ta te   po in ts ,  some r e s t r i c t i o n s  were  included 
t o  preserve  the  turbine  technology and to   assure   the   l eas t  development r i sk .  
Among these   res t r ic t ions  were a l imi t ing   t i p  speed of 450 f p s   t o  minimize 
turbine  blade  erosion, a minimum last-stage  blade  root  diameter of 5.5 inches 
t o  allow  sufficient room for  the  cooling  ducts  for  the  space  seal which is 
s imi l a r   t o  t h e  Mark 66 design, and  a requirement  for  the  turbine  rotor  assembly 
t o  have a c r i t i c a l  speed  above the  design  speed. 
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The computer  program  used i n  t h e  SNAP-8 turbine  design was upgraded 
t o  inc lude   the  effects of reac t ion   and   the   l a tes t   appl icable   da ta  on losses .  
Also  inc luded   i n   t he  program was t h e   a b i l i t y   t o   v a r y   t h e   d i f f e r e n t   s t a g e   r o t o r  
diameters  and work s p l i t s .   T h i s  program was used f o r  a parametric  study  of 
5-, 6-, and  7-s tage  turbines ,   the   s tage- to-s tage  t ransi t ion and f lare   problems,  
and t h e   e f f e c t  of shrouding some of the   s tages .  

The e f f e c t  of r o t o r   t i p   c l e a r a n c e  on tu rb ine   e f f i c i ency  was a l s o  
considered.  This  parameter was included  because  previous  design  approaches 
had  included  conservative  mechanical  integrity  requirements,  one  of  which was 
t h a t   t h e   t u r b i n e  must be  capable of withstanding  the  thermal  shock  caused by 
super-heated  mercury  vapor when the   t u rb ine  is a t  roan temperature.  Ruling 
out a t u rb ine   p rehea t   cyc le   i n   t he   s t a r t   s equence   r e su l t ed   i n   excess ive   ro to r  
t i p   c l e a r a n c e s  on the   o rder  of 0.030 inch which penalized  turbine  performance. 
Since  the  system  goal i s  t o  demonstrate  high  thermal  efficiency, a design 
approach was adopted  which  allows  maximized component performance  with more 
reasonable   des ign   margins .   Wi th   respec t   to   the   ro tor   t ip   c learances ,   e i ther  
a turbine  preheat   cycle  must be  included or the   rotor   housings must be  designed 
t o  "grow" f a s t e r   t han   t he   ro to r s  and blades  during  the  s tar tup  thermal  
t r ans i en t .  

A turbine  design w i t h  r ad ia l   i n f low on t h e   f i r s t - s t a g e  was se l ec t ed  
s ince  it provided t h e  best   efficiency  and  mechanical  design. The ca lcu la ted  
e f f i c i e n c y   f o r   t h i s   d e s i g n  is in   t he   r ange  of 79.25 t o  80%. 

The conclusions  from  the  preliminary  design  phase  indicate  that  a 
tu rb ine   t o t a l - to - s t a t i c   des ign   goa l   e f f i c i ency  of 78% i s  a t t a inab le ;  however, 
the  a t ta inment  of t h i s  e f f i c i ency  depends  primarily on the  reduct ion of 
ro tor   t ip   c learances   to   the   lowes t   p rac t ica l   va lues .   Feas ib le   des ign   approaches  
ex i s t   t o   r educe   ro to r   t i p   c l ea rances  and include  shroud  design  considerations, 
modified  system  startup  procedures, and a turbine  preheat   cycle .  

5.1.2 Mark 66 Turbine-Alternator 

The turb ine-a l te rna tor  Mark 66 design  for   the 35-kWe system is shown 
i n  a cutaway  view i n  Figure 5-4 and a s   a c t u a l  hardware i n   F i g u r e  5-5. 

The t u r b i n e   i n   t h e  Mark 63 SNAP-8 turbine-al ternator   (descr ibed i n  
d e t a i l  i n  Reference  28)  had  the  following  physical   characterist ics,  

0 Four a x i a l   s t a g e s :  

Stages 1 and 2, par t ia l   admiss ion  
Stages 3 and 4, f u l l  admission 

0 Large   rad ia l   ro tor   b lade   t ip   c learances  

0 Large  nozzle  vane/rotor  blade  overlap 
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Figure 5-4 Mark 66 Turbine-Alternator Cutaway View 

Figure 5-5 Mark 66 Turbine-Alternator 
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While the  performance  of most  of the  components i n  t h i s  u n i t  was 
sa t i s f ac to ry ,   t he   t u rb ine   e f f i c i ency  of 52.5% (based on test  results of 
s e v e r a l   u n i t s )  was below the   p red ic t ed   l eve l  of 60%. In   add i t ion ,   t he  tests 
revealed a number of  mechanical  design.deficiencies.  

Ekamination of the  system  and component performances  indicated  that  
the  most f r u i t f u l   p l a c e   t o   g a i n  a significant  performance improvement, with 
t h e   l e a s t  added  complexity, was i n   t h e  tu rb ine ,  and  design  changes  were made 
which l e d   t o  t h e  Mark 66 turb ine .  

The major  changes were i n  the  modification of aerodynamics f o r  
be t t e r   f l ow  con t ro l ,  a ma te r i a l  change fram S t e l l i t e  6B t o  s-816 f o r   t h e  
turbine  wheels and nozzles,  and  mechanical  redesign  for  structural  improve- 
ment. T h i s  i s  described i n  Reference 29. The reason  for   the  mater ia l   change 
was t h a t   S t e l l i t e  6B had shown a tendancy  toward  transformation  and  embrittle- 
ment i n   e a r l y   t e s t i n g .  The transformation was f rm t h e   r e l a t i v e l y   d u c t i l e  
f ace -cen te red   cub ic   c rys t a l ine   s t ruc tu re   t o   t he   b r i t t l e   haxagona l   c lo se  
packed form. This  change was a t t r ibu ted   t o   t he   t empera tu re   soak   du r ing  
operation. 

5.1.2.1 Mark 66 Turbine  Physical  Description 

The configurat ion of the   t u rb ine  is  character ized  as   fol lows:  

0 Four  stages 

0 Impulse i n  each  stage  (as  defined  by  zero  pressure drop across  
the   ro to r s )  

0 12,000 rpm 

0 Dual-path par t ia l   admiss ion  i n  t h e  f irst  two s tages  (38% and 
49% admission)  and f u l l  admission i n   t h e   l a s t  two. 

0 An overhung  (cantilevered)  assembly  supported on  two angular- 
contac t   ba l l   bear ings .  

The nozzle  areas of t h e  two par t ia l -admission  s tages   are   halved and 
spaced 180 degrees  apaxt  to  avoid  unbalanced  torques on t h e  bearings and t o  
be t t e r   d i s t r ibu te   t he   hea t   i npu t   t o   t he   t u rb ine   hous ing .  

The turbine  case  and  inlet  manifold  housing  are  suspended by four  
arms extending  from the  bearing  housing. The concent r ic   loca t ion  of t h e  
turbine  case  under  thermal  and  mechanical  loads is maintained by t h e  fou r  
"cold-frame"  support arms t h a t   a r e   p a r t  of  the  bearing  housing.  These a r m  
are t angen t i a l ly  and a x i a l l y  st iff ,  b u t   r a d i a l l y   f l e x i b l e   t o  accommodate 
thermal  growth. Any t e n d e n c y   f o r   t h e   c a s e   t o  be eccent r ic  is well constrained. 

I 

The turbine-blade  t ip   c learances  were set a t  a nominal 0.030 inch 
f o r   t h e  first two s tages ,  and O . a 5  and 0 . E O  inch i n  t h e   t h i r d  and fou r th  
s tages .  The Mark 63 design had t i p   c l e a r a n c e s  of 0.040 i n c h   i n  a l l  s tages .  

14 5 



Axial  clearances  between  nozzles  and  wheels were s e t  a t  a nominal 0.070 inch. 
An 0.50 inch  clearance was used, however,  between the  second-stage  wheel  and 
the  ful l -admission  third-s tage  nozzle  t o  minimize   the   t rans i t iona l   losses  
t h a t  OCCUT i n   p a s s i n g  fram a p a r t i a l -   t o  a ful l -admission  s tage.  

Preloaded  angular-contact   bal l   bear ings were used, and a space-seal 
system was interposed  between  the  turbine  exhaust end  and the  outborad  turbine 
bearing. 

To reduce  bear ing  axial   loads,   the  thrust load  caused by unbalanced 
pressure   forces  on t h e   s h a f t  is counteracted by a ba lance   l abyr in th   sea l  
p i s t o n   a t  t h e  f r e e  end of t h e   s h a f t .  

a .   Bear ings ,   S l ingers ,  and Lubrication.- The tu rb ine  assembly i s  
supported by two angular -contac t   ba l l   bear ings ,   spr ing   loaded   in  a back-to- 
back  arrangement. The bear ings   a re  208 s i z e  (40-m bore)  angular-contact 
b a l l   b e a r i n g s  (ABEC, Class 7). The ba l l  r e t a i n e r  is a l ightweight,   one-piece 
outer-land-guided type made of i ron  s i l icon  bronze.   Rings  and b a l l s  a r e  made 
of t r i p l e  vacuum melt consumable e l ec t rode  (CEVM) M-50 t o o l  s tee l .  The design 
and  development of t h e   b a l l   b e a r i n g s   f o r   t h e  SNAP-8 t u r b i n e   a n d   a l t e r n a t o r   a r e  
descr ibed  in   Reference 30. 

The bear ings   a re   lubr ica ted  by mul t ip l e - j e t   i n j ec t ion  of an  organic 
fluid  (polyphenyl  ether).   Scavenging dynamic s e a l s   a r e  used on both sides of 
each  bearing t o  provide  nonflooded  bearing  operation  with  the  bearing  cavity 
a t  t h e  vapor  pressure of t h e   l u b r i c a n t .  

b.  S e a l s   t o  Space.- To use o rgan ic   f l u id   fo r   bea r ing   l ub r i ca t ion ,  
means must be  provided to   p revent   the   f lu id   f rom  mixing   wi th  mercury where they 
occupy  adjacent  regions  of  the same shaf t .   Intercontaminat ion of o i l  and 
mercury i s  avoided by vent ing a s e c t i o n  of t h e   r o t a t i n g   s h a f t  t o  space  and  per- 
m i t t i n g  a small controlled  leakage of each f l u i d  to   t he   space   ven t   cav i ty .  

The seal  combination  developed  for t h i s  app l i ca t ion   cons i s t s  of a 
v i s c o  pump, s l i n g e r  pump, and  molecular pump i n  series located  between  the 
four th-s tage   tu rb ine  wheel and the  adjacent   bear ings.  The v i sco  pump and 
dynamic s l inger   e lements   develop  s table   l iquid-vapor   interfaces   for   both 
mercury  and o i l .  The v i sco  pump i s  surrounded by an  organic-f luid  heat  
exchanger  which assures an  adequate mercury temperature a t   t h e   i n t e r f a c e .  The 
m o l e c u l a r   p m p   p r o v i d e s   t h e   b a r r i e r   t o   r e s t r i c t   t h e   l e a k a g e   t o   s p a c e  of 
mercury molecules  which  evaporate from t h e  i n t e r f ace .  

The sea l   con f igu ra t ion  i s  t h e  result  of a s epa ra t e  development  program 
where extensive  theoret ical   and  experimental  work was done.   Test ing  during  this  
program  revealed  that   leakage  rates of less than one  pound per   year   can be 
expected. The design and development of t h i s   s e a l   t o   s p a c e   a r e  covered i n  
References 31 and 32. 
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c.   Startup  .Seal.-  The con tac t   s ea l s   i n   t he   space   ven t   cav i ty  
prevent   the loss of l i qu id   du r ing   s t a r tup  and shutdgwn when t h e  dynamic s e a l s  
a re   inopera t ive .  An auxi l ia ry   l i f t -of f   device   d i sengages   the   contac t   sea ls  
a f t e r   s t a r t u p   a n d   p r i o r   t o  shutdown during ground tes t   opera t ions .  

d. Mater ia l s . -   Cavi ta t ion-eros ion   res i s tance   to  wet  mercury  vapor, 
creep  data ,  and  thermal  expansion  data  were  factors  influencing  the  selection 
of tu rb ine   mater ia l s .  A l l  a r eas   sub jec t ed   t o  mercury vapor, w e t  or d r y ,  a t  
h igh   ve loc i t i e s  were made from s-816; these  included  turbine wheels, nozzles,  
l abyr in th   sea ls ,   and  t h e  tu rb ine   bo l t .  The inlet   manifold  assembly itself 
was forged Ty-pe 316 s t a i n l e s s  steel. M a t e r i a l   f o r   t h e  t u r b i n e  case  and  bear- 
ing  housing i s  cast   Croloy 9M with  the  thin  exhaust   duct  made from Type 410 
s t a i n l e s s   s t e e l .   S h a f t   m a t e r i a l  i s  AIS1 4340 steel. The b a l l   b e a r i n g s   a r e  
made from t r i p l e  CEVM M-50 s t e e l .  

5.1.2.2 Mark 66 Turbine - Design  Parameters 

The design  operating  parameters  for  the  turbine  are  as  follows : 

Turbine 

In le t   t empera ture  ( F)  1,250 
In l e t   p re s su re   (p s i a )  249 

Mercury  vapor  flow ( lb /hr ) 11,800 

Exi t   p ressure   (ps ia )  14.5 
Speed  (rpm) E, 000 

0 

Lubricant-Coolant  System 

Flow ( l b  /hr  ) 2400 2 75 
Inlet   temperature  (OF)  213 - + 10 

In le t   p res   sure   (ps   i a  ) 40 - + 2 

Exit pressure   (ps ia )  3.5 

a.  Thermal Mapping. - The s teady-s ta te  thermal map of t h e  Mark 66 
tu rb ine  i s  shown i n  Figure 5-6. The calculated  bearing  outer  race  tempera- 
t u r e s  (269OF f o r   t h e   a l t e r n a t o r  end  and 249OF f o r   t h e   t u r b i n e  end)  a r e  
cons is ten t  w i t h  t h e  bearing  outer  race  temperatures  measured on uni ts   dur ing 
12,000 h o y s  system  tes t ing.  The wheel   re ta ining  bol t   temperature   var ied 
from 1050 F under  the thrust b a l a n c e   s e a l   t o  460 F a t   t he   t h readed   s ec t ion .  
The temperature  levels  indicate  that   no  condensation w i l l  form on the  surfaces  
of the  inlet;   duct,   turbine  case,   nozzle  shroud  region, or on t h e  f irst- ,  
second-, or th i rd-s tage   tu rb ine  d i s k s .  There is an  indication  that   condensa- 
t i o n  w i l l  form on the  fourth-stage  wheel disk. A t  no p o i n t   i n   t h e   u n i t   a r e  
the   ind ica ted   t empera ture   d i f fe ren t ia l s   g rea t  enough t o  cause  excessive 
thermal   s t resses .  
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b. Dynamic and Vibration  Analysis.-  Three  analyses  of  the vibra- 
t i o n a l   c h a r a c t e r i s t i &   o f  the tu rb ine  assembly were  conducted. 

The f i rs t  ana lys i s  evaluated na tura l   f requencies  and s t r u c t u r a l  
i n t eg r i ty   o f  the turb ine  wheel buckets. The turb ine  blades were ca lcu la ted  
for  conditions  of  resonance  which  could  occur  within  the  operating  range  of- '  
the   tu rb ine  (i.e., up t o  12,000 rpm). It was shown tha t   the   b lade   f requencies  
for a l l  stages  were w e l l  above the  forcing  f 'unct ion  f requencies  of the  
respec t ive   s tages .  

The second  analysis was a parametric study of the   tu rb ine   shaf t  
w h i r l  charac te r i s t ics   based  on r o t o r - s t a t o r  dynamics ana lyses .   Par t icu lar  
a t t e n t i o n  was given t o   e v a l u a t i n g   t h e   r o t o r  and  housing  displacements a t   t h e  
f i r s t - s t age   t u rb ine   whee l  hub which is the  point  of  greatest   overhang. 
Ef fec ts   o f   var ia t ions   in   bear ing  f i ts  and bol t   preload  consider ing  the st iff-  
ness  of  curvic  coupling  joints were also studied.  Bearing  reactions  based 
on bearing-support maximum outer  race  clearance  (allowing  conical  whirl)  were 
evaluated  and compared t o   t h e   p r e d i c t e d   b e a r i n g   c a p a c i t i e s   f o r  a 10,000-hour 
l i f e  with 99.5% r e l i a b i l i t y .  The analyses   indicated t h a t  t h e  t u r b i n e  s h a f t  
operating  speed i s  s u f f i c i e n t l y  below t h e  first c r i t i c a l  speed. The l a t t e r  
i s  c a l c u l a t e d   t o  be 16 800 rpm f o r   t h e   r o t o r - s t a t o r  model with a bearing 
s p r i n g   r a t e  of .6 x LO6 lb/ inch.  The second c r i t i c a l   s p e e d ,  which i s  primar- 
i l y  a housing mode, i s  c a l c u l a t e d   t o  be almost  two  times  the  nominal  12,000 
rpm shaft   speed.  

The t h i r d  ana lys i s   der ived   the   ax ia l   v ibra t ion   c r i t i ca l   speeds  of 
the  SNAP-8 four th-  a.nd second-stage  turbine  wheel disks. The ana lys i s  
revea led   tha t  a minimm of 3x sa fe ty   marg in   ex i s t s  between t h e  s h a f t  operat-  
ing  speed  and  the  cr i t ical   speeds so tha t   f a t igue   a s soc ia t ed  w i t h  wheel a x i a l  
v ibra t ions  i s  not  indicated.  Some minor  resonances  were  calculated a t  16,200 
rpm for  the  second  stage  and 16,900 rpm f o r  t h e  fourth-stage,   with no expected 
ill ef fec ts .   These   th ree   ana lyses   a re   descr ibed   in   de ta i l   in   Reference  33. 

c.   Stress  Analysis.-  The tu rb ine   pa r t s  which  exhibi ted  s t ress-  
f a i l u r e  modes i n  previous SNAP-8 turbines  were the  turbine  wheels,  nozzle 
assemblies,  and  inlet  housing. The results of s t r e s s   ana lyses   fo r   t hese  
components are   discussed below. 

S t r e s s   l e v e l s  for the   turbine  wheels  were calculated  as   fol lows:  

Stage 
1 

.~. 

2 3 4 

Maximum stress ( p s i ) :  9,354 8,525 19,883 10,432 
Location : 63 I D  63 min. @ I D  @ ID 

d i sk  
thickness  

Minimum creep  margin 
of s a f e t y  : 0.91 1.11 

of s a f e t y  : 5.2 5.8 
Minimum yield margin 
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Vibratory stress l e v e l s  were canputed  as  follows: 

0 Root t e n s i l e  stress ( including a stress concent ra t ion   fac tor  
of 2.0) due t o   r o t a t i o n . a t  12,000 rpm: 

Stage Stress ( h i )  

2 . 3  
3.3 
2.6  

4.6 

0 Maximum gas  bending  s t ress   ( including a stress concentration 
f a c t o r  of 1.54) a t  12,000 r p :  

S t a g e   S t r e s s   ( h i )  

1.1 
1.58 

0.87 

0.48 

This   does  not   ref lect   the   effects   of   impact   associated  with  par t ia l   admission 
(which  would give a maximum magnification of about 10) and  resonant  magnifi- 
ca t ion .  

The second-stage  nozzle  assembly was ana lyzed   u s ing   t he   f i n i t e  
element method.  The analysis   considered thermal l o a d i n g   a s   w e l l   a s  normal 
pressure  loading. The results ind ica t ed   t ha t   t he  maximum e l a s t i c   s t r e s s e s  
(5O,OOO psi)   occur  in  the  second-stage  nozzle  diaphragm a t  16 seconds   a f te r  
t u rb ine   s t a r tup ,   and   a r e  due mainly  to   the  large  thermal   gradients   through 
the thickness  of  the  diaphragm. The subsequent maximum stress l e v e l  of 10,000 
p s i  due to   t he   p re s su re   d i f f e rence  of 75 psi   across  the  diaphragm was essen- 
t ia l ly   cons tan t   dur ing   the   remainder  of an   ope ra t iona l   cyc le   (un t i l   t u rb ine  
shutdown). The results a l s o  showed an  extremely  conservative  estimate of 
c y c l i c   s t r a i n  which ind ica ted   an   expec ted   l i fe  of 2700 cycles.  More r e a l i s -  
t i c a l l y ,  t he  maximum e l a s t i c   s t r e s s  level due t o   t h e   t h e r m a l   g r a d i e n t   a t  16 
seconds  can  be  considered  as a thermal   shock  occurr ing  in   an  operat ional  
cycle of several   hundred  hours.   Since  the maximum e l a s t i c  stress l e v e l  is 
less than  twice t h e  y i e ld   s t r eng th ,   t he   s t r e s s - s t r a in   cyc le  w i l l  become 
e l a s t i c   a c t i o n   ( n o   f u r t h e r   r e p e a t e d   p l a s t i c   f l o w )   a f t e r   t h e  first cycle .  

The third-s tage  nozzle  assembly was analyzed  for  steady-state  opera- 
t i o n   a s  well  a s   t r ans i en t   cond i t ions   t ha t   occu r   du r ing   s t a r tup .  The  maximum 
s teady-s ta te  stress i n   t h e  diaphragm was calculated  to   be  10,840  psi ,   and 
31,500 psi   (compressive)  in  the  shroud. The thermal   effects   produced  s t resses  
as   h igh  as 63,000 p s i  which is s i g n i f i c a n t l y  above the  yield strength  of 
43,000 p s i   ( a t  the appropriate  temperature).  The ultiinate stress f o r   t h i s  
condi t ion is 124,500 p s i .  Those r e l a t i v e l y   h i g h  stresses due t o   t h e r m a l  . 
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loading will r e s u l t   i n   p l a s t i c  flaw. The mater ia l   used ,  s-816, has a d u c t i l -  
i t y  of approximately 15%; consequent ly ,   the   plast ic   f low w i l l  lead t o  a reduc- 
t i o n   i n   t h e   a c t u a l  magnitude  of  the  calculated stresses. Since  these stresses 
are   not   excessively  above  the  yield stress, and  ,are w e l l  below  the  ul t imate  
y i e l d  stress, risk o f   phys i ca l   f a i lu re  was  considered  remote  and  the  part  
considered  safe  as  designed. 

The fourth-s tage  nozzle   assembly  has   the  smallest   temperature  and 
thermal   gradients ,   and  the  resul t ing stress levels due t o   p r e s s u r e   d i f f e r e n t i a l  
and  thermal  loading  are  correspondingly low. The maximum ca lcu la t ed  stress 
in  the  nozzle   assembly of 14,920 psi ( t e n s i l e ,  hoop)  occurred i n  the  shroud 
(y i e ld  of s-816 = 44,000 p s i ) .  The highest  stress ca l cu la t ed  i n  the  diaphragm 
was 9000 psi ( t e n s i l e ) .  Both s t resses   resu l ted   f rom  the   thermal   loading .  

The stress a n a l y s i s   f o r   t h e   t u r b i n e  i n l e t  housing was a n   a x i s v e t -  
r i c  case of a housing  with a c ross   sec t ion   remote   f rom  the   f i r s t - s tage   nozz les .  
Both s teady-s ta te   and   t rans ien t   condi t ions  were analyzed. Each ana lys i s  was 
based on an  axisymmetric  case  remote  from  the  nozzle  openings. 

The s teady-state   condi t ion  occurs  when the   t empera tures   in   the  
turbine  housing  have  reached  equilibrium. For analys is ,   the   hous ing  was 
assumed t o  be  soaked a t  a uniform  temperature  of U5OoF. Thus, the  only 
s t r e s ses   p re sen t   a r e   t hose  due t o   t h e   p r e s s u r e s   i n   t h e   t o r u s   a n d  downstream 
of the   nozz le   p la te .  The maximum s t r e s s   ca l cu la t ed  was 3675 p s i  and a l s o  
below  the stress of 7000 p s i ,  which is  required  to   produce one percent 
c r e e p   i n  10,000 hours .   Consequent ly ,   the   turbine  inlet   housing was judged 
t o   b e  structura.lly adequate   for   s teady-state   operat ion.  

An ana lys i s  of t rans ien t   condi t ions   ind ica ted   tha . t  some y ie ld ing  
would take  place  local ly   in   the  low-cycle   fa t igue  regime.  However, a conserv- 
a t i v e  estimate ind ica t ed   t he   pa r t   t o   be   capab le  of withstanding a t   l e a s t  600 
cycles  compared t o   t h e   r e q u i r e d  100 cycles.   This i s  described i n  Reference 34. 

5.1.2.3 Mark 66 Turb~ine - Demonstrated  Performance 

a .   Endurance  Test ing.-   Ini t ia l   endurance  tes t ing  involved  operat ion 
t o  2500  hours.  The  performance  has  been  evaluated for t h e  Mark 66 turbine  and 
t u r b i n e - a l t e r n a t o r   i n   t h e  35-kWe t e s t  f a c i l i t i e s   a t   A e r o j e t .  

A t u rb ine -a l t e rna to r  was opera ted   for  2122  hours in   t he   Aero je t  
fac i l i ty   before   d i sas ' sembly ,   inspec t ion ,  and r e i n s t a l l a t i o n .  The i n i t i a l  
performance of t h i s   u n i t  a t  i t s  design  operating  conditions was: 

T e s t e d  35-kWe System Requirement 

Turbine-al ternator   eff ic iency ($) 48.5 47.9 
Turbine  eff ic iency ($) 56. o 56. o 
Power output (kWe) 58.0 57.9 
Liquid  carryover (4) 3.0 4.0 (maximum) 
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The Mark 66 turb ine-a l te rna tor  m e t  the  system  requirements.   This 
performance was measured,  however, a f t e r   t h e   t u r b i n e  had  operated some TOO 
hours with  an  unconditioned  boiler.  The effects of  mass t ransfer ,   which 
occurs  most frequently with  wet  mercury  operation,  probably masked t h e   t r u e  
performance  of  the  unit.  Disassembly  revealed  large  amounts  of  mass-transfer 
mater ia l   deposi ted  in   the  nozzle   passages  of   each  s tage.  The area  reduct ions 
were considerable (2.7 t o  l5.$ of the   o r ig ina l   nozz le   a r eas )  and the  t rue 
turb ine   e f f ic iency   and   tu rb ine-a l te rna tor  power output (minus t h e   e f f e c t s  of 
the  mass- t ransfer   deposi ts)  was estimated t o  be a t   l e a s t  1.0 percentage  point 
and 1.0 kW higher  than  measured.  Subsequent  cleaning,  reinstallation,  and 
t e s t i n g  confirmed  the  estimated  effects  of  the  mass-transfer  products  on  per- 
formance. The turbine  and  turbine-alternator  performance when r e i n s t a l l e d  
was as   fol lows:  

Turb ine-a l te rna tor   e f f ic iency  (4) w 
Turbine  efficiency ($) 57.5 
Power output (kWe) 58.4 

Operation of . the same tu rb ine -a l t e rna to r   i n   t he  35-kWe system 
cont inued   un t i l  a t o t a l  of 10,823 hours of operat ion was reached. The major 
por t ion  of t h i s   pe r iod  was at   s teady-state   operat ion.   Various  system and 
component t e s t s   t ook  up the  remainder  of  the  time.  During t h i s  per iod   the  
unit  accumulated 36 startup/shutdown  cycles. 

The performance of the   tu rb ine  and tu rb ine -a l t e rna to r   a t   des ign  
operat ing  condi t ions  during  this   per iod was not  constant.  A decl ine  i n  
tu rb ine   e f f i c i ency  and a l te rna tor   ou tput  was observed. The d rop   i n   e f f i c i ency  
of  2.1  percentage  points and 2.25 kW in   ou tput   occur red   in   four   g radual   s teps  
af ter   approximately 5600, 5200, 7000, and 8000 hours  of  operation. A d e t a i l e d  
evaluat ion of the  turbine  performance  af ter  7500 hours of  operation i s  contained 
in   Reference 35. 

A t  10,823  hours,  the  unit was disassembled  and  examined. A de t a i l ed  
descr ip t ion  of the  condi t ion  of   the  turbine  and  a l ternator   fol lowing  the 
endurance t e s t  i s  contained  in  Reference 36. The examination on disassembly 
indicated  that   only 0.5 percentage  points of the  2.1-percentage-point loss 
could  readily  be  accounted  for by the   condi t ion  of t he   un i t .  The following 
conclusions  were drawn: 

0 The turb ine-a l te rna tor  was i n  very   sa t i s fac tory   condi t ion ,   and  
showed  no problems t h a t  would preclude  fur ther   operat ion.  

0 Continued  erosion of the  turbine  rotor   blades  occurred,  l i m i t e d  
mainly  to  the  second  and  third  stages.  The degree of  damage 
was n o t   c o n s i d e r e d   s u f f i c i e n t   t o   a f f e c t   t h e   s t r u c t u r a l   i n t e g r i t y  
of the  blades and only  s l ight ly   affect   the   blading  performance.  

0 The only   s ign i f icant   ev idence  of  mass t r ans fe r   appea red   i n   t he  
third-s tage  nozzle  where  flow  area was reduced 7.5%. The deposi t  
was considered a major contributor  to  the  performance loss. 
Light   deposi ts  were found on the  rotor   blades  of   the  first t h r e e  
s tages .  
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0 The rubbing  evidence  from  thrust and inters tage  labyrinth 
seals  indicated l i t t l e  o r  no fur ther  damage. An anomaly 
exis ted  in   the  third-s tage  labyrinth where lands showed 
evidence  of  erosion and corrosion. The l i f e  of the  turbine 
was i n  no way affected.  

0 Some minor cracks  in  the  f irst-stage  nozzle assembly ( i n l e t  
housing) had propagated but were not  considered  structurally 
detrimental. 

0 The cavi ta t ion damage t o  the  visco  seal  progressed  from  the 
l e v e l   a t t a i n e d   a t  2122 hours of operation; however, the small 
increase   in  no  way af fec ted   the   s t ruc tura l   in tegr i ty  or the  
seal ing  capabi l i ty  of the  par t .  

0 The bearings of both  turbine and a l te rna tor  were i n  good condi- 
t i on  and sa t i s f ac to ry   fo r   fu r the r  extended use. They met t h e  
basic  design  objective of  10,000-hours. The bearings showed 
l i t t l e  service wear. No conclusions  could be drawn concerning 
t h e  fa t igue l i f e  of  these  bearings  since t h e  design  average 
l i f e  is more than 100,000 hours  and no fa t igue   fa i lure  was 
expected  during the  t e s t ing  program. Therefore,  the  absence 
of fa t igue  damage i n  a small sample wi th  a re la t ive ly   shor t  
operating time made  a s t a t i s t i c a l  l i f e  p red ic t ion   d i f f i cu l t .  
The evidence  indicated  that  bearing  lubrication was sa t i s fac-  
tory.  

0 A l i f e  es t imate   for  the  turbine  indicated  that ,  based on the 
evidence  seen, the turbine  should'be  capable of operating  for 
a l i f e  of a t   l e a s t   f i v e   y e a r s .  

b. Transient  Testina.- A tu rb ine-a l te rna tor   ident ica l   to   tha t  
described above was tes ted i n   t h e  35-kWe system tes t  f a c i l i t y   a t  NASA-LeRc. 
This  unit was tested fo r  157 hours and 135 s tar t /s top  cycles  w i t h  no indica- 
t i on  of any  malfunction. T h i s  confirms t h e  ab i l i ty   to   surv ive   the   thermal  
shocks  encountered  during  startup. 

c.  Vibration  Test.- The turbine assembly  has undergone shock  and 
v i b r a t i o n   t e s t i n g   a t  NASA-LeRC as   pa r t  of  a complete turbine-alternator.  
The tests covered sinusoidal  vibration, random vibration, and shock i n   a l l  
three  axes  (x, y, z )   a s   c a l l e d   f o r   i n  NASA Spec. 417-2 (Rev. C ,  1 June 1969). 
The  power input  levels  are shown i n  Table 5-1. The turbine-alternator used  
i n  these tests was s imi la r   in   conf igura t ion   to  the un i t  endurance tested i n  
t h e  SNAP-8 35-kWe system. A description of t h e  tes t  together w i t h  de t a i l s  of 
t h e  post-test  disassembly and inspection is  described  in  Reference 37. 

The uni t  was examined a t  Aerojet  following  the  vibration and  shock 
tes t .  The turbine-end  bearing was in   excel lent   condi t ion  except   for   several  
small patches of f re t t ing  corrosion and a large  galled  area on t h e  outer 
surface of the outer  r ing.  The inner raceway showed  a super f ic ia l   cha t te r  
pattern  at   ball-speed  intervals  with  the normal contact  angle. The al ternator-  
end bearing was i n  good condition  except  for  three  galled  areas on the  outer 



TABLE 5-1 SUMMARY OF TURBINE-ALTERNATOR VIBRATION TESTS 

R u n  Descr ip t ion  Run Test   Input   Ampli tude  Input  Sweep Run 
Number Axis or G Level  Frequency  Speed  Duration 

~ 

i n .  dcub.  ampl. (Hz) (oct/min) ( m i n )  

Fixture  survey 

S inuso ida l  
v i b r a t i o n  

S inuso ida l  
v i b r a t i o n  

Random 
13g rms 
overa 11 

Shock 

Shock 

S inuso ida l  

Random 
13g rms 
overa 11 

Shock 

Shock 

S inuso ida l  

Random 
139 r?s 
o v e r a l l  

Shock 

Shock 

20 

21,22,23 

24,25,26 

Y 

Y 

Y 

Y 

+Y 

-Y 

Z 

Z 

+z 
-Z 
X 

X 

+x 
-X 

0.25 

0.25 

1G 

1G 
0.25 

2G 

+3 dB/octave . 4g2/Hz 
-6 dB/octave 

15G 

15G 
0.25 

1 G  

+3 $B/octave 

-6 dB/octave 

15G 

15G 

.4g /Hz 

0.25 
2G 

+3 $B/octave 

-6 dB/octave 

15G 

15G 

.4g /Hz 

5-9 
9-2000 

5-9 
9-2000 

5-13 
13-2000 

20-100 
100-600 
600-2000 

5-9 
9-2000 
20-100 
100-600 
600-2000 

5-13 
13-100 

100-600 
20-100 

600-2000 

4 2.15 

4 2.15 

4 2.15 

3 m i n  

11 m i l l i s e c  
11 m i l l i s e c  

4 2.15 

3 m i n  

11 m i l l i s e c  

11 m i l l i s e c  

6 1.5 

3 m i n  

11 m i l l i s e c  

11 m i l l i s e c  

Maximum Responses 

G Level  Frequency  Axis  Locat  ion 
(Hz) 

13 

17 
38 
28 
40 
40 

40-50 

90 
30 

50 
20 
80 

28 
28 
25 
28 

30- 
40 

Z 

X&Z 
Z 

Y 
Z 
Z 

Y 

Z 
Z 

Z 
Z 
Z 

X 
2 
X 
Y 
X 

Trunion mount 

5 x b i n e   s h a f t  
A l t e r n a t o r   s h a f t  

Turb ine   shaf t  

A l t e r n a t o r   s h a f t  

Turbine  and 
a l t e r n a t o r   s h a f t  

Turb ine   sha f t  

A l t e r n a t o r   s h a f t  

A l t e r n a t o r   s h a f t  

Turb ine   shaf t  
Turb ine   shaf t  
A l t e rna to r   . sha f t  
A l t e r n a t o r   s h a f t  

Turbine  and 
a l t e r n a t o r   s h a f t  



surface of the o u t e r   r i n g   o r i g i n a t i n g  a t  the   t h rus t   f ace  edge. The outer  
ring  raceway showed a l i gh t   ba l l   v ib ra t ion   pa t t e rn   a t   ze ro -degree   con tac t  
angle   with  normal   bal l   spacing between the   pa t t e rns .  Marks  on the   t u rb ine  
wheel   hubs  indicated  contact   wi th   the  labyrinth  seals   located  inside  the 
nozzle  diaphragm. This c l e a r l y  shared t h e  limit of the sha f t   de f l ec t ion .  
This  minor  contact was a p p a r e n t l y   s u f f i c i e n t   t o  dampen the   v ibra t ion   wi thout  
ser ious  impact   effects .  

5.1.2.4  Conclusions 

The experience  gained  f rom  extensively  tes t ing  the Mark 66 impulse 
turbine  has   confirmed  that   the   uni t  i s  capable of meeting  the  extended l i f e  
of f i v e   y e a r s   f o r   t h e  SNAP-8 system. 

Applying t h i s  t echno lo rn   t o   t he  Mark 70 r eac t ion  t u r b i n e  appears t o  
present  no  major  problems,  and it i s  expected  that   the  same rel iabi l i ty  i n  
operation  could  be  achieved. 

5.1.3 Al te rna tor  

The a l t e r n a t o r  was developed t o  meet t he  SNAP-8 power generating 
system  requirements  which  included t h e  a b i l i t y  t o  s t a r t  and generate 60 kW of 
e l e c t r i c a l  power unattended i n  space   for  10,000 hours. 

5.1.3.1 Physical  Description 

The a l t e rna to r   con f igu ra t ion   s e l ec t ed   t o  meet these  requirements 
was a so l id   ro to r ,   b rush le s s ,  homopolar inductor   type  operat ing  a t  12,000 rpm 
and producing 120/208-V, 3-phase  a l ternat ing  current  power, w i t h  an  output 
frequency of 400 Hz. The a l t e r n a t o r  i s  lubricated  and  cooled by a poly-phenyl 
e ther   organic  f lu id .  The e l ec t r i ca l   i n su la t ion   sys t em i s  an  aromatic  polyimide 
(ML) coupled w i t h  a n  epoxy r e s i n  compound. The r e l i a b i l i t y   g o a l  was 97.3546 for 
10,000 hours of continuous  operation. The development of t h i s   a l t e r n a t o r  i s  
described i n  Reference 38. 

A cutaway view of the   a l te rna tor ,   F igure  5-7, i l l u s t r a t e s   t h e   t r u n -  
nion  mounting,   f lexible   dr ive  shaf t ,   and  other   detai ls .  

The turb ine  and al ternator   housings  are   hermetical ly   sealed.  Each 
bo l t ed   j o in t  is provided  with a s e a l   r i n g  welded t o   t h e   s t r u c t u r e .   E l e c t r i c a l  
connections  are  hermetically  sealed  with  ceramic  feed-through  terminals.  The 
a l t e rna to r   bea r ing  system consists  of two je t - lubricated  spr ing-loaded  diver-  
gent  angular-contact  bearings.  The bear ing  cavi ty  i s  scavenged by t h e   s e a l  
system. Each s e a l   c o n s i s t s  of a d i sk   s l i nge r   w i th  a v i s c o   s e a l  backup. The 
ax ia l   c l ea rances   a r e   con t ro l l ed  by  shimming a t  f i n a l  assembly. The lubr ica-  
t i o n  f lu id  is a l s o  used t o  remove the   hea t   resu l t ing   f rom  sea l  and r o t o r  
losses .  
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5.1.3.2 &sign  Parameters 

The a l t e r n a t o r  is a brushless   so l id   ro tor   genera tor  of t h e  homopolar 
inductor. type with a r a d i a l   a i r  gap. The f i e l d   c o i l ,  which  produces  the 
direct-current   working flux, i s  posit ioned  between  two  identical  sets of 
laminated  cores. The e lec t romagnet ic   c i rcu i t   cons is t s   o f   the  frame, which 
su r rounds   t he   co re   and   f i e ld   co i l ,   t he   co re   s ec t ions ,   t he   r ad ia l   a i r   gaps ,  
t h e   s o l i d   r o t o r   p o l e s  and the  hub  of t h e   r o t o r .  

The s t a t o r   c o n s i s t s  of two laminated  core  assemblies  having a 
t o r o i d a l   f i e l d   c o i l  between  them  and  assembled i n  a common frame  bore. A 
two-circui t   design was chosen t o  minimize   the   rad ia l   bear ing   forces   resu l t ing  
f rom  poss ib le   eccent r ic i ty   be tween  ro tor   and   s ta tor .  

The ro tor   (F igure  5-8) was machined  from  an AIS1 4620 s tee l  forging 
t o  provide good s t r e n g t h  and  magnet ic .   mater ia l   propert ies .   Slots  were 
machined c i r c w n f e r e n t i a l l y   i n   t h e   r o t o r   p o l e s   t o   r e d u c e   p o l e  face los ses .  

The s t a t o r  punchings a r e   p a r t i a l l y   c l o s e d   s l o t s   t o   r e d u c e   t h e   p o l e  
f ace   l o s ses   caused   by   f l ux   pu l sa t ions   i n   t he   a i r  gap. The r e l a t i v e l y   l a r g e  
r a d i a l   a i r  gap of 0.060 inch  decreases   the  radial   bear ing  forces   caused  by 
e c c e n t r i c i t y  of t h e   r o t o r   a n d   s t a t o r .  A f u r t h e r   e f f e c t  of t h e   l a r g e   a i r  gap 
i s  the  need f o r  a high  magnetic  potential  between ro tor   and   s ta tor ,   l ead ing  
to   cons ide rab le   l eakage   f l ux   i n   t he   r eg ion  between the  rotor   poles .   This  
f l u x  i s  l imi t ed  by  contouring  the  rotor  between  the  four  machined  poles  pro- 
jec t ing   f rom  the  hub to   i nc rease   t he   e f f ec t ive   dep th  of t h e   r o t o r  slot oppo- 
s i t e   t h e   s t a t o r   c o r e s .  The ca l cu la t ed   f l ux  and   cu r ren t   dens i t i e s   a t   r a t ed  
condi t ions  are  shown i n   F i g u r e  5-9. 

End-turn  phase  insulation was  provided by  wrapping  0.0105-inch ML 
glass  between  the  involute of the   a rmature   co i l  and the   ex tens ions   o f   the   s lo t  
l i ne r s .   Co i l - s ide   phase   i n su la t ion  w a s  accomplished  with  0.020-inch  wall 
untreated  braided-glass  sleeving  posit ioned on f r o g - l e g g e d   c o i l s   p r i o r   t o  
i n s e r t i o n .  The s leeving   provided   suf f ic ien t   separa t ion   be tween  the   co i l   s ides ,  
and was l a t e r  impregnated  with epoxy' to   p rovide   added   d ie lec t r ic   and   co i l  
support .  A roof-shaped  topst ick was machined  from  polymer SP. This   mater ia l  
has a polyimide  chemical  base  and  offers  essentially  the same p r o p e r t i e s   a s  
t h e  ML f a m i l y   i n  a moldable  solid  form.  Topsticks  fabricated from t h i s  
mater ia l   provide  high  s t rength  and  ease of i n s e r t i o n .  

Armature winding  and  insulation  mechanical  support,  environmental 
protect ion,   and  corona  res is tance were achieved  by vacuum impregnation  with 
an  epoxy varnish compound.  The  vacuum  was app l i ed   t o   t he 'w ind ings   a f t e r  
attachment of the  phase  connections and  bus bar  assemblies.  

Solid  connections were achieved  by  using T I G  welding.  Oxygen-free 
high-conductivity  copper  material was used   for  a l l  f l ex ib l e   l ead   cab le s ,  bus 
bars ,   and  f ie ld   coi l   conductors .  The in te rco i l   connec t ions  were protected  with 
a shor t   sec t ion   of   un t rea ted   g lass   s leev ing   pos i t ioned   over   the   jo in t ,   then  
f i l l e d   w i t h   a n  epoxy compound t o  provide a bond. All o t h e r   j o i n t s  and j o i n t  
a r eas  were insu la ted   by  a double  tape  comprised  of  three  thicknesses 0.0065- 
inch   s i l i cone-g lass   adhes ive   t ape   over   the   jo in t   p lus   th ree   l ayers  of  0.005-inch 
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Figure 5-8 Rotor  with  Inner  Shaft  Assembled 
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desized  glass  tape.  The tapes  proyided a s t r o n g   d i e l e c t r i c   j o i n t .  The phase 
connections  consisted of a bus bar  arrangement t o  provide numerous cross-overs 
and  rout ing of the  phase  windings. The bars  were pos i t ioned   toge ther   to   save  
space.   Insulat ion was provided by p lac ing  a s t r i p  of 0.0105-inch IviL g l a s s  on 
t h e   b a r   a t   a d j a c e n t  bus bar sides. Each in su la t ion  s t r ip  was t aped   i n   p l ace  
and then   t he   cmpos i t e   ba r s  were taped  together  with  desized  0.005-inch  tape.  

The in su la t ion  system was designed t o  meet t h e   r e l i a b i l i t y  and 
l i f e  requirements  encountered i n  a space  nuclear  environment. 

Contamination  of  the  alternator  cavity  (and  possible  result ing  change 
i n  vapor  pressure a t  vacuum operation  through  out-gassing of adhes ive   i n   j o in t  
i n s u l a t i o n   t a p e s )  was considered a d i sadvan tage   i n   t he   j o in t   i n su la t ion  method 
spec i f ied .  T h i s  method consis ted of three  thicknesses  (wraps)  of  0.0065-,inch- 
si l icone-glass  thermosett ing  adhesive  tape  with  an  over-wrap of t h ree   t h i ck -  
nesses  0.005-inch  untreated  glass  tape.  A program was i n i t i a t e d   t o   i n v e s t i g a t e  
o the r   j o in t   i n su la t ion  methods  and to   es tabl ish  the  comparat ive  performance by 
weight loss measurements a t   e leva ted   opera t ing   tempera tures .  Seven  methods 
tes ted  included a combination  of  such  materials  as  desized  glass  tapes  over ML 
g l a s s   c lo th  and  sleeving, Du Pont "H" f i lm,   and   s i l i cone   t rea ted   g lass   adhes ive  
t a p e .   F r m   t h e s e  tests,  i t  was concluded tha t   the   sys tem first spec i f i ed  was 
t h e  most s t a b l e  and  would r e s u l t   i n   l e a s t   o u t - g a s s i n g   e f f e c t s .  

The a l t e rna to r   coo l ing   f l u id  i s  an  organic  polyphenyl  ether.  Hot 
f l u i d  or vapors   contact ing  conductors   and  insulat ion  mater ia ls   during  a l ter-  
nator  operation  could result i n  damage by  corrosion and chemical  attack.  Since 
data  on the   compat ib i l i ty  of the  polyphenyl   e ther   with  the  a l ternator   mater ia ls  
were  not  available,  a program was i n i t i a t e d   t o   o b t a i n  the necessary  information. 
The primary  concern  in t h e  use of t h e   f l u i d   a s  a coolant was compatibi l i ty   with 
a l t e r n a t o r   m a t e r i a l s ,   a n d   t h e   d i e l e c t r i c   e f f e c t   i n   t h e   a l t e r n a t o r   c a v i t y .  Tests 
conducted  early  in  the  program,  simulating  conditions  and  time  contemplated i n  
t h e  machine,  established that  the  hot   polyphenyl   e ther  d i d  not   cause  deter iora-  
t i o n  of t he   i n su la t ing  and conductor  materials.  The  combined e f f e c t s  of o i l  
m i s t ,  low vapor  pressure,   and  radiation on t h e   a i r   d i e l e c t r i c   e f f e c t  were 
considered. It was postulated  that ,   because of t he  low vol tage   l eve ls ,   the  
combination would not  produce  corona o r  o t h e r   e f f e c t s   d e t r i m e n t a l   t o   t h e  
r e l i a b i l i t y  of t h e   a l t e r n a t o r .  These  conclusions  were  confirmed by in su la t ion  
tests conducted a t   t h e  Georgia  Nuclear  Laboratories. 

Requirements  considered of primary  importance  and  the  material 
se lec ted   to   sa t i s fy   these   requi rements   a re   descr ibed  below.  Twenty-six 
insulated  conductors and insulat ing  mater ia ls   in   s imple  combinat ion  specif ied 
f o r   u s e   i n   t h e   a l t e r n a t o r  were  studied  in  hot  f luid  and  vapor at temperatures 
of 392 and 572OF fo r   pe r iods  up t o  4000 hours.  These tests demonstrated  that 
a l l   m a t e r i a l s   s p e c i f i e d   f o r  use i n   t h e   a l t e r n a t o r  were  compatible w i t h  hot 
polyphenyl  ether . 

e 

A thermal   analysis  of t h e   a l t e r n a t o r  was performed  during  the 
design  phase and t h e   r e s u l t i n g  major temperatures shown i n   F i g u r e  5-10. 
The windings  are  cooled  by  introducing  the  coolant  into  the  frame and passing 
it th rough   ax ia l   s lo t s   i n   t he   ou te r   edge  of t h e  frame.  Preliminary  investiga- 
t i ons   r evea led   t ha t  a laminar  flow  regime was r e q u i r e d   t o   l i m i t  the thermal 
r e s i s t ance  of the coolant  and t o  keep  the  pressure  drop low. 
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I , OIL INLET 1600 LBMR 218'F. 

222.5'F AVERAGE OIL TEMPERATURE ' OIL OUTLET 2 3 7 O f  
I 

I 

/ 
OIL INLET 200 LBMR %OF 

OIL OUTLET 2MoF 

I 

- - - - - 

Figure 5-10 Alternator Thermal Map 



i 

I 

Heat   f lows   f rom  the   f ie ld   co i l   to  the copper  enclosure of t h e  c o i l ,  
and  then t o   t h e  frame  and  coolant. The f ie ld  c o i l   w i t h i n  the frame was de- ; 
s igned   t o   ensu re  low thermal  resistance  contact  under  operating  conditions 
wi th  a vacuum i n  t h e  generator  cavity.  

S ta tor   core  and armature  copper heat losses  f low  through t h e  s t a t o r  
c o r e s   t o  the frame and  coolant. The s t a t o r   c o r e  i s  assembled  with an  i n t e r -  
fe rence  f i t  t o  minimize  contact  resistance.  Some ro tor   po le   face   hea t   losses  
a re   r ad ia t ed   t o   t he   s t a to r ,   t hen   pas s   t h rough   t he   s t a to r   co re  and frame t o  
the coolant. '  The remaining  rotor  heat  losses  and some rad ia t ion   losses   f rom 
the end t u r n s   t o   t h e  end s h i e l d s   a r e  removed  by the  bear ing  lubricant .  The 
bearing  and  lubrication  system is. designed t o  remove heat  from the shaft  ends  
and  heat  generated  by the  sea.ls  and  byarings. . ,  

The angular-contact   bal l   bear ing was. se1ected 'a .s  the  best type f o r '  
high-speed  operation,  long l i fe ,  and   h igh   r e l i ab i l i t y .  The design and develop- 
ment of t h e  b a l l   b e a r i n g s   f o r   t h e  s~Ap-8 a l t e r n a t o r  is described  in  Reference 
30. This type  provides a maximum b a l l  complement for   increased  bear ing  load 
capac i ty   and   h igh   r ad ia l   s t i f fnes s ,  and  permits t h e  use of a one-piece,   l ight-  
weight b a l l   s e p a r a t o r .  The low, nonthrust   shoulder i s  on the inner   r ing ,  and 
the   separa tor  is p i lo t ed  on both  lands of the o u t y r , r i n g :  This configurat ion 
p r o v i d e s   f u l l - w i d t h   r a d i a l   i n t e r f a c e   a t  the .ou ter ;   r ing   for  t he  lub r i can t   s l i ng -  
ers, and keeps   t he   ba l l s  away from the  low shoulder I a t  high  speeds. With a x i a l  
preloading,   the   bear ing  operates   without   interna 'S  looseness;  t h i s  aids r o t o r  
dynamic balance  and  provides  close  running  cl_earancfs  for t h e  dynamic s l inge r s .  

1 1  
The 208 s i z e  (40-m bore). l i g h t  series.,. -ahgular-contact   bal l   bear ing 

provides  adequate  load  capacity.  
. . . . . . . I 

. .   . .  

1 

The a l t e r n a t o r   r o t o r  is straddle mounted  between t h e  two double- 
spr ing- laded   bear ings  i n  a back-to-back  arrangement : ( i . e . ,  w i t h  contact 
angles   diverging  toward  shaf t   axis) .  The dual  spring  loading  arrangement 
permits  equal t h r u s t  c a p a b i l i t y   i n  e i ther  d i r ec t ion .  

The bearings  are  lubricated  and  cooled by four   lubr icant   j e t s   spray-  
ing  on the   inner   r ing .  The bear ing  cavi ty  is scavenged t o  prevent  the  bearings 
from  running  flooded. 

The dynamic s e a l  system used i n  the a l t e rna to r   t o   p rov ide   l ub r i can t -  
coolant f lu id  containment is a p l a in   s l i nge r   coup led   t o  a screw  seal .  The 
s l i n g e r   s e a l   a c t s  .as a cent r i fuga l   separa tor .   S ince  the pressure on both sides 
of the s l i n g e r  i s  the  vapor  pressure  of the sa tu ra t ed   l i qu id ,  t h e  s l i n g e r   s e a l s  
aga ins t  a low p res su re   d i f f e ren t i a l .  Its main  function is t o  form a s t a b l e  
interface  between  the  vapor  and t h e  l i qu id ,  and t o  pump the  l iquid up t o   t h e  
re turn- l ine   p ressure .  The function  of the screw s e a l  is to   r e tu rn   d rops  of 
f lu id  escaping   f rom  the   s l inger   l iqu id   in te r face ,   back   to  t h e  in t e r f ace .  

The frame was designed  as  a straight  one-piece  cylinder  which per- 
mitted s t ra ightforward  machining  for  the cooling  passages,  and  also  achieved 
t h e   r e l i a b i l i t y  and  s implici ty   associated wi th  one-piece  construction. The 
frame is composed of a HY-80 a l l o y  steel forged  flange  welded t o  a low-carbon, 
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seamless  steel  pipe  frame  shield.  This  provides  the  necessary  strength in the 
trunnion  support  area  and  suitable  magnetic  properties in the  frame. 

The  end  shields  are  composites of Inconel X forged  hubs  welded  to 
Type 304 stainless  steel  flanges. 

5.1.3.2 Demonstrated  Performance 

a. Acceptance  Tests.-  The  performance of a  typical  prototype 
alternator  during  acceptance  testing  is  summarized  in  Table 5-11, 5-111, and 
5-IV and  Figure 5-11. The  acceptance  tests  verify  that  the  alternator 
meets  the  SNAP-8  requirements. 

b. Turbine-Alternator  Tests.-  Since  the  alternator  is  part of  a 
power  conversion  system  which  uses  mercury  vapor  as  the  working  fluid,  the 
primary  objective of the  turbine-alternator  tests  was  to  evaluate  all  static 
and rotating  components of the  power  conversion  system  as a unit  rather  than 
to  specifically  evaluate  any  one  component.  Electrical  tests  were  made  to 
determine  speed  control  and  voltage  regulation  characteristics  under  varying 
load  conditions.  Alternator  electrical  parameters  were  monitored  along  with 
winding  and  bearing  temperatures,  and  lubricant  flow,  temperatures,  and 
pressures. All operating  parameters  defined  as SNAP-8-requirements  were met. 

The  outboard  screw  seal seizd during  testing  as  a  result  of 
turbine  over-speeds  to  approximately l9,OOO rpm  and 17,000 rpm on two 
alternators.  The  normal  first  critical  speed  with the,bearings under  the 
designed  preload  of 60 lb  was 22,000 rpm.  Examination of the  bearings  from 
the  unit  indicated  that  the  bearings  had  operated  without  preload.  Without 
theipreload, tbe  ,effective  bearing  stiffness ,is  reduced  and  the  rotor  be- 
comes  unstable.  Under  these  circumstances,  the  angular-contact  bearings 
operate  at  virtually  zero  contact  angle.  The  effective radial  clearance  was 
increased  allowing  the  rotor  to  orbit  and  rub  the  stationary  screw  seals. 

It was  concluded  that  the  malfunctions  were  caused by r o t o r  instabil- 
ities  due  to loss of  bearing  preload,  and  operation  at or near  the  first 
critical  speed.  The  critical  speed  was  lower  than  normal  because  the  bearing 
stiffness  had  been  reduced by loss of preload.  The  high  amplitude  expected 
under  these  conditions  would  cause  rubbing  and  produce  a  wear  pattern  similar 
to  the  pattern  actually  observed. 

. .  

Design  modifications  were.  made  to  reduce  the  tendency  for  the  bear-. 
ings  to  unload  at  speeds  above  design.  The  design  modifications  are  discussed 
in  Reference 30. Major  features  of  the  redesign  were  the  replacement of the 
wavy springs  with  belleville  spring  washers,  and  the  increase  in  length-to- 
diameter  ratio  for  the  sliding  parts  to  reduce  the  possibility  of  the  parts 
cocking.  Redesigned  parts  were  never  procured  or  tested. 

Four  alternators  were  tested as part of  complete  turbine-alternator 
units  in  a  power  conversion  system.  Apart  from  the  previously  mentioned  mal- 
functions,  the  performance was  satisfactory  and  fulfilled  the  design  requirements. 
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T A B ~  5-11 ALTERNATOR ELECTROMAGNETIC PERFORMANCE VERSUS SPECIFICATION LIMITS 

Performance  Item 

Open c i r c u i t  time  constant  (T'do) 

Shor t   c i r cu i t   r a t io  

Short   c i rcui t   capaci ty   for  5 sec.  

Instantaneous  voltage  drop on 
sudden application of  2 PU 
impedance load 

Ekcita  t ion 

Wave form - t o t a l  rms harmonic 
content (L-L a t  1 PF) 
Symmetry  of construction (max. 
voltage  difference between phases) 

Output  voltage  modulation 

Efficiency,  including  f ield  losses,  
a t   ra ted  load,  0.75 PF 
Fie ld   co i l   res i s tance  

S ta tor  phase resis tance 

Full   load  (80 kVa, .75 PF) exci ta t ion 
Voltage 
Current 

Loss breakdown 
Field 12g (kW) 
Sta tor  I R (kW) 
Bearing  and sea l s  (kW) 
Core and 's t ray  load (kW) . 

Total kW 

Specification 

0.60 sec.  max. a t   s teady-s ta te  
temperature 

0.25  min. 

2 PU min. 

Voltage  not t o  drop.  below 
0.70 PU 

52 V &x. 
22 amps fix. 
7$ max. " 

1 V-maxi 

8.96 .@X. 

Alternator Performance 

0.57 s e c .   a t  307OF 

0.67 

2.94 PU (3 phase) ' 
3.96 PU (1 phase) 

Voltage  dropped t o .  
0.83 PU 

43.3 v 
19.6 amps 

2 338 

<1 v 

0.14$ 

87.8% 

1.46 ohms 

.00583 ohms 

42.0 V 
18.9 amps 

0.79 
1.31 
2.20 

' 4.00 - 
8.30 

, _  



TABLE 5-111 COMPARISON OF SPECIFIED THEXMAL REQUIREMENTS 
WITH TEST  RESULTS 

- It em Spec i f i ca t ion  - Test 

Cooling O i l  
Flow ( g P d  
I n l e t   p r e s s u r e   i p s i a )  

temperature ( F)  
Outlet pressureo(ps ia )  

temperature ( F)  
dp ( P s i )  

Poly-phenyl e t h e r  Poly-phenyl e the r  
2.84  2.84 - 21.9 

- 8.3 205 205 

230 - 
14 max. 13.6 

Bearing 
I n l e t   f l o w  (gpm) 0.35 

pressure   (ps ia )  20 + 1 
temperature (OF)  

- 
Outlet flow - inborad (gpm) 

flow - outboard ( g p m )  
p ressure  - inboard  (psia)  
pressure - outboard  (psia)  
temperature - inboard (%) 
temperature - outboard ( F )  

Bearing  cavi ty   pressure  (psia)  

Winding  Temperatures ( F )  0 

Fie ld   co i l   ave rage  - 
F i e l d   c o i l   h o t   s p o t  392 
Stator  winding  end  turn 3 92 
Stator  winding 180’ bus bar 410 
Bearing  temperature DE 300 

ADE 3 00 

DE* - 
0.338 
20.2 
196. o 
0.155 
0.175 
6.7 
6.7 

225.0 
259.0 
0.8 

307 
324 
367 

243 

406 
2 44 

0.320 

0.138 
0.176 
6.5 
6.7 

20.2 
198 

248 
258 
0.8 

* DE = Drive End 
+x ADE = Antidr ive End 
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TABLE 5-IV ALTERNATOR PERFORMANCE SUMMARY 

Parameter .~ __I . .  ~ ~~ Test 

Cooling O i l  Flow ( a m )  2.84  2.84 

Cooling o i l  I n l e t  R e s s u r e   ( p s i a )  33 21.9 

Cooling o i l  Pressure mop ( p s i )  13 IMX. 13.6 

Cooling O i l  I n l e t  Temperature (OF) 200 - 210 205 

Speed (rpm) 

Output ( kVa ) 

12,000 

80 

l2,ooo 

80 

Power Fact or 0.75 lagging  0.75  lagging 

Volt  age  12 0 l20 - 120.1 

Frequency (Hz) 400 400 

Exci ta t ion  Current  (amps) 22 max. 19.1 

&citat ion  Voltage 52 max. 41.9 

Phase  Unbalance ( 4 )  1 max. 1 
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NOTES: 

1. EFFICIENCY  INCLUDES  FIELD 
EXCITATION POWER AND BEARING 
AND  SEAL LOSSES 

2. L/C CONDITIONS: 

PF = 1.0. 

90 

PDISCHARGE = 3 - 5 PYA 
TIN = 200 - 5OF 

FLOW = 2000 LB/HR 

8 8  

SPECIFICATION EFF- @ a 7 5  PF 

86' 

8.4 - n 
0.55 

~ 

I 

10 30 49 50 60 70 

ALTERNATOR OUTPUT (KW) 

Figure 5-11 Alternator  Efficien.cy  Characterist ics 



The longest  accumulated time on a s i n g l e  unit i n   t h e  35-kWe system test  was 
i n  excess of 12,000 hours. The maximum  ntrmber of s t a r t u p  and  shutdown  cycles 
on a s i n g l e  unit was 135. 

Testing  of a comple te   tu rb ine-a l te rna tor   in  a mercury system was 
a l s o  conducted a t  NASA-LeRC i n  which a u n i t   s a t i s f a c t o r i l y  completed  more 
than 1400 hours  of  continuous  operation. 

c. Endurance Tests.- An e l e c t r i c a l  component t es t  f a c i l i t y  was 
used   for   long- te rm  tes t ing   to   ob ta in   endurance   da ta   for   e lec t r ica l  components 
without  the  operational  problems  of a hot-mercury f a c i l i t y .  The components 
t e s t ed   i nc lude   t he   a l t e rna to r ,   t he   vo l t age   r egu la to r  and s t a t i c   e x c i t e r ,   t h e  
speed  control,   and  the  saturable  reactor.   Operation was a t   r a t ed   l oad   cond i -  
t ions.  

The a l t e rna to r   pe r fo rmed   s a t i s f ac to r . i l y   du r ing   t he   i n i t i a l  2500-hour 
endurance tes t .  Inspec t ion   fo l lowing   d i sassembly   revea led   the   a l te rna tor   to  
b e   i n  good condition. The i n s u l a t i o n  had  darkened  and a f e w  cracks were 
observed in  the  end-turn  impregnating  varnish: The in su la t ion   r e s i s t ance   o f  
the  stator  winding-to-frame  decreased  from 9 x lo9  ohms a t   t h e   s t a r t  of t h e  
t e s t  t o  4.9 x lo9 ohms a t  2500  hours. The f ie ld- to-frame  res is tance  decreased 
from 2  x ohms t o  4.5 x 109 ohms over  the'same  period.  These  lower  values 
of insu la t ion   res i s tance   ind ica ted   on ly  minor e l ec t r i ca l   deg rada t ion  
which is  t y p i c a l  of used a l t e r n a t o r s .  

The a l t e r n a t o r  was reassembled,  returned t o   t h e   f a c i l i t y ,  and tes t -  
ing  continued. . A  f u r t h e r  20,630  h,ours of sa t i s facPory   opera t ion  was achieved 
br inging  the  total   accumulated time on  one u n i t   t o  more than  23,130  hours. 

A de ta i led   inspec t ion  of t h i s   a l t e r n a t o r  was  made t o  determine 
whether or not   l i fe - l imi t ing   opera t ing  modes ex i s t ed .  It was ascer ta ined   tha t  
a loss of bearing  preload had occurred  in  a s imi l a r  manner to   t ha t   expe r i enced  
previously  during  turbine runaway opera t ion   in   the  35-kWe system tests. How- 
ever,  a l l   p a r t s  of t h e   a l t e r n a t o r  were in   exce l l en t   cond i t ion  and a consider- 
ably  extended l i f e  p r o j e c t i o n   t o   a t   l e a s t   f i v e   y e a r s  was estimated. A d e t a i l e d  
r e p o r t  of the  condi t ion of t h i s   a l t e r n a t o r  is contained  in  Reference 39. 

d. Vibration  and  Shock  Testing.- An a l t e rna to r   a s sembled   t o  a 
t u rb ine  was tested- t o  NASA s p e c i f i c a t i o n  417-2, Rev. C.  This is  described 
i n  Reference 37. A de ta i led   inspec t ion  of t he   a l t e rna to r   r evea led  some g a l l i n g  
of the   bear ing   ou ter   r ings   in   the   hous ing   bores ,   and  a s m a l l   l e a k   i n   t h e   a l t e r -  
nator  terminal  ceramic-to-metal   seal .  The bearings showed almost  imperceptible 
br inel l ing  evidence and t h e   a l t e r n a t o r  was judged t o  b e   a b l e   t o  pass the  shock 
and v ib ra t ion  tests with  only  minor  improvements. 

5.1.3.3 Conclusions 

The ex tens ive   t e s t ing  of the  a l ternator   has   confirmed i t s  c a p a b i l i t y  
of  exceeding  the l i f e   o b j e c t i v e s .  Some minor  modifications t o  improve the  over- 
a l l   r e l i ab i l i t y   a r e   p r imar i ly   conce rned   w i th   t he   i nhe ren t   weaknesses  i n  t h e  
sl iding  elements  of  the  bearing  spring  preload system. 
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A deta i led   descr ip t ion  of a proposed  design  change is contained 
in.  Reference 30. 

Also, i n  Reference 37, recammendations a r e  made for el iminat ing 
the g a l l i n g  of the  bearings  and  housings  following  vibration tests. This 
cons is t s  of providing a hardened  housing  surface for improved s l i d i n g  
compat ib i l i ty  wi th  t h e  bear ing   ou ter   r ing .  
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5.2 NaK PUMP 

5.2.1 Development Background 
! 
I 

The NaK pump w a s  designed  and  developed t o  pump sodium-potassium 
l iquid  metal   (eutect ic  NaK-78) i n  t he  heat t ransfer  loops of the S J W - 8  nuclear 

I space power system. For the 90-kWe system, NaK pumps are requi red   in   the   in te r -  
mediate  loop  and  heat  rejection  loop as shwn  in   Figure 5-12. For  the 35-kWe 
system, NaK pump-motor assemblies  are  required i n  the  primary  loop and the  heat 
rejection  loop, as shown i n  Figure 5-13. 

The NaK pump is  s h m   i n  cross  section  in  Figure 5-14. The design 
and development of t he  SNAP-8 NaK pump i s  desc r ibed   i n   de t a i l   i n  Reference 40. 

5.2.1.1  Overall Design  Philosophy 

The NaK pump design was based  primarily on the SNAP-8 system  mini- 
mum l i f e   g o a l  of 10,000 hours of unattended  operation  (with no maintenance) i n  
space  environment.  This meant tha t   the  NaK  pump had t o  be designed  primarily 
for  endurance . 

The design  requirements  stressed  that no NaK leakage  could be to l e r -  
ated. Canned motor construction and use  of  NaK-lubricated  bearings i n  a  hermeti- 
cally  sealed housing  were, therefore,  necessary. 

Fluid  in  the  primary  loop of the 35-kWe system becomes radioactive 
as it passes  through  the  reactor, and it is  undesirable t o  introduce  the  radio- 
active  fluid  into  the  heat  rejection  loop,  This  eliminated  the  possibility  of 
using a single pump t o   c i r c u l a t e  NaK i n   t h e  two loops or t o  use a single motor 
t o  drive two separate pumps. 

Since  the pump must supply i t s  mn  cooling and lubrication, a  cool- 
ing and purif icat ion system was included as part  of  the  design. The  optimum 
design i s  one which  has the  recirculat ion pump as par t  of the  uni t  and a  cooling 
and purif icat ion system ex te rna l   t o   t he  pump. 

To f a c i l i t a t e  pump development, some limited  separate  testing of 
subcomponents was done. Bearings were tes ted   separa te ly   in   o i l ,  and an  assembled 
pump was tes ted  using water (which  has  hydraulic  characteristics  similar  to NaK) 
as the  working f luid.  

5.2.1.2  Conceptual  Design and Performance  Requirements 

A speed  of 6000 rpm was selected  based on the  optimization  of  the 
pump and motor elements  with  electrical  input power. The main pump is  a single- 
stage,  end-suction,  double-volute, mixed-flaw design  with a semi-open impeller 
thrust-balanged  axially  with back vanes.  Isolation of the U O O  F pump f lu id  
from the 300 F motor f luid is achieved  by a close-clearance  annulus  around  the 

! 
\ shaft  between the  pump and  motor. The  pump housing i s  supported  mechanically 

by three  pins mounted 
This  feature  isolates 

in  support  arms which  extend-from the  motor  housing. 
the  hot pump housing from the  re la t ively  cool  motor. 
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Figure 5-I2 90-kWe System Diagram Showing Location of NaK Pumps 
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Figure 5-13 35-kWe System Diagram Showing Location of NaK Pumps 
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The NaK i n   t h e  motor cav i ty  i s  cleaned,  f i l tered,   and  cooled  by a r e c i r c u l a t i o n  
system  driven  by  an open impel le r ,   s ing le   s tage ,  low speed   rec i rcu la t ion  pump 
located  near  the  opposite  end of the   sha f t  from t h e  main pump. Both  impellers 
are   keyed  and  bol ted  to   the  shaf t .  The main  impel ler   bol t  i s  designed t o   s t r e t c h  
under   the  torque  load  appl ied  during  assembly  to  maintain a preload under a l l  
d i f f e ren t i a l   t he rma l   cond i t ions .  

The axial thrus t   bear ing  i s  loca ted  on the  main pump s i d e   t o   c o n t r o l  
pump axia l   c learances  due t o  shaf't  expansions, The th rus t   bea r ing  is a tilting- 
pad  hydrodynamic type.  

The s h a f t  i s  supported  by two r ad ia l   t i l t i ng -pad   j ou rna l   bea r ings ,  
one  on each  s ide  of   the   motor   rotor .  The design  and  development  of  the  bearing 
system  shaf t   used  in   the SNAP-8 NaK pump i s  desc r ibed   i n  more d e t a i l   i n   R e f e r -  
ence 41. 

The motor i s  an  8-po1eY  squirrel  cage,  3-phase, 208-V (L-L),  400-Hz, 
series-wound  induction  type  hermetically  sealed  from  the NaK. The s t a t o r   i n c o r -  
porates  a ceramic-f i l l   insulat ion  system. The three   phases   p lus   the   neut ra l   o f  
t h e  Y-connected s ta tor   a re   connec ted   to   ind iv idua l   ceramic   hermet ica l ly   sea led  
terminals .  

5.2.2.1 Main P u m ~  

The function  of  the  main pump i s  t o   c i r c u l a t e  NaK i n   t h e  NaK loops 
of   the SNAP-8 system.  Hydraulic  performance  requirements  for pumps i n   b o t h  loops 
is shown i n  Table 5-V, where the  design values and t e s t   r e s u l t s   a r e  compared. 

The  pump design was based on standard pump c r i t e r i a .  

a. Impeller.-  The impeller i s  a semi-open,  mixed-flow,  five-vaned 
centr i fugal   impel ler   with  twenty-four   0 .13-inch  high,   90-degree  radial   back 
vanes   fo r   ax i a l  thrust balancing.  Standard  water-pump  design  practice was 
appl icable   s ince  NaK and water   a re   a lmost   ident ica l   hydraul ica l ly .  The semi- 
open des ign   fea ture  was chosen for   the  fol lowing  reasons:  

0 Radial  clearance was more c r i t i c a l   t h a n   a x i a l   c l e a r a n c e .  

0 A t  the  high  temperature of 13OO0F, no completely  nongalling 
ma te r i a l  of  compatible  coefficients  of  thermal  expansion  with 
t h e  CRES 304  housing was a v a i l a b l e   i n  NaK for   wearing rings or 
other   c lose  - running  par ts .  

0 A t  t he   r ad ia l   c l ea rance   r equ i r ed   t o   avo id   any   poss ib i l i t y   o f  
rubbing,  the amount  of wearing-ring  leakage  would  lower pump 
ef f ic iency .  

0 In   gene ra l ,   t he  semi-open  impeller  provides  better  clearances 
wi th  less e f f i c i e n c y  loss when handl ing   thermal   d i s tora t ion  
a s soc ia t ed   w i th   b ime ta l   j o in t s  and a x i a l  and radial warpage. 
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TABLE 5-V - N a K  PUMP PERFORMANCE DATA 

Components 
and 

Parameters 

Pump, Centrif'ugal 

Flow, lb/hr 
In le t  NaK Temp, F 
Flow, gpm 
Inlet  pressure,  psia 
Pressure  rise,  psi 
Head, f t  
Outlet pressure,  psia 
Hydraulic power, kW 

CI Efficiency, % 
W Shaft  input power, kW 4 

Motor, Induct  ion 

400 Hz, 3 Phase, 208 V (L-L) 
Electrical  efficiency, % 
Overall  efficiency, $ 
Input power, kW 
Current amps 

Pump Motor  Assembly 
Overall pump efficiency, 4 

Summary of Losses 

Total   electrical ,  w a t t s  
Total mechanical, watts 
Total mechanical and e lec t r ica l  

losses,  watts 

System Requirements 

HEAT REJECTION  LOOP  PUMP 
Calculated 

Design Data 
Based  on 

In-A i r  Motor 
Test  Results 

40,200 
495 
98.7 
15.0 
41.8 

56.8 
118 

1.79 

2.81 
63.8 

72.5 
60.7 

23.3 
4.60 

39.0 

1,270 
540 

1,810 

Test  Results 

40,200 
495 
98.7 
15.0 (1) 
39.8 
113 
54.8 
1 715 
68.5 
2.51 

75.5 
54.6 

23.0 
4.60 

37.3 

1,130 
960 

2,090 

PRIMARY LOOP  PUMP 
Calculated 

Design Data 
Based on 

In-Air Motor 
Test  Results 

40,200 
1,100 
109.5 
28.6 
16.4 

45.0 

69 

51.6 

78 

1.14 

68.4 
47.3 
2.37 
12.5 

33.1 

750 
500 

1,250 



Since low a x i a l   t h r u s t  on the   t h rus t   bea r ings  was required t o  pro- 
vide a design  margin  for  the  10,000-hour  l ife,   an  adjustable method of a x i a l  
th rus t   ba lanc ing  was des i r ab le .  Radial back vanes were  used t o  provide  load 
adjustments  through  vane  trimming, 

The impe l l e r   suc t ion   i n l e t  i s  a free vortex  incorporat ing  an allcrw- 
ance f o r   p r e r o t a t i o n  of 115% f o r  improved e f f i c i ency ,  The impel ler  i s  keyed 
to   t he   sha f t  and retained  by a Hastel loy B b o l t .  The impeller  back-vane  clear- 
ance i s  adjusted  by a p a r a l l e l  ground  shaft  end  spacer. 

b. Pump Housing. - The  pump suction  housing i s  a s ingle-end  suct ion 
housing  without   ant i rotat ion  vanes.  Shims a re   u sed   t o   ad jus t   t he   impe l l e r   f ron t -  
vane clearance,  

The  pump discharge  housing i s  a radial-flow double  volute  with  an 
equal -s ide   t rapezoid   impel le r   d i f f 'us ion   sec t ion   f la r ing   in to  a rectangular  
co l l ec to r .  The double  volute  reduces  the radial shaf t   load  f rom  the  impel ler  
for   off-design-capaci ty   operat ion.  To produce the  hydraul ic   sect ion  of   the 
discharge  housing, two halves  were  machined  and  then  welded. The discharge 
pump housing i s  made of  304 CRES forging  stock. 

The 0.040-inch  radial  shaft  clearance  annulus  between  the  motor 
and  main pump minimizes  the NaK f luid  interchange  between  the main loop  and  the 
NaK motor  cavity  which  requires  clean NaK for  the  bearings.   Three  load-support  
arms w i t h   s l i p - f i t   p i n s   a l l o w  for t he   d i f f egen t i a l   t he rma l   g rowth  between t h e  
1300% 304 CRES pump housing  and a 300% 9M motor  housing.  These arms must 
car ry   the   p ip ing   loads  of 100-lb  force  and 600 pound-inches moment both  in   any 
direct ion  s imultaneously on the   suc t ion  and  discharge  pipe pump in t e r f aces .  
This   fea ture  also provides   thermal   isolat ion  between  the pwnp and  motor, 

5.2.2.2 Mot or  

The motor  input power i s  furnished  by  the  a l ternator .   During 
r eac to r   s t a r tup ,   w i th  power supplied  by a bat tery-powered  inverter ,   the  pump 
operates  on 95-Hz, 19-V power, then  switches t o  220-Hz, 88-V power. The motor 
cav i ty  i s  flooded w i t h  NaK necess i t a t ing  a canned r o t o r  and stator; the  cans 
are  0.010-inch  thick  Inconel.  More than   ha l f  of t he  motor l o s ses   a r e   a s soc ia t ed  
wi th   the   "a i r   gap ,"  or magnetic  gap  area, so the   r ec i r cu la t ion   sys t em  f lu id  was 
passed  through  the  gap t o  remove t h i s   h e a t .  

The motor  design  emphasized small operat ing  torque  margin  to  main- 
t a i n  a small motor  diameter  which  minimizes  hydraulic  losses. The power required 
from the  motor i s  shown i n  Table 5-V. 

a. S ta to r . -  The motor s t a to r   has  36 s l o t s   i n  a laminated  8-pole 
s t e e l   c o r e ,  hand-wound with  nickel-plated  copper  wire,  The s t a t o r  i s  completely 
sea led   f rom  the   in te rna l  NaK and e x t e r n a l  pump atmos  here  by a welded  can. The 
s t a t o r   c a v i t y  i s  back f i l l e d   w i t h   d r y   n i t r o g e n   a t  TO& and 14.8 psia .   Figure 5-15 

* gCr-lMo 
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shows a c r o s s   s e c t i o n   o f   t h e   s t a t o r .  The in t e rna l - to -ex te rna l   e l ec t r i ca l   l eads ,  
i n t e r n a l l y  wye connected,  penetrate  the  housing  through  sealed  ceramic  terminals.  
Eight sets of i n t e r n a l  Chromel-Alumel thermocouples measuring t h e  end   tu rn ,   s lo t ,  
and inside  and  outside  core  temperatures  are  brought  out  through two 8-pin ceram- 
i c  connectors. 

b .   Insulat ion.-  The s t a to r   cons t ruc t ion  employs an inorganic  ce- 
ramic  insulat ion  system.  Ceramic  insulat ion  provides   superior   res is tance  to  
the   nuc lea r   r ad ia t ion  resent i n  the   p r imary   loop   and   the   capabi l i ty   to   opera te  
i n d e f i n i t e l y  above 600& (hot-spot  temperature).  The 600% operating  tempera- 
ture allows t h e   d i r e c t  use of   hea t   re jec t ion   loop  NaK a t  500% for  cooling.  Aero- 
j e t  had proven   the   insu la t ion   sys tem  pr ior   to   incorpor3 t ion  i n  t he  pump motor i n  
a s e r i e s  of s t a t o r e t t e   t e s t s .  These  conducted a t  1000 F for 3200 hours  produced 
no degradation of t he   i n su la t ion .  The development of th i s   insu la t ion   sys tem i s  
described i n  Reference 42. The des ign   i nc luded   s lo t s   l i ne r s  and  phase  separators 
of glass-backed mica flakes,   with  the  cwganic  binders baked out   p r ior   to   ceramic  
impregnation. Then t h e  ceramic  material,  calcium  aluminate, was v ib ra t ed   i n to  
place  and  baked. The ceramic  and  glass  cloth  formed  an  insulation  air  gap t o  
mechanica l ly   re ta in   the  wire i n  place.  The inorganic  ceramic  does  not  deterio- 
ra te   with  temperature ,   but   the   thermal   cycle   expansion and cont rac t ion  of the  
e l e c t r i c a l   w i r e  on the  ceramic  presents  the most l i k e l y  mode of f a i l u r e .  

c. S t a t o r  Can.- The Inconel   inside  diameter   cyl inder   (can)  was 
hydrau l i ca l ly  formed i n t o   t h e   s t a t o r   c o r e  and s lots .   Standard  construct ion 
normally  uses   l ight   shr ink f i ts .  Forming provided  int imate   surface- to-surface 
contact  between  the  can  and  core  teeth t o  provide  support   for   the can. The dry  
ni t rogen  back f i l l  in   t he   s t a to r   p rov ided   t he   ma jo r   hea t   pa th  from t h e   e l e c t r i c a l  
winding t o   t h e   m o t o r - c a v i t y  NaK. 

d.  Rotor.- The r o t o r  is a squirrel-cage  design  consis t ing of 46 
semideep s lot ted  laminat ions  which  are  made of AIS1 “ 2 2 .  Rotor  conductor bars 
and  end rings were made of  oxygen-free  electrical   grade  copper.  The r o t o r  was 
completely  sealed  by  an  Inconel can. The canning  process  consisted  of a shr ink  
f i t  0.010-inch  sleeve as the  outside  diameter  and a much th icker   s leeve  on the  
ins ide   d iameter   to   end   p la tes .  The rotor  assembly i s  shrunk  onto  the  shaft .  

5.2.2.3 Bearings 

The a x i a l  and r ad ia l   bea r ings   suppor t   t he   l oads   app l i ed   t o   t he  NaK 
pump sha f t .  The bear ing  lubricant   chosen was NaK i n  order t o   s i m p l i f y   t h e  
design. The most  adverse f l u i d   p r o p e r t i e s  are a t  the  highest   expected  operating 
temperature  of 600%. For reasonable pump c r i t i c a l   s p e e d ,   t h e  radial bear ing 
s t i f fnes s   shou ld  be more than  18,000 lb/ inch at operating  speed (5900 rpm). 
Because  of t h e   t h i n  NaK film and  high  operating  temperatures,  the  bearing must 
be   se l f -a l ign ing .  The s t a r t i n g  problem  and  the lm lubr icant   feed   pressure  
ava i l ab le  made t h e  hydrodynamic type  of  bearing more desirable   than  the  hydro-  
s t a t i c   t y p e .  Because  of i t s  low viscos i ty ,  NaK as a lub r i can t   p re sen t s  two 
basic  problems:  load  capacity,   and  Stiffness.   This i s  a r e su l t   o f   t he   sha f t  
mass which i s  t o  be sub jec t ed   t o   acce le ra t ion   fo rces .   Fo r tuna te ly ,   t he  low 
viscos i ty   o f  NaK a l s o   l e a d s   t o   e x t r e m e l y  low bearing power consumption  and 
temperature   r ise   which  permits   the  use of r e l a t ive ly   l a rge   bea r ing   s i ze s .  For 
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these  reasons,   preliminary  design  emphasis was  placed upon load capaci ty  and 
s t i f f n e s s .  

a. Thrust  Bearings.- The th rus t   bea r ings  have s i x   s e l f - a l i g n i n g  
t i l t i n g - p a d s  and are   des igned   to   opera te   wi th  a 0 t o  80-lb rated  load.  Each 
bearing  pad i s  an individual   plate   which is  f r e e   t o   p i v o t  i n  a c i rcumferent ia l  
d i r e c t i o n   t o   p r o v i d e  a t ape red   l ub r i can t  film, The pad  and thrust  runner   are  
made from  Carboloy 44 alloy.  Lubricant i s  normally  fed t o   t h e   c e n t e r  of t h e  
housing  near  the  shaft  and pumped through  the  bearings by cent r i fuga l   ac t ion ,  
A small po r t ion  of t h e   l u b r i c a n t  flcrws over  the  working  bearing  surfaces  while 
the  remainder  passes  through  the  spaces  around  the  pads, The cone-shaped  tung- 
s ten   carb ide   ro ta t ing   running   p la te   p rovides  a l ine  contact  surface  for  minimiz- 
i ng   s t a r t i ng   t o rque ,  The gimballed  plate  arrangement  provides  the  required  self-  
a l ign ing   fea ture .  

For equally  loaded  pads,   the minimum film thickness  was ca lcu la ted  
t o  be 0.0004 inch   wi th  a mean tempera ture   r i se   in   the   f i lm  of  6.4%. With 
maximum tolerances  and  def lect ions  causing maximum load  differences  between 
the  pads,   the most heavi ly   loaded   pa i r  of pads  would  have a ca lcu la ted  minimum 
film thickness  of O.OOO3l inch  and a mean t e m p e r a t u r e   r i s e   i n   t h e   f l u i d   f i l m  
of lO .79  which i s  adequa te   fo r   t h i s   app l i ca t ion .  

Two ident ica l   bear ings   a re   p laced   face- to- face   opera t ing  on opposite 
s ides  of the same t h r u s t   p l a t e   t o   c a r r y   a x i a l  loads i n  e i the r   d i r ec t ion .  By 
l imi t ing   t he   ax ia l   c l ea rances ,   t he   sha f t  end p l ay  i s  control led;   the   bear ings 
a re   a l so   p re loaded  and s t ab i l i zed   a l lowing   fo r   g round   t e s t   ope ra t ion  or zero-g 
space  conditions. 

b. Radial   Journal  Bearings.  - The journal   bear ings  are  hydrodynamic 
se l f -a l ign ing   t i l t ing-pad   bear ings   wi th   four   pads  and designed t o   c a r r y   l o a d s  
ranging  from 0 t o  50 l b .  The spec i f i ed  minimum a l l a r a b l e  film thickness  was 
0.0002 inch. The four  pads  are made of M-2 t o o l   s t e e l .  The designed  bearing 
r ad ia l   c l ea rance  was 0.0008 t o  0.0013 inch. By cont ro l  of the  running  clearance, 
a s l igh t   bear ing   pre load  was e s t a b l i s h e d   t o   a s s u r e  a s tab le   bear ing  i n  a zero-g 
environment. 

The b a l l  p ivo t s   a r e  made from T - 1  t o o l   s t e e l  and a re   accu ra t e ly  
centered and r e t a ined  i n  a hous ing   bo l t ed   t o   t he  motor  housing. The jou rna l  
s leeves   a re   a l so  T - 1  s t e e l  and a r e  shrunk on t h e   s h a f t  and  ground i n   p l a c e .  

The mounting f ea tu re  of t h e   j o u r n a l   t o   t h e   s h a f t   d i c t a t e d   t h e   c h o i c e  
of   mater ia l s ,  The sha f t   ma te r i a l  must  be  magnetic  since it i s  p a r t  o f  t h e  
motor flux p a r t s  and the  coeff ic ient   of   expansion  should  be  s imilar   to   the 
sleeve. The shaft ma te r i a l  was 9M s t e e l   w i t h  a coeff ic ient   of   expansion  f ive 
t imes more than   t he  most desirable  bearing  material ,   tungsten  carbide.   There- 
f o r e  T - 1  t o o l   s t e e l   w i t h  a s imi l a r   coe f f i c i en t  of  expansion was chosen. The 
four -pad   t i l t ing-pad   journa l   bear ing  was se l ec t ed  as a reasonable compromise 
between  high  load  capacity  and minimum shaft-pad  motion  with  rotating  unbalance.  
A length- to-diameter   ra t io   of  one was chosen to   ob ta in   h igh   l oad   capac i t i e s  
without  unduly  complicating  the  fabrication  and  assembly. 
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A convent ional   s leeve  journal   bear ing was considered t o  be  unsui table  
because of ha l f - f requency   whi r l   p roblems  assoc ia ted   wi th   th i s   des ign .  T i l t i n g  
pad  bearings  are  not  prone t o  this problem  even i n  zero-g  Operation. 

5.2.2.4  Recirculation  System 

The funct ion  of   the NaK  pump rec i rcu la t ion   sys tem is t o   c o o l   t h e  
motor  and  bearings  and to   p rov ide   c l ean  NaK for t h e  hydrodynamic bear ings as 
shown i n   F i g u r e  5-14. The system shown was designed  for   ground  tes t ing  only 
and  employs  an  oil-to-NaK  heat  exchanger t o   c o l d   t r a p   o x i d e   p a r t i c l e s ,  and a 
?-micron f i l t e r .  An economizer i s  a l s o   p r o v i d e d   i n   t h i s   c i r c u i t   t o   r e h e a t   t h e  
NaK and a s su re   t ha t   t he   r e tu rn  flow NaK i s  i n   t h e   l i q u i d   s t a t e .  

For manned system  use, a s impler   recirculat ion  system was evaluated. 
This  used a NaK-to-NaK heat  exchanger  with no f i l t r a t i o n  or cold  trapping. 
Some p re l imina ry   ana lys i s   r e su l t ed   i n  a  compact heat  exchanger  which was 
in t ended   t o  be  close-coupled t o   t h e  pump. Temperatures i n   t h e  pump a r e  simi- 
l a r   f o r   b o t h   t h e  NaK-to-NaK and the  oil-to-NaK  heat  exchangers. No hardware 
was b u i l t ,  however, f o r  the NaK-to-NaK system. 

The r e c i r c u l a t i o n  pump c i r c u l a t e s  1.6 gpm of NaK producing a head 
r i s e  of 40 Tt with a pump speed  of 5800 rpm. A r a d i a l  flow, full-open-vane 
impeller was selected.   Suct ion  pressure i s  control led  by  the main loop  pressure.  
Under t h e  normal  operating  conditions,  the pump w i l l  have more Suct ion  pressure 
than  the minimum requi red   for  a pump of th i s   t ype .  The ful l -open  impel ler ,  by 
equalizing  - impeller  radial   pressure  gradients,   assures t h a t  no impel le r   ax ia l  
t h r u s t  is  present .  

The impeller i s  of conventional  design. A la rge   a l lowance   for   suc t ion  
p re ro ta t ion  was made because  of  the  proportionally  large  suction  eye  diameter 
dictated  by  the  diameter  of t he   sha f t  on  which the  impel ler  i s  mounted. The 
impeller i s  keyed t o   t h e  shaft and   loca ted   ax ia l ly   wi th  shims. 

The  pump housing i s  a close-clearance  annular  volute  with a flow 
l imi t ing   ex i t   d i f fuse r   O . l l - i nch   i n   d i ame te r .  Because  of t he   sma l l  flow, only 
a l imited  arc   near   the  cutwater  of the   volute  i s  exposed t o  high  pressures .  
Consequently,   the  impeller  radial   load w i l l  be   negl igible .  The annulus i s  
0.10 inch  wide  by 0.06 inch  deep on a 2.4-inch  diameter. 

The economizer i s  used t o   h e a t   t h e  NaK from  the  heat  exchanger  cold 
t r a p   t o   p r e v e n t   p o s s i b l e   o x i d e   p r e c i p i t a t i o n   a t   t h e   f i l t e r .  The simple  tube- 
in-tube cowmter flow heat  exchanger  has  an  effective  heat  exchange  area  of 
10 square  inches.   In   operat ion,   hot   l iquid i s  d i r e c t e d   i n t o   t h e   s h e l l   a t  350  F 
fo r   bo th   f l u ids .  

The cold  t rap  heat   exchanger   re jects   the  heat   gathered  by  the NaK a s  
it flows through  the pump.  The hea t   t ransfer red  i s  es t imated   to   be  2100 watts. 
The heat  exchanger,   being  the  coldest   point  in  the  recirculation  system, i s  
also  used  as  a c o l d   t r a p   t o  remove excess  oxide  particles  which  can harm t h e  
bear ings.  The se lec ted   des ign  i s  a counter-flow  heat  exchanger, I n  operation, 
the  polyphenyl   e ther  i s  d i r e c t e d   i n t o   t h e   o u t e r   s h e l l  a t  t h e   t o p  and  leaves  a t  
the  bottom. The f l u i d   s i d e  film coefficient  though low is  s u f f i c i e n t ,   s i n c e  
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the  exposed  area i s  l a rge  and the  temperature  change  allowance was 85 t o  135OF 
( a  low effectiveness  heat  exchanger). The NaK i s  f i rs t  directed  from  the  bottom 
upward  between  an  annulus  formed  by  the NaK container and a  wire-mesh f i l l e d  
inner  can. When the  flaw reaches  the  top  of  the  annulus,  it is  reversed  and 
flows through  the  inner  can  and  then  out  of  the  heat  exchanger. The wire  mesh 
inside  the  inner   can  presents  a large  area  in  which  oxides  can  be  collected.  

5.2.2.5  Rotor Dynamics 

Using the  conventional  Dunkerly  approach,  the  analysis  of  the  rotor 
c r i t i c a l  speed  based on t h e   s t i f f n e s s  of   the  rotor   a lone  indicated  that  it was 
approximately 25,000 rpm. 

The  minimum ca lcu la ted   bear ing   s t i f fness  was 19,000 lb/inch  based  on 
running  the  bearings  unloaded  and  with maximum clearance a t  6000 rpm. A bear- 
i ng   s t i f fnes s  of l9,OOO lb/ inch  yields   a   cr i t ical   speed  of  9000 rpm, thus  pro- 
viding ample margin. 

The following  materials  are  used  in  the  major  parts  of  the pump: 

Par t   Mater ia l  - 
Motor housing 

Pump housing 

Journal  bearings 

gCr-lMo 

304 SS 

Sleeves  and b a l l  Tungsten T - 1  

Pads Moly-Tung M - 2  

Thrust  bearing 

Impeller 

Carboloy 44A 
410 SS 

Impeller  bolt  Has te l loy  13 

Shaft  gCr-lMo 
Rotor  and s t a t o r  cans Inconel 600 

5.2.2.7  Thermal  Analysis 

The thermal  expansion  of  the NaK  pump es tab l i shed   the   a l lowable   ax ia l  
clearances  used on the  main and r e c i r c u l a t i o n  pump impel lers .   Later   in   develop-  
ment,  back  vane  clearance was increased  to  a  nominal 0.040 inch  leaving  the 
f ron t  vane  clearance  as  designed t o   r e t a i n  good eff ic iency.   This  was required 
due to   an  unforeseen  x~60-to-350%’  thermal   gradient   a l ternat ing on the  impeller 
back  shroud  which  causes  the  impeller t o  bow. This is d i scussed   i n   t he   s ec t ion  
on gas i n  motor  cavity  and/or  recirculation  loop. The method  of  mounting the 
pump housing t o   t h e  motor housing  and  the swirl clearance  annulus  around  the 
shaft  between  the  motor and  main pump minimizes  primary  loop  heat  leakage  into 
the  motor cav i ty   t o   a   ca l cu la t ed  270 watts .  
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5.2.3  Demonstrated  Performance 

The NaK pump has been   progress ive ly   t es ted  first as separate   sub-  
components  and then  as a complete  unit  which was endurance  tested i n  a NaK 
component t e s t   f a c i l i t y  and i n  t h e  SNAP-8 35-kWe ground tes t  system. A t o t a l  
of 56,493 operating  hours  have  been accumulated on eleven (11) NaK pumps with 
3362 s t a r t   c y c l e s   i n  f ive  s e p a r a t e   t e s t  loop loca t ions .  One un i t   success fu l ly  
ran  f o r  10,362  hours  with 786 s t a r t   c y c l e s .  

5.2.3.1  Overall   Test  Program 

The NaK pump t e s t  program  fol lowed  a   l ine  of   tes ts   to   determine  the 
subcomponent  and overal l   performance  of   the  uni t ,  as desc r ibed   i n   t he   fo l low-  
ing  paragraphs. 

5.2.3.2 Subcomponent Tes t ing  

a. Bearing Hydrodynamic  Design.- The jou rna l  and thrus t   bear ing  
tes t s   (Reference  41) were  conducted i n  i n d i v i d u a l   t e s t   r i g s   u s i n g   s i l i c o n e   o i l  
t o   v e r i f y   t h e   l o a d - c a r r y i n g   c a p a c i t i e s  and s t a b i l i t y   o f  the bear ings,  

b. Bearing  Pivot   Fret t ing  Tests . -  The bea r ing   p ivo t -po in t   t e s t s  
(Reference 41) concerned  with c -?tact point   fa t igue  and  Hertz   s t resses   were 
conducted  separately  from  the  bearing hydrodynamic t e s t s .  

c.  Motor Tests . -  The motor in-air  t e s t ing   u s ing  a dynamometer 
e s t ab l i shed   t he   t o rque   capab i l i t i e s ,   s t a to r  and ro to r   l o s ses ,  and  core  and 
s t r a y   l o s s e s .  

a. Motor Test w i t h  Water. - The NaK pmp motor  ( the  unit  less t h e  main 
pump) was t e s t ed  i n  water  which i s  hydrau l i ca l ly  similar t o  NaK, t o  determine 
f u r t h e r  motor data  such as c a n   l o s s , - t o t a l  motor, bear ing,   and  recirculat ion 
pump power requirements ,   prel iminary  s tar t ing  vol tage  requirements ,   recircula-  
t i o n  pwap performance,  motor  gap  and f i l t e r   d i f f e r e n t i a l   p r e s s u r e   c h a r a c t e r i s t i c s ,  
and  the  motor WSH values.  

b. S t a r t i n g  Torque Tests  with  Water.-   Using  the  in-air   rotor test  data 
wi th  a canned s t a to r ,   t he   l ocked   ro to r  (or starting torque) ,   input  power,  and 
current  were  established  at   variable  f ' requencies  and  input  voltages.   Later,  
canned ro to r   t e s t s   du r ing   accep tance  and i n v e r t e r   t e s t s  confirmed  the  negligible 
e f f e c t  of the   ro tor   can  on these   locked-ro tor   t es t   va lues .  

c. S t a r t i n g  Torque using SNAP-8 S t a t i c   I n v e r t e r . -  The use 
of t h e  SNAP-8 i n v e r t e r   f o r  NaK pump s t a r t u p   r e s u l t e d   i n  a different  performance 
than when using a s i n u s o i d a l   a l t e r n a t o r  power source. The inver te r   ou tput  was 
a quasi-square wave form. Test results showed fYom 15 t o  80% higher   vol tage 
and 5 t o  50% grea t e r  power for   locked-rotor  when a s t a t i c   i n v e r t e r  was used 
as the  pump s t a r t u p  power source. 

180 



5.2.3.4  Ful l  Assembly Tests  

a. Development Tes ts ,  - By using  the  motor as a cal ibrated  device,  
the  segregat ion.-of   losses  i n  t h e  unit was  cont inued   by   es tab l i sh ing   overa l l  
hydraulic  performance  and  speed  versus  torque  and  load  performance. The 
a x i a l   t h r u s t  due t o   t h e  main pump and  motor ro tor ,   and  t h e  impe l l e r   r ad ia l  
load on the  shaf t   were  es t imated by  making a pressure  survey of t he  pump volute. 
Since most losses  were es tab l i shed   separa te ly  and r e l a t ed   t o   t heo ry ,   t he   pe r -  
formance of the  pump i n  NaK could  be  accurately  projected.  

b. Component F a c i l i t y  Tests.- The projected  performance  curves 
from t h e   w a t e r   t e s t s  were  confirmed  by  later tests of   the  NaK pump i n  l i q u i d  
NaK. The NaK eddy  current  and  motor  hydraulic loss changes  were  established, 
and t h e   r e l i a b i l i t y   o f   t h e  uni t  was demonstrated i n  a 10,000-hour  endurance 
t e s t   a t   t h e   p r i m a r y   c o n d i t i o n s   o f  1170%. 

e. SNAP-8 System  Tests.- I n  p a r a l l e l   w i t h   t h e  NaK pump loop tests, 
NaK pumps were  operated  in   the SNAP-8  35-kWe system  ground t e s t  systems a t  
Aerojet  and NASA-LeRC.  The  35-kWe t e s t   l o o p s  a t  Aerojet  and NASA-LeRC are 
f a c i l i t i e s  where operational  tests  were  conducted  primarily on t h e   b o i l e r  and 
turb ine-a l te rna tor   whi le   t es t   endurance   l i fe   da ta  and  experience  were  gathered 
on t h e  pumps and other  SNAP-8 components. The NaK pumps were i n s t a l l e d   i n   b o t h  
the  primary  and  heat  rejection  loops of t h e s e   f a c i l i t i e s .  

d.  Acceptance  Tests.-  Each NaK  pwcrp was acceptance   t es ted  i n  water 
t o  determine i t s  s t a r t i ng   t o rque ,  400-Hz pullout   torque,   recirculat ion,   hydrau-  
l i c ,  and o v e r a l l  pump performance. 

5.2.3.5 . Overal l  "" - -. - NaK Pump Performance 

The NaK  pump o v e r a l l   t e s t   r e s u l t s   i n   w a t e r  were l a t e r  confirmed  by 
t h e   a c t u a l  NaK t e s t i n g .  By u s i n g   w a t e r   i n i t i a l l y  as t h e  pump f l u i d ,  a more 
convenient  test  program  could  be  accomplished  than when using NaK. These t e s t  
resu l t s   es tab l i shed   the   motor ,  pump, and rec i rcu la t ion   sys tem component charac- 
t e r i s t i c s  and hydraulic  performance. The NaK eddy  currents  in  the  motor  and 
t h e   e f f e c t  on t h e  motor   cyl inder   hydraul ic   losses   could  not ,   of   course,   be  
determined  in   water ,   but   were  deduced  f rom  la ter   tes ts   in  NaK. 

a. . Loss . . . - Breakdown and  Performance Data - 400 Hz. - The NaK pump 
loss breakdown  and  performance  data f o r   t h e   h e a t   r e j e c t i o n  and  primary  loop 
condi t ions   a re  shown i n  Table 5-V. The  pump met  performance  requirements 
throughout i t s  development h is tory   wi th   on ly   s l igh t   devia t ions .  

The  35-kWe system flow r a t e  was i n c r e a s e d   t o  49,000 lb/hr  from  the 
o r ig ina l   des ign  of 40,200 lb/hr   which  necessi ta tes   using  the full head avail- 
able  from  the NaK pump. Allowing however f o r   l i n e   l o s s e s  due t o  ground t e s t  
piping and a standby  electromagnetic pump i n  s e r i e s ,   t h e  pump s t i l l  has  head 
margin  for   the 35-kWe and 90-kWe systems. 

b. Performance  Curves.- U s i n g  the  performance  data  from  water  tests 
and  motor tes t s ,   the   per formance  i n  495% NaK was ca l cu la t ed   fo r   t he   hea t   r e j ec t ion  
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loop  condition. The value  of 0.009 t o  O.Oll-inch  f’ront-vane ax ia l   c learance  
was used i n   t h e   c a l c u l a t i o n .  The pump i n   t h e   h e a t   r e j e c t i o n   l o o p  i s  expected 
t o   a t t a i n  37.5% ef f ic iency   us ing  4.56 kWe, and  produce ll.2-f’t head at 98.7 gpm 
(40,200 l b / h r   a t  495%). 

The NaK  pump performanceo(Figure 5-16) was s u b s t a n t i a t e d   b y   t e s t s   i n  
NaK at 4959, and b y   t e s t s   a t  ll7O F  (Figure 5-17). A sl ight   increase  of   impel-  
l e r   f r o n t  vane  clearance due to   the   addi t iona l   thermal   expans ion   expla ins   the  
tendency  for  laver  head and  paver   values   a t   the   higher   temperature .   Signif i -  
cantly,   the  data  did  not change gefore and a t  the  end  of  the  10,000-hour NaK 
pump endurance t e s t   a t  over 1100 F. A s  seen  from  Figures 5-16 and 5-17, the  
NaK  pump shows a  performance  margin  above  the  requirements  for  the 90-kWe 
system. 

c. Low Head Performance. - The head-capacity  performance of the  
pump has ,   a t   t imes ,   been   lower   than   tha t   p resented   in   F igwes  5-16 and 5-17, 
p a r t i c u l a r l y   f o r  pumps operating  in  the  primary  loop. The da ta   fo r   t hese  
figures  obtained  from pump l o o p   t e s t s  were generally  confirmed  in 35-kWe 
sys tem  tes t s .   La ter   t es t s   ind ica ted  low head   va lues   f a i r ly   cons i s t en t ly   i n  
the  pr imary  loop  and  occasional ly   in   the  heat   re ject ion  loop.  None of  the 
disassembled NaK  pump hardware has shown any  wear or head-producing  fault .  
No t e s t i n g   a b n o r m a l i t i e s   e x i s t e d   t o   j u s t i f y  t h i s .  The head  var ia t ions  (by  as  
much as 30 f e e t )   a s  a funct ion of  time  minimizes  the  likelihood of misassembly. 
Consequently,  the law head is  be l i eved   t o   be  a pump-system  problem  due t o   e i t h e r  
gas  in  the  system, a leaky  bypass  valve,  flow-meter  inaccuracy, or a  combination 
of  these. 

5. ,2.3.6 Pump NPSH 

The ne t   pos i t i ve   suc t ion  head (NPSH) requi red  t o  avoid  cavi ta t ion 
damage or low performance i s  established  by  considerations  of  the  main pump 
impeller and the  elements  in  the  f looded  motor  cavity.   Both have d i f f e r e n t  
NPSH values. 

a. Main pump, - The main pump NPSH i s  determined  by  a  cavitation 
t e s t   i n  which  the  suction  pressure i s  reduced  while a l l  other  parameters  are 
held  constant. When the  pump head  decreases,  the  impeller  performance i s  being 
affected  by  the  vapor  bubbles  formed a t  i t s  eye. 

The conventional 2% head  decay was used as the   def in i t ion   o f   the  
s t a r t  of cav i ta t ion   s ince  no s ign i f i can t  damage or loss of  performance  should 
occur a t   t h i s   l e v e l .  A t  the  design  capacity of 98.7 gpm, the  2% head  decay 
occurred  a t  16.6 f t  NPSH, we l l   w i th in   t he  SNAP-8 system  requirements. 

b. Motor Cavity.-   In  the  present  configuration,  the  motor  cavity 
pressure  requirements more s ign i f i can t ly   de f ine   t he   ne t   pos i t i ve   suc t ion   p re s -  
sure   required  for   the NaK pump. The law pressure  point of t he  NaK punrp i s  a t  
the  motor  rotor  retaining  nut,   next t o  t h e   r e c i r c u l a t i o n  pump end r ad ia l   bea r -  
ing or a t   t h e   r e c i r c u l a t i o n  pump eye.  Figure 5-18 presents   the   ne t   pos i t ive  
suction  pressure  requirements  versus  capacity for the  temperatures  that   were 
used i n   t h e  35-kWe system t e s t s .  
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5.2.3.7  Performance a t  95 and 220 Hz 

The performance  of  the unit a t  95 and  220 Hz was e s t a b l i s h e d   i n   t h e  
water t e s t   l o o p  and fYom the  motor  "in air" t e s t   d a t a .  NaK  pump t e s t i n g  con- 
f i rmed  the data. The performance i s  s h a m   i n   F i g u r e  5-19 and 5-20. 

5.2.3.8 Motor  Performance 

a. Motor-Pump Speed  Torque  Curves.- The motor  speed-torque  charac- 
t e r i s t i c s  shown in  Figure  5-21 a t  400 Hz es tab l i shed   dur ing   the   " in  air" motor 
tes t   provides   an  operat ing  torque  margin  of  at least 15% using  the minimum 
input   vo l tage   ( i . e . ,  a t  t h e  low end of the  tolerance  band.)  By cor rec t ing  
this tested  pullout  torque  value  of  72.5  pound-inches for t h e   e f f e c t s  of t h e  
r o t o r  and s ta tor   cans ,  and wi th  NaK i n   t h e  motor a i r  gap,  the  anticipated  maxi- 
mum to rque   po in t   i n  NaK became 78.6 pound-inches  providing  slight.ly more margin. 
This   calculated  torque  value  has   not   been  confirmed  by  tes t .  

I n   t h e  35-kWe system  startup  sequence,  the NaK pump s t a r t s  wi th  95 Hz 
and 38 V, or more, wi th  a switchover t o  19 V f o r  a 4 t o  6-hour run for r eac to r  
conditioning. Then t h e  NaK pump i s  switched t o  220 Hz at 88 V f o r  4 t o  6 min- 
utes  before  ramping up t o  full speed  directly  connected t o  the   acce le ra t ing  
SNAP-8 a l t e r n a t o r  from  220 t o  400 Hz. I n   t h i s  way a large  continuous  excessive 
motor  torque i s  ava i lab le   for   acce le ra t ion   th roughout   the  NaK  pump s t a r t u p  
cycle 

b. Motor Starting  Torque.-  The de l ive red   s t a r t i ng   t o rque  ( o r  locked- 
ro tor   to rque ' )   charac te r i s t ics  of t h e  motor  were  extensively  tested a t  60 Hz. 
These data e s t ab l i shed   t he   t o rque   supp l i ed   t o   t he   ro to r   fo r  a given  input   vol t -  
age at %he  motor   terminals .   In   this  way, the   s ta r t ing   to rque   va lues   for   the  
NaK  pump were  determined. A t  some voltage  over 50 V (L-L), t he  motor i ron  w i l l  
reach i t s  maximum magnet ic-f lux  carrying  capaci ty  o r  s a tu ra t ion   po in t  at which 
no addi t ional   torque i s  produced  with  increasing  voltage.  Unfortunately, t h i s  
value has not  been  found  by t e s t ;  however,  from n o n s t a r t   t o  start experiences 
w i t h  NaK pumps, the  torque s t i l l  increases  up t o  55 or 60 V. The 60-HZ start-  
ing  frequency i s  being  considered  for  the 90-kWe system. 

c. NaK " Pump - - Motor 95 and  220 Hz Operation. - During  the  s tar tup 
cycle,   the NaK pump ope ra t e s   fo r  4 t o  5 hours a t  95 Hz and 4 t o  6 minutes a t  
220 Hz. S ince ,   i n  this space  appl icat ion,   the  pump p w e r  w i l l  be supplied  by 
a battery-pawered  inverter,   the  energy and current  expenditures  are  very  impor- 
t a n t ,  To e s t a b l i s h   t h e  most  economical  voltage a t  these  f requencies ,   these 
operat ing  points   were  s imulated  in   the water tes t  loop,  producing  Figure 5-22 
f o r  95 Hz and  Figure  5-23  for 220 Hz operation. A t  95 Hz the  system 19 V (L-L) 
(11 V, L-N) proved t o  be v i r t u a l l y  a t  t h e  lowest power  and current   values ,  how- 
ever  seemingly  close t o  t h e  knee  of  the  speed-torque  curve. However, the  NaK 
pump w i l l  o p e r a t e   s a f e l y   t o  as low as 12 V (L-L) or 7 V (L-N) s i n c e   t h e   s l i p  
reduces  the  load. 

A t  220 Hz, Figure 5-23  shaws tha t   t he   sys t em  e s t ab l i shed  99 V (L-L) 
(50.8 V, L-N) i s  a t  the  lowest  current  and  near  the lowest power and s t i l l  
provides a sui table   margin  to   the  motor   torque  pul lout   vol tage.  
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Figure 5-19 NaK Pump Performance w i t h  95-Hz Input Power 

Figure 5-20 NaK Pump Performance w'ith 220 Hz Input Power 

186 



6000 

5000 

4000 
E 
0 a 
d 
w 
w 
cn 0 3000 

I- 
LL a 
I cn 

2000 

IO00 

0 
( 

TORQUE, LE-IN 

Figure 5-21 NaK-Pump Motor Speed-Torque Characteristics 
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d.  Motor Summary. - In  general,  the  motor  development met design 
goals.  However, the   hydraul ic   losses  were higher  than  expected.  Therefore,  
in   order   to   keep  the  other   motor   losses  down, only a small design  speed 
torque  margin was se lec ted .  

5.2.3.9 NaK Pump 400-Hz Peripheral  Performance 

Confirmation of the  design  loads,  temperatures,  and  accomplished 
func t ions   fo r   t he  pump were made as follows: 

a. Pump Axial Thrust. - To de termine   the   ax ia l   th rus t   o f   the  NaK 
pump, pressure  values  obtained  throughout  the  unit ,   such as s h a f t  end  pressure 
across   the  motor   rotor ,   and  f ront   and  back  impel ler   pressure  prof i les ,   were 
p l o t t e d  so as t o   d e r i v e  a g raph ica l   r e so lu t ion   o f   t he   ax i a l   fo rces .  The r e s u l t s  
of t h i s   c a l c u l a t i o n ,  shown versus   capac i ty   (cor rec ted   for  NaK a t  4 9 5 9 )  on 
Figure 5-24 e s t ab l i shes   t he   impe l l e r   ax i a l   t h rus t   a s  95 lb   ac t ing   toward   the  
pump at   shutoff ,   passing  through  zero-pound  thrust  a t  95 gpm; t o  43 l b   a c t i n g  
away from the  pump at  150 gpm. Because  of  the  necessity  of  subtracting  large 
numbers, the  expected  error  i s  f 20 l b .  The or iginal   design  value  of  0.011 t o  
0.013-inch  back  vane  clearance was i n c r e a s e d   t o  0.035 t o  0.040 inch   to   p revent  
back  vane  rub  caused  by the  thermal   growth  different ia l   between  the pump shaf t  
and  housing. A s  s h a m  i n  Figure 5-24, t h i s  change  caused  only a sma l l   t h rus t  
load change of l e s s   t h a n  15 lb   a t   any   capac i ty .  

Trimming the  impeller  back  vanes w i l l  increase  the  thrust   toward  the 
main pump, thereby   increas ing   the   shutof f   th rus t   load   bu t   decreas ing   the   h igh-  
capaci ty   load.  It i s  des i r ab le   t o   avo id   ope ra t ing  at the  zero- load  point   for  
desired  thrust   bear ing  operat ion.  The  pump head is l i k e l y   t o   s h i f t  1 .5  t o  3 f t  
i n   t h i s   a r e a   w i t h   t h e  change of f r o n t  vane clearance,   but  otherwise no ill 
e f f e c t  w i l l  occur. 

b. Motor  Rotor Axial   Thrust .  - The main r o t o r   d i f f e r e n t i a l   p r e s s u r e  
i n   t h e  motor cav i ty  NFSH sec t ion   produces   an   ax ia l   th rus t   load  on t h e  NaK  pump 
s h a f t .  With a p is ton   a rea   o f  10.5 square  inches,   the 3.18 p s i   d i f f e r e n t i a l   a t  
t h e   r a t e d   r e c i r c u l a t i o n  flow of  1.6 gpm produces an ax ia l   t h rus t   o f   32 .8   l b  
ac t ing  away from  the  main pump. T h i s   r e s u l t s   i n   n e t   t h r u s t   l o a d  i n  ho r i zon ta l  
ground t e s t i n g  as shown in   F igu re  5-24. The motor t h r u s t   v a r i e s   w i t h   r e c i r c u l a -  
t i o n  flow r a t e  maximizing a t  41.2 l b  at 1.8 gpm  maximum flow. 

c. Net Shaft  Axial Thrust. - The NaK pump  may be   used   ver t ica l ly  
( e i t h e r  end  up) i n  ground t e s t ing   o r   be  exposed t o  a 1-g   load   ax ia l ly   in   space  
s ince  the  bear ings  are   adequate   to   support   the   rotor   weight .  The  summary of 
ax ia l   bear ing   loads  i s  provided  in   Figure 5-25. 

d.  Shaft  Radial  Loads.- Through the  use of fou r   r ad ia l   p re s su re  
taps ,   located  every  90  degrees  i n  the   vo lu t e   j u s t  above t h e   i m p e l l e r   t i p  diam- 
e te r ,   an   approximat ion   of   the   impel le r   rad ia l   load  was made. This   ca lcu la t ion  
i s  based on test  da t a  and  assumes t h a t   t h e   v e l o c i t i e s   o r  dynamic forces  around 
the  impeller  periphery  are  equal.   With  this  assumption,  the  derived  values 
represent   on ly  a good  approximation. 
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t I 7 IMPELLER THRUST AT .011 TO .013" 

Figure 5-24 NaK Pump Axial Thrust vs Capacity 
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The radial loads  on  the NaK pump are summarized on Figure 5-26. The 
normal  motor  magnetic  load  of 5 l b  and   the   rec i rcu la t ion  pump rad ia l   load   of  
2.5 l b  are i n s i g n i f i c a n t   w i t h   t h e  major bearing loads caused  by  the main pump 
r a d i a l   f o r c e  and t h e   r o t a t i n g  assembly weight. The rotor   weight  i s  18.3 l b  and, 
being  a lmost   centered  between  the  radialbear ings,   imposes  s ignif icant   bear ing 
loads  only  during  the  10-minute 3.5-g acce lera t ion   per iod   for   space   appl ica t ions .  
Otherwise,  the  main  bearing  loads are derived  from  the main pump r a d i a l   f o r c e s ,  
I n  ground t e s t  systems, t h i s   r e s u l t s  i n  maximum rad ia l   loads   o f  46.5 l b  on t h e  
pump-end bearing  and 13.5 l b  on  the  motor-end bearing while  operating  from 0 t o  
150 gpm capacity.   For  space  application  (zero-g),   these change t o  34.5 and 
15.1 lb ,  respec t ive ly .  The des ign   and   tes t   bear ing   load   of  50 l b  i s  exceeded 
only on the  pump end bearing a t  3.5-g  conditions  (81.7 l b )  o r  w i t h  maximum 
ind iv idua l   l oads   a l igned   fo r  maximum e f f e c t  (51.6 l b ) .  

e.  Thermal Ma - Composite thermal  maps of   mult iple   thermal   data  
runs  are  shuwn d pump housing i n  Figure 5-27 and f o r  a 5 0 0 9  pump 
housing  in   Figure 5-28. The temperature  differences  from  calculated  values 
a re   s een   t o  be  small. 

5 ~ 2.3.10  Bearing  Performance 

The b e a r i n g s   w e r e   t e s t e d   s e p a r a t e l y   t o   e s t a b l i s h   t h e i r  dynamic capa- 
b i l i t i e s   u s i n g  a s i l i cohe 'o i l . for   s impl ic iLty   to   approximate   the  NaK hydraul ic  
c h a r a c t e r i s t i c s .  Hawever, the  oi l   does   not   approximate NaK i n   l u b r i c i t y   n o r  
i s  t h e r e   s i m i l a r i t y   i n  removing the  metal   oxide  coat ing  in   service.   Both of 
these   parameters   a f fec t   s ta r tup   opera t ion .  

a. Radial  Bearing Hydrodynamic Tests.  - I n   t h e   s i l i c o n e   o i l   t e s t ,  
the   ca lcu la ted  film th ickness   for  a given   load   for   0 .65   cen t i s toke   s i l i cone  
t e s t   o i l  and t h e   t e s t   r e s u l t s  compare very  closely.   Correcting  the  experimen- 
t a l   d a t a  f o r  t he   v i scos i ty   o f  NaK a t  the  highest   operating  temperature  of 600oF 
shaws more than  0,0002-inch minimum clearance a t  50 lb   load.   In   the  normal  
pump operating  configuration  and  operating  range  of 99 t o  150 gpm, the   loads  

from  zero t o  46 .5 ' l b  (Figure  5-26). Hawever, s ince   the   bear ings   a re  a t  ;;:% wi th   r e su l t i ng   h ighe r  NaK v i s c o s i t y ,   t h e  maximum norm1  operat ing  bear ing 
load  produces a film th ickness  of about 0.0004 inch. 

b. Thrust  Bearing Hydrodynamic Tests . -  The thrust   bearing  hydrody- 
namic character is t ics   were  a lso  confirmed using a s i l i c o n e   o i l   s u b s t i t u t e d   f o r  
t he  NaK. For equally  loaded  pads,   the minimum f i lm   th i ckness  was calculated 
t o  be  0.0004  inch.  With maximum tolerances  and  deflections  causing maximum 
loa'd differences  between  the  pads,  the most heavi ly   loaded  pair  of pads  would 
have a calculated minimum film thickness   of  O.OOO3l inch  which i s  adequate  for 
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t h i s   a p p l i c a t i o n .  The v i s c o s i t y   c o r r e c t e d   t e s t  results e s t ab l i shed   t ha t   t he  
ra ted   load  of 80 l b  a t  6000 rpm r e s u l t s   i n  a minimum film th ickness   c lose   t o  
the   ca lcu la ted   va lue   wi th in   the   reso lu t ion  of the   ins t rumenta t ion .  

The normal NaK  pump operat ing range of 99 t o  150 gpm produces  thrust  
loads  of  from 35.8 t o  75.8 lb. 

c. Bearing  Pivot   Fret t ing  Test ing.  - A s h o r t   t e s t  program  was  conduc- 
t e d  on a v ib ra t ing   t ab l e   u s ing  f irst  o i l ,  and  then NaK at  6009. The t e s t  
r e s u l t s  showed t h a t   t h e  b a l l  p ivots   were   no t   s ign i f icant ly  damaged i n  100 hours. 
The b e a r i n g   p i v o t s   i n  one NaK pump were  run i n  NaK f o r  10,362 hours   without   s ign 
of  wear or de te r io ra t ion .  

5.2.3.11  Recirculation  System  Performance 

1 

a. NaK Side. - Hydraulic  performance  data  were  obtkined  from  the 
w a t e r   t e s t i n g   e s t a b l i s h i n g   t h e   f i l t e r   d i f f e r e n t i a l  head  requiirement w i th  flow 
shown in  Figure 5-29 and t h e   r e c i r c u l a t i o n  pump performance 4s shown i n  
Figure 5-30. The r e c i r c u l a t i o n  pump performance, as seen  by  the  system  exter-  
n a l   t o   t h e  NaK pump, i s  shown in   F igu re  5-30 which a l s o  shows, the  system loss 
curve.  This low s p e c i f i c  spe.e.d.pymrp.is fla~ 1 imi t ed . a t .  ~ L 8  g p m  by  the  discharge 
d i f fuse r   t o   p reven t   h igh   ax ia l   t h rus t . va lues   ac ross   t he  motor rotor ,   explaining 
the  negat ive  s lope  of   the  curve.at   the  low capac i ty  pump values.  

b. Coolant  Side.- The NaK  pump des ign   cons idered   tha t   the   un i t  
would  be t o t a l l y   i n s u l a t e d  from i t s  environment  with  the  only  cooling  provided 
a t  the  heat  exchanger  cold  trap.  Polyphenyl  ether i s  used  for   the  coolant ,   but  
the 'motor  and  heat  exchanger  design  alldws  use  of  the  heat  rejection  loop NaK. 
Because  of a low coolant   t empera ture   a i f fe ren t ia l  ( 8  t o  10°F) ,   t he   t e s t   da t a  
ins3rument  error  and  environment  heat  losses  provide  only a rough  check. The 
flow path   p ressure  loss i s  b a s i c a l l y  celd trap  heat  exchanger  entrance and e x i t  
v e l o c i t y  change e f f e c t  w i t h  a laminar flow channel. 

5.2.4 Vibrat ion and  Shock Test ing . . .  . 

A complete NaK  pump was t e s t e d   i n   - v i b r a t i o n   t e s t   f a c i l i t y   a t  
NASA-LeRC i n  accordance  with NASA Spec i f i ca t ion  '417-2, Revision C. This 
included  s inusoidal  sweep v ib ra t ion ,  random v ib ra t ion ,  and multiple  shocks of  
15-g peak in   t h ree   d i r ec t ions .  The post  test  examination  and  hydraulic  perform- 
ance   r e su l t s   a r e   desc r ibed   i n   de t a i l   i n   Re fe rence :43   wh ich   a l so   g ives   t e s t   t imes  
and  input power l eve l s .  

. .  

The  pump was tes ted  for   hydraul ic   performance  before   and  af ter   the  
shock  and  vibration  testing  and no measurable  change was observed. The  pump 
was f i l l e d   w i t h  a kerosene  type  of o i l   t o   s i m u l a t e   t h e   e f f e c t s   o f  NaK during 
t h e   t e s t .  Some s l i g h t  damage occurred to   the   th rus t   bear ing   g imbal   socke ts  
and the   locking   p ins ,  and some minor  changes a re   r ecomended   t o   a l l ev ia t e  
these  problems. 
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5.2.5  Operations 

The NaK pmp  was extensively  tes ted  accumulat ing 56,493 operat ing 
hours   with 3362 start cycles on 11 NaK pumps. D u r i n g  t h i s   p e r i o d ,   t h e  NaK 
pump problems  mainly  concerned  bearing  damage/start ing  difficult ies.  

The NaK  pump has  been  successfully  endurance  tested on a s ing le  
bui ldup  to   10,362  operat ing  hours   with 786 start cycles ,  One hard start  
occurred on t h i s   t e s t   u s i n g  36 V a t  the   t e rmina l s  on t h e  772nd start cycle 
af'ter 6696 hours  operation. A t  80 V, t he  pump s t a r t e d .  The r a d i a l   b e a r i n g s  
showed a s l igh t   s c ra t ch   pa t t e rn   a t   d i sa s sembly .  

5 .2 .5 .1  Bearing  Problems 

I n  t h e  first wa te r   t e s t ,   t he   bea r ings  had  wedging  and  wringing  problems. 
These  have  been  resolved t o  a major  extent by design  modif icat ion;  however, some 
f u r t h e r  changes are   necessary  for  maximum r e l i a b i l i t y .   T e s t i n g   h a s  shown t h a t  a 
reliable  bearing  system  can be made. To be t te r   unders tand   the   d i f fe ren t   causes  
and e f f e c t s  of the  bearing  problems,  they  are examined ind iv idua l ly   i n   t he   fo l low-  
ing  paragraphs. Above complete  story of bear ing  design and performance is  found 
i n  Reference 4.1. 

a. Wringing.-  Wringing i s  the   express ion   used   to   descr ibe   the   phys i -  
c a l   a t t r a c t i o n   e x h i b i t e d  when two very smooth  and f la t   i t ems ,   l ike   measur ing  
blocks,   are  squeezed  together,  The r e s u l t  i s  a t i gh t   l ock ing   o f   t he   pa r t s   he ld  
together  by  atmospheric  pressure.  Relapping t o   f o u r  rms f in ish   reduced   bu t  did 
not   e l imina te   the   wr inging   e f fec t .  The bearings as or iginal ly   manufactured had 
a 1 t o  2 r m s  f inish.   This   resul ted  in   wringing  which  dragged  the  pads  a long a 
long  radius   bal l   contact   which made an  effective  low-angle wedge t o   t o t a l l y  
lock   the  NaK  pump s h a f t .  Roughening the   f i n i sh   dec reased   t he   ac t ion  on the  
r ad ia l   bea r ings ,  but on t h e   t h r u s t   b e a r i n g s   f u r t h e r  rework was necessary. The 
thrust   pads  were  f inished wi th  a f l a t  surface  matching  the  f la t   surface  of   the 
running  r ing or t h r u s t   p l a t e .  To provide a l ine   contac t ,   the   running   r ing  w a s  
coned t o   a v o i d   t h e  f l a t  p l a t e   wr ing ing   e f f ec t ,  Wringing was then  e l iminated.  

b. Wedging - Gimbal P l a t e s .  - The thrus t   bear ing   wi th   modi f ica t ions  
as above s t i l l  tended t o   l o c k   t h e  NaK pump sha f t   du r ing   p re l imina ry   t e s t ing   i n  
the  water  loop.  This was determined t o  be  from t h e   a c t i o n  of  t h e   c y l i n d r i c a l  
gimbal   plate   pivots  whose r e l a t i v e l y  long radius  provides a shallow  angle wedge 
wi th   s l igh t   ro ta t ion   o f   the   g imbal   p la te .  

The thrust bearing  had  to  be  assembled  with a small clearance 
(0.004 i n c h )   t o  limit the   sha f t  end p l ay  and for   pad   no- load   s tab i l i ty .  
Consequently, a small   force,  or drag,  from  the  pads  could  be compounded i n t o  
a locked   shaf t .   In  a h o r i z o n t a l   p l a n e ,   t h e   p a d s   f e l l   t o  a minimum clearance 
condition. The e f f e c t  was el iminated  by  providing  central ly   located  dr ive 
pins  which  prevent  sl iding movement in   the   g imbal   p ivots .  

e. Wedging - Journa l  Pad Ball Pivots . -  A wedging ac t ion  i s  created 
when the  r a d i a l  bearing  pads  are  swiveled  by  the b a l l  ope ra t ing   i n   t he   sha lhw 
socket i n  the  pad. The r e s u l t i n g  wedging action  can  be  severe if the   c learance  
allowance i s  s u f f i c i e n t  or i f  t h e   b a l l  t o  pad f r i c t i o n  i s  l a rge .  The r e s u l t a n t  
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l a rge   loads   e i ther   lock   the   shaf t  or cause damage t o   t h e   b e a r i n g s  i n  s t a r tup .  
The thrus t   bear ing   mater ia l   has   no t  shown any  sign of damage, bu t   t he   r ad ia l  
bearings have  been  galled  and  scratched i n  some instances.  The clearance may 
be l imi ted  on t h e  thrus t   bear ing  by  misassembly,  debris  behind  ball  segments 
or a t  pads,   gravi ta t ional   dropping of pads  and  gimbal p la tes   in   the   assembly ,  
and unusually  high-temperature (compared t o  t h e  housing)  bearing  parts.  With 
t h e   m a t e r i a l   c o e f f i c i e n t  of expansions  involved, it i s  more l i k e l y   t h a t   t h e  
thrus t   bear ing   c learances  would increase  with  temperature   effects .  On the  
rad ia l   bear ings ,   the   c learance  is s e t  by  manufacturing,  checked,  and  rechecked 
for   debr i s   behind   ba l l s  or on the  pad.  Hydrodynamic f i lm ,   g rav i t a t iona l   l oca -  
t i o n  of the  pads  (located  at  45-degree  points  from  center l i n e ) ,  t h e  a c t  of 
ga l l i ng ,  and a hot   shaf t  or bea r ing   pa r t s  i n  comparison to   the  housing,  may 
provide  the small clearance  condi t ion.  

d. NaK Cleaning  of  Metal  Oxides.-  Metal  oxides on bear ing  surfaces  
normally  provide  the  hard  surface t o  reduce   f r ic t ion   and   tendency   to   ga l l   fo r  
metal-to-metal  contact. NaK removes th i s   ox ide ,   c leaning   the   meta l   sur faces .  
The m e t a l   s l i d i n g   f r i c t i o n   f a c t o r  i n  NaK has  been  tested as approximately 1.0 
t o  1.5. When a NaK  pump i s  pu t   i n to   s e rv i ce ,   t he  f irst  s t a r t  has  always  been 
successful .  It i s  presumed t h a t  no system or assembly  debris i s  present  and 
the  bear ing  probably s t i l l  has  an  oxide-coated  surface.  

e.  Debris.-  Debris may be i n  two forms:  hard  particles or s o f t  
mater ia l s .  The r e c i r c u l a t i o n  loop i s  des igned   t o  remove b o t h   t h e   r e l a t i v e l y  
s o f t  NaK oxide  and s o r t  or hard   ma te r i a l   pa r t i c l e s .  The thrus t   bear ings  have 
not   been  scratched  in   service,   a l though  burnishing on the  surfaces  shows t h e  
passage  of some hard  debris .  The r ad ia l   bea r ing   f r equen t ly   ca r r i e s   s c ra t ches  
showing t h a t  a few ha rd   pa r t i c l e s  may produce more debris   f rom  the  radial   pads 
t o  compound t h e   s c r a t c h i n g   e f f e c t ,  NaK ox ide   par t ic les   a re   no t   suf f ic ien t ly  
h a r d   t o   s c r a t c h   t h e  pad mater ia l ;   but ,   wi th   the  wedging  effect ,  a s o f t   m a t e r i a l  
thickness   reduces  the  bear ing  c learance for a low wedge angle and t h e n   t h e   r e s i s -  
tance  created  in   passing  the  pad  surface w i l l ,  i n  turn,   produce  large  bearing 
loads .   In   s t a r tups   a f t e r  some running  time, t h i s   f o r c e s   t h e  pad  and jou rna l  
surface  together   under   load,   creat ing  the  condi t ions most l i k e l y  t o  cause 
welding  or   gal l ing.  

f .  Bearing Damage  Due t o  Gas. - The lowest   pressure  point   of   the  
operating NaK  pump surrounds  the  recirculation-pump-end  radial  bearing. Gas 
i n   t h i s   a r e a   r e d u c e s  or el iminates   the  bear ing  l iquid  lubricat ion  causing more 
power losses  and a possible   direct   contact   between  the  s leeve and pad. A t  t he  
same time,  the  bearing i s  deprived  of  l iquid  cooling  allowing  the  bearing  parts 
t o   h e a t  up. A compounding e f f ec t   r e su l t s   w i th   t he   i n t e rna l   me ta l   expand ing  
while  the  housing i s  unaffected,   thus  decreasing  the  clearance and  wedge angle.  
AS a resu l t ,   the   load   increases   caus ing  more heat   to   be  generated.  The damage 
t o   t h e   r a d i a l   b e a r i n g s  from  gas  has  been  noted i n  Some cases  generally  ending 
in   s c ra t ched  or ga l l ed  motor-end  radial-bearing  surfaces and a nonstar t ing 
un i t .  The main pump-end rad ia l   bear ing   (and   th rus t   bear ing   a l so)   opera tes  at 
about 3 ps i   h ighe r  due to   t he   p re s su re   d rop   ac ross   t he  motor ro to r ,  and is 
t h e r e f o r e   l e s s   l i k e l y   t o  be damaged. The thrust   bearing,  because of harder 
ma te r i a l s ,   l oca t ion  and construction,  avoiding  adverse  thermal  gradients  and 
growth,  does  not  have t h i s  problem. 
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5.2.5.2 S t a t o r  Problems 

The second  most  frequent  problem with t h e  NaK pump has  been  with  the 
motor s ta tor   housing.   Usual ly   the windings have  shorted  out  because of faults 
or because  of   the  intrusion  of  NaK from a can  leak. Usually t h e   i n i t i a l  fault 
i s  i n  doubt  since the end condi t ion  appears   the same; that i s  e l e c t r i c a l   a r c  
burns  through  the  can  with NaK flooded and shorted  windings. 

a. Winding Short  - End-Turn  Area. - The apparent  winding  short  has 
has  usually  occurred  in  the  stator  end-turn  area  where  the  wires move 
during  manufacture and from thermal  expansion i n  use.  The  motor  winding a i r  
or space  gap i s  maintained  during hand winding  by a glass-cloth  covering  impreg- 
nated  with a r e s in .  The r e s i n  i s  burned  off   before   the  ent i re   s ta tor   windings 
are  impregnated  with a ceramic f i l l  t o   r e t a i n   t h e   i n s t a l l a t i o n  gap. The ceramic 
then  has t o  hold   the   wi res   in   pos i t ion .  If a wire  i s  indented or moved i n t o   a n  
adjacent  wire d u r i n g  manufacture or by  use, a hot  spot w i l l  occur  which  in 
heat ing  the  wires  may  compound i n t o  a fill f a i l u r e .  

The motor s t a t o r   u s e d   i n   l a t e r  units a f t e r  some modifications  appears 
t o  be much more r e l i a b l e   t h a n   t h e   e a r l i e r   u n i t s .  Two of  the  modified  design 
s t a to r s   ope ra t ed   fo r  9748 hours and 318 starts and 9116 hours   with 207 starts, 
wi th  no malf’unction. 

b. Leaks  Through  Motor Cans. - NaK leaks  through  the  motor  cans 
appear t o  be s imi l a r   t o   w ind ing   f au l t s   s ince   t he  motor s t a t o r  i s  f looded  with 
NaK from  an  arc  burn  through  the  can. The s h o r t   t o  ground  follows  the NaK 
conductor  through  the  leak  point i f  NaK has  shorted  the  windings. However, i n  
a t  l e a s t  one case,   the  evidence  dist inctly  pointed  toward a can  imperfection 
as being  the  fa i lure   cause.  Leaks  have  occurred  only on t h e  motor end cans, 
not on the   cy l inde r s  or welds.  Early  end  cans  were  machined  from a s o l i d  
I n c o n e l   p l a t e   t o  a 0.030-inch  thickness. A s  such,  machining  defects  and  material 
inc lus ions  become very  important  because NaK w i l l  d i sso lve  or wash  out  the non- 
metal  or oxide  inclusion t o  allow a path  for   leakage.   Later  pumps have been 
f a b r i c a t e d   u t i l i z i n g  spun  sheet   Inconel   s ta tor  end  covers  which  eliminated  the 
can  leakage  problem. 

5.2.6 Recommendations for   Future  Use 

Extensive  tes t ing  has  shown the  NaK  pump t o  be   gene ra l ly   r e l i ab le .  
This i s  evidenced  by  the  conditions  of pumps a f t e r   endurance   t e s t s .  A d e t a i l e d  
desc r ip t ion  of one pump after t e s t i n g  i s  contained  in  Reference 44. Some changes 
t o   t h e   d e s i g n   a r e  recommended t o  improve t h e   r e l i a b i l i t y   p a r t i c u l a r l y  when some 
adverse  condi t ions  prevai l   are   as   fol lows:  

5.2.5.1  Bearings 

Indica t ions   a re   tha t   the   tungs ten   carb ide   mater ia l ,  i f  a p p l i e d   t o   t h e  
rad ia l   bear ings ,  would a l l e v i a t e  most  of the  scratching  problems.  Redesign of 
t h e   b a l l   p i v o t  on the   rad ia l   bear ings   to   incorpora te   p ins   and   a l so   reduce  
c l ea rances   t o  limit pad  rotat ion  should  be  considered.  



5.2.6.2 Recirculation  System 

The or ig ina l   rec i rcu la t ion   sys tem was based  on  ground t e s t i n g   c r i t e r i a  
which  could  include a relat ively  crude  system using polyphenyl  ether as t h e  
coolant.  A long tes t  run  on a pump at higher   than 500°F winding  temperature, 
confirmed tha t   t he   u se   o f   t he   hea t   r e j ec t ion   l oop  NaK f o r  motor  and  bearing 
cooling i s  sa t i s f ac to ry .  A s  a r e s u l t ,  a new rec i rcu la t ion   sys tem was designed 
but   no t   bu i l t .  

5.2.6.3 Lower NPSH Required 

I n   l a t e  1967, a r e d u c t i o n   i n  maxhum primary  loop  pressure w a s  recom- 
mended by  the  reactor   contractor   for   the  purpose o f  i n c r e a s i n g   t h e   c r e e p   l i f e  , 

of the   r eac to r  fie1 elements, The pump NPSH requirements would  be  lowered t o  
accomplish  this by  trimming  the  main  impeller  back  vane. This provides  higher 
r e l a t i v e   p r e s s u r e s   i n   t h e  motor cavity  allowing  the WSH of the  NaK pump t o  
correspond t o  the  NPSH required by the main impel ler .  
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The mercury pump located  in  the  Rankine-cycle  loop  (Figure 5-31) 
circulates mercury through  the  loop  and  acts   as   the  boi ler  feed pump. Cutaway 
and   ex ter ior  views of the  pump a r e  shown in   F igu res  5-32 and 5-33. The main 
pump is a s ingle-s tage   cen t r i fuga l  pump with a j e t  pump driven by bypass 
mercury flow,  providing  adequate  suction  conditions  to  the main pump, par t icu-  
larly during the  system s t a r t u p  cycle. Suct ion  condi t ions  for   the  overal l  
pump are   es tabl ished  by  the  condenser   pressure and  by the  degree of subcooling 
provided by the  condenser. The cen t r i fuga l  pump is dr iven by  a ~ O O - H Z ,  208 V 
( l ine- to- l ine) ,   th ree-phase   e lec t r ic  motor a t  a speed of approximately 7800 rpm. 
The pump s h a f t  i s  supported by ba l l   bea r ings   l oca t ed  between the  motor  and 
pump.  The bearings  are  lubricated  and  cooled  by  an  organic  polyphenyl ehter. 
The  same f l u i d  is used  to  cool  the  motor and space seal. Mixing of t he   l ub r i -  
cant  and  mercury is  prevented  by a dynamic-static  seal-to-space  system. The 
design and  development of t he  SNAP-8 mercury pump i s  described i n  more d e t a i l  
i n  Reference 45. 

5.3.1 Development Ba ckgro&d 

The mercury pump was,   designed  primarily  for component r e l i a b i l i t y  
and  development s impl i c i ty  and t o  meet the  mique  requirements  imposed  by  a 
vacuum environment.  Design f l e x i b i l i t y  and ease of development  were  necessary 
t o  permit the  following: 

. .  

0 Modification of 'one  element  :of t h e  pmp  assembly  without 
a f fec t ing   the   des ign  of t he  whole  a,ssgmbly. 

0 Minimization of t h e   n k b e r  of in te rac t ing   var iab les   to   a l low 
more accurate  analysis  and  design  procedures.  

0 Access ib i l i t y  of elements  for  assembly  and  disassembly. 

0 I n s t a l l a t i o n  of ins t rumenta t ion   for   acquis i t ion  of da ta .  

A cen t r i fuga l  pump was chosen  over  a  positive-displacement unit 
s ince  pumping low-viscosity  mercury a t   r e l a t ive ly   h igh   p re s su res  would  have 
imposed seve re   l i f e - l imi t ing  wear  on  a positive-displacement  pmp.  Further- 
more,  a cen t r i fuga l  pump is more adap tab le   t o  changes i n  performance 
requirements.  For  the pump s ta r tup   suc t ion   condi t ions ,   the  jet-pump booster 
was se lec ted   ins tead  of an  in9ucer  for the following  reasons: 

0 Jet-pump  hardware may be eas i ly   modi f ied   to  a t t a i n  b e t t e r  
suction  performance  while  an  inducer  design  change would 
probably be extensive,  if  required.  

0 A j e t  pump can be made more rugged to   wi ths tand   cav i ta t ion  
damage. 

0 In  an  extreme  cavitation mode, the j e t - cen t r i fuga l  pump 
w i l l  produce some f low  with  avai lable  NPSH nearly  zero.  

200 



I 

I 
R 
E 
A INTERMEDIATE 
C  HEAT 
T  EXCHANGER 
0 

8 -  
0 
I 
L 
E 
R 

REACTOR INTERMEDIATE 
PRIMARY LOOP 

F Y  EM PUMP 

NaK DIVERTER 
VALVE 

L I 

MERCURY 
RANKINE 

I 1  
CONDENSERS 

I I  
-@ ... 3- 

LOOP I I 
RADIATDR I 1  Loop RADIATDR CONDENSERS 
I I 

MERCURY 
RANKINE 

I 

NaK  DIVERTER 
PUMP VALVE 

Kf PUMPS 

Figure 5-31 Mercury Rankine-Cycle Loop Showing Location of Mercury Pimp 



LIFT-OFF BELLOWS 
CARBON FACE SEAL-LUBRICANT S I D E 7  7 

~ . ~ _ .  .. 
. I  

/- SPACE SEAL  MANIFOLD 

N 

R 

: 
! 

SPACE SEAL- HEAT EXCHANGER PUMP DISCHARGE 

CENTRIFUGAL PUMP IMPELLER 

JMP 

! 

Figure 5-32 Mercury Pump Cutaway View 



Figure 5-33 Mercury Pump 



5.3.1.2 Motor 

A s tandard  induct ion 400-Hz, three-phase  motor was s e l e c t e d   t o   p r o -  
vide h i g h   r e l i a b i l i t y ,   s i m p l i c i t y  of construction,  and good s t a r t i n g   t o r q u e  
capab i l i t y .  The s e l e c t i o n  of a lubricant-coolant   vapor-f i l led  cavi ty  was 
based on the   des ign   technology  s imi la r i t i es   wi th   the   tu rb ine-a l te rna tor .  

5.3.1.3 Bearings 

The SNAP-8 tu rb ine -a l t e rna to r  and  mercury pmp  designs  both  incorpo- 
r a t e d   t h e  use of   polyphenyl-ether   lubricated  and  cooled  bal l   bear ings  with a 
space   s ea l  system s e p a r a t i n g   t h e  mercury and  the  bear ing  lubricant .   Bearing 
s e l e c t i o n  was b a s e d   o n   s i m p l i c i t y ,   i n i t i a l   r e l i a b i l i t y ,   c r i t i c a l   s h a f t   s p e e d ,  
and s h a f t   d e f l e c t i o n .  A de t a i l ed   desc r ip t ion  of the  design  and  development of 
t h e   b a l l   b e a r i n g s   f o r   t h e  mercury pump and tu rb ine -a l t e rna to r  is  contained i n  
Reference 30. 

Angular  contact  bearings of b a s i c  207 s i z e  (35-mm bore)  were 
selected with  the  bear ings mounted with a 55-lb ax ia l   p re load  t o  assure 
p o s i t i v e   r o l l i n g   c o n t a c t   a t  a l l  times. The b a l l  and  r ings were made from 
M-50 consumable e l e c t r o d e   t r i p l e  vacuum melt t o o l  steel ,  and the   s epa ra to r s  
from s i l icon   i ron   bronze .   Calcu la t ions   ind ica ted   tha t  l i f e  l i m i t a t i o n s  would 
not be due t o  stress or f a t i g u e  but more probably due t o  wear  which i s  a func- 
t i o n  of  bearing  alignment, f i t s  and  c learances,   mater ia l   se lect ion,   and  the 
removal of wear debris. 

5.3.1.4 Shaft   Seals  

The mercury  seal-to-space  consists of t he  main impeller  back  face 
(a  vaned s l i n g e r ) ,  a v i sco  pump,  a molecular pump, and a f a c e   s e a l   i n  series, 
s i m i l a r  t o  t h a t   i n   t h e   t u r b i n e - a l t e r n a t o r .  The v i s c o   p m p ,   i n  pumping aga ins t  
t h e  main pump pressure  regime,  forms a l iquid plug  which is  cooled by a small  
heat  exchanger  incorporated  in  the  seal   housing. 

The lubr icant   sea l - to-space   func t ions   in  a manner s i m i l a r   t o   t h a t  
of the  mercury  seal   except   that  a smooth r a d i a l   s l i n g e r  i s  used i n   p l a c e  of 
the   vaned   s l inger  and v i s c o  pump. The main funct ion of t h e   f a c e   s e a l  is  t o  
prevent  leakage of l iquid du r ing   s t a r tup  when t h e  dynamic s e a l s   a r e   n o t  
e f f e c t i v e .  The design of t h e  dynamic s h a f t   s e a l i n g  system is based on t h e  
technology  described  in  References 31 and  32. 

5.3.1.5 Lubr icant   in  Motor Cavity 

The motor-winding i n s u l a t i o n   s e l e c t e d  was compatible  with  the 
polyphenyl  ether used for bea r ing   l ub r i ca t ion  and component cooling.  This 
permit ted  the use of open s ta tor   windings  with a conventional  organic  insula- 
t ion   des ign .  To minimize  hydraulic  losses,  the  design  incorporated a scaveng- 
i n g   s l i n g e r  s o  t h a t   t h e  motor  would  operate i n   l u b r i c a n t   v a p o r   r a t h e r   t h a n   i n  
a l iquid-f looded  cavi ty .  With a l iquid-flooded  cavity,   the  motor power 
required would produce  excessive  winding  temperatures. 
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5.3.2 Physical  Description,  Design - .  Parameters  and Requirements 

The mercury pump i s  shown i n  c ros s   s ec t ion   i n   F igu re  5-32. The 
design  parameters  and  requirements  are shown i n  Table 5-VI and  compared with 
tested  performance. The p r i n c i p l e   f e a t u r e s  of t h e  mercury pump are  described 
below. 

5.3.2.1 Pump 

The pump sec t ion   inc ludes  a c e n t r i f u g a l  main pump (an  end-suction, 
s ingle-s tage,  semi-open c e n t r i f u g a l  type) and a j e t  pump mounted  on the  end 
of t h e  unit (Figure 5-32) the   d r iv ing   f low is  provided  by  bypassed  flow  from 
t h e  main pump f e e d i n g   t o   t h e  eye of t he  main impeller. 

Since  the  f low was r e l a t i v e l y  low, a par t ia l -emission l / 3  flowiqg 
sec t ion   vo lu t e  was chosen.  The c e n t r i f u g a l  pump was designed t o   s t a n d a r d  
c r i t e r i a .  Impeller shroud  back  vanes were used t o   a s s i s t   t h e   o p e r a t i o n  of 
t h e  dynamic s e a l s  and t o  reduce   the   ax ia l   load  on the  bear ings.  The c e n t r i f -  
uga l  pump was optimized  with respect t o   t h e  motor  and  bearing  designs. A 
7800-rpm pump speed was se l ec t ed  on the   bas i s  of t he  400-Hz motor  input 
frequency. 

The spec i f i c   speed   fo r   t he   cen t r i fuga l  pump port ion,  

N =  S v, was ca l cu la t ed   t o   be  522 as  designed. Based  on tes t  
H(feet)  

results, a specific  speed  of 550 was calculated.  

Hydraulic  design  and  manufacturing  considerations  determined  the 
configurat ion of the  impeller  passage. Flow t r a n s i t i o n s  were se l ec t ed  which 
minimized f r i c t i o n   l o s s e s  and  maintained maximum f l u i d   c o n t r o l .  On the  
b a s i s  of empir ical   data ,   an  impel ler   having  four   f ront   vanes was se l ec t ed .  
The front-vane  parameters were as   fo l lows:  

Impeller  diameter 1.94 inches 

Impeller  vane  height a t  discharge 0.1 inch 

Impeller  inlet   diameter  0.75  inch 

Impeller  vane  height a t   i n l e t  0.22 inch 

Front-vane  inlet   angle  15  degrees 

Front-vane  discharge  angle 25 degrees 



. 

TABLE 

Components 
a  nd 

Parameters 

5-VI MERCURY PUMP PERFORMANCE DATA 

Calculated 
Design Point, 
Final Design . "  - . . ~  -~ - ._ . " 

Pump, Jet-Centrifugal 
Flow, lb/hr (gpnl) 

Speed, rpm 
In le t  tempera t w e ,  F 

Iknsity,  lb/ft3 
Inlet  pressure,  psia 
pressure  rise (AP), psi  
Head, f t  
Outlet  pressure,  psia 
Hydravlic power; hp 

Hydraulic po~rer. 1 N  

Efficiency, $ 
Shaft inpv.'c power, hp 

Shaft inpui, powci- , kW 

0 

Motor, I n d ~ 5 j J O q  . m e  " 

Sha  f t p o w  1- ; 1;W 

Electrical  efficiency, $ 
Bearing sea l  syst0111 e€ficiency, $ 
( a l l  less puunp) 

Input power, hp 

Input power ! k?J 

Input amps @? 2Q8 v 
Overall uni.t efficiency, $ 

Summary o:f L 0 s - s ~ ~ ~  

Total   electrical;  ( tnt ts)  

Total  hydraulic,  (watts) 
Total  heat  to  lubricant- 
coolan-t  flu.id (watts) 

11,600 (1.78) 
7,800 

505 
807.5 
10.5 

3 97 
70.9 

407.5 
.415 
.31. 

22.0 
1.89 
1 . 4 1  

2.41 
86.8 
50- 7 

3.73 
2.78 

10.5 
11.16 

3 68 
1002 

1-370 

Tested 
Performance 

11,500 (1.78) 
7,870 

505 
807.5 
10.5 

81.6 
468.5 

4 58 

- 477 
.356 

23.4 
2.04 
1.52 

2.41 
87.6 
55.3 

3.69 
2.75 

11.6 
Q . 9 5  

340 
890 

1230 

~ . - .  ~ 

0 Electrical-power souJ-ce: 400-Hz, 3-phase,  208 V (line-to-line) 
0 Space seal  leakage: 2 l b  (maximum)  of mercury and 3 lb (maximum) 

0 Startin5 NPSH: 1/16 f t  NPSH available a t  1/4 rated mercury flow. 
0 Lubricant-coolant  conditions: (1) Inlet  25  psia maximum a t  2lOoF with 

of lubricsnt-coolant f h i d   i n  10,000 hours of operation. 

2600 1b/hr €101.~ t o  mercury space seal  heat exchanger, (2) 200 lb/hr flow 
t o  the motor sta-tor  coolant  passages and 250 lb/hr  flow t o   t h e   b a l l  bearings. 

". .. . 
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Using  empirical  data,  the  back-vane  parameters were as   fol lows:  

Or ig ina  1 Modified* 
Impellers Impellers 

Nmber  of  back  vanes 32 8 
Back-vane height  , i n .  0.10 0.10 

Ba ck-vane clearance , i n .  0.10 0.10 

Back-vane inside  diameter  , i n .  0.9 1.05 

Whis  modif icat ion was app l i ed   a s  a r e s u l t  of  operational  experience 
descr ibed   la te r .  

The height- to-front-vane  c learance  re la t ionship  required  that   the  
impeller  vane  height  be a t   l e a s t  0.1 inch a t   t he   impe l l e r   d i scha rge .  To 
accommodate t h i s  vane  height,   the  volute  housing was des igned   fo r   pa r t i a l  
emission. The volu te   hous ing   charac te r i s t ics   a re   as   fo l lows:  

Emission 

In l e t   ang le  

I n l e t   v e l o c i t y  

120  degrees 

8.9 degrees 

29.1  fps  

The r ad ia l   l oad ing  on the   impel le r  was detemined  by  analyzing 
the   p ressure   d i s t r ibu t ion   a round  the   impel le r   per iphery .  The fo l lowing   rad ia l  
and axial   impel ler   loads were ca l cu la t ed .  

Flow ($ Design)  Radial Load ( l b )  Axial  Load ( l b )  

0 

50 
100 

130 

29 
13 
7.5 
12 

55 
53 
50 
45 

The ax ia l   l oad  on the   impel le r  was n e u t r a l i z e d   t o  a la rge   ex ten t  
by  the use of  back  vanes. 

The purpose of t h e  j e t  pump was t o  provide  adequate  suction  pressure 
t o   t h e   c e n t r i f u g a l  pump t o  p reven t   zav i t a t ion   i n   t he   cen t r i fuga l  pump during 
s t a r t u p  and  extended  operation.  Since  cavitation damage was a c r i t i c a l   f a c t o r  
i n   t h e  performance  of  the pump during  s tar tup  and  for   long-term  operat ion,  
more emphasis was placed upon producing a noncavitating pump than a high- 
performance pwnp.  The j e t  pump was designed t o  produce  suff ic ient  head so  
t h a t   t h e   c e n t r i f u g a l  pump would not  be  required t o  operate a t   s u c t i o n   s p e c i f i c  
speeds of grea te r   than  6000 under  any  ztartup c)r steady-state   condi t ions.  The 
optimum des ign   fo r   t he  j e t  pump required a re la t ive ly   smal l   d i scharge   nozz le  
a r e a   f o r   t h e  j e t .  Since,  however,  the optimum small nozzle  discharge  area 
would be   suscept ib le   to   c logging ,   the   nozz le  was s i z e d  for maximum r e l i a b i l i t y  
with a r e s u l t i n g  compromise i n  jet-pump  performance. 
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The hydraul ic  and physical   design  parameters   for   the j e t  pump a r e  
as  follows: 

Rat io  of d r ive  head t o   s u c t i o n  head 2 00 

Ratio  of  through-flow t o   j e t - f l o w  1.29 
Rat io  of  jet-pump  head t o  centrifugal-pump  head 0.11 

Suction flow v e l o c i t y  4.73 fps  

Je t   d i scha rge   ve loc i ty  64.7 f p s  

J e t  pump discharge  head 6.6 f t  

Reynold's Number f o r   d r i v e  j e t  6.5 x 10 5 
Jet  nozzle  diameter 0.093 i n .  

Mixing sect ion  diameter  0.404 i n .  

5.3.2.2  Motor 

The  mercury-pump motor is a conventional  400-H~~  3-phase,   &pole,  
s q u i r r e l  cage  induction  motor. A Dupon; polyimide ML insulat ion  system was 
se l ec t ed  which  allowed  operation t o  400 F maximum hot-spot  winding  temperature 
f o r   t h e   r e q u i r e d  l i f e .  The 3-phase power leads  and t h e  "Y" connected  neutral 
lead  are  brought  out of t h e  motor  end b e l l  through  individual  ceramic  terminals.  
Five Chromel-Alumel thermocouples  for  winding  temperature  measurements  were 
embedded i n  the   s ta tor   windings  and  passed  through t h e  motor end b e l l  by a 
separate   mult iple   pin  connector .  

The s t a t o r  is cooled  by a 200 lb/hr   f low of poly-phenyl e t h e r  
through a heat  exchanger i n  t he   s t a to r   hous ing .  

5.3.2.3 Shaft   Seals  

A dynamic sea l ing   sys tem  re ta rds  f l u i d  leakage  and  mixing  of  the 
mercury  and  the  poly-phenyl e the r .  A vent i s  provided s o  t h a t  t h e  small   leak-  
ages are por ted   to   space .  

a .  Mercury Shaft   Seal.-  The mercury   shaf t   sea l   cons is t s  of a 
visco pump, a molecular pump, and a carbon  face  seal  i n  s e r i e s .  The v i sco  
pump is  b a s i c a l l y  a screw pump, wi th   the   he l ica l   channel  i n  t h e   r o t a t i n g  
element. This  generates a p res su re   d i f f e ren t i a l   ba l anc ing  t h e  back-vane 
hub pressure  of t h e   c e n t r i f u g a l  pump impel ler .   This   pressure  balance  pro-  
duces a liquid  plug.  Molecules  evaporating  from t h e  i n t e r f a c e   a r e   r e s t r i c t e d  
frm f la r ing   to   space   by   the   ad jacent   molecular  pmp. The molecular pump, 
s i m i l a r  i n  appearance t o   t h e   v i s c o  pump, re turns   the  molecules   to  t h e  l i q u i d  
in te r face   fo l lowing   contac t  w i t h  the   ro ta t ing   he l ix   and   the   hous ing .  

A smaU heat exchanger  using  polyphenyl  ether  as  the  cooling medium 
is incorporated i n  the  housing  adjacent   to   the  l iquid  plug.   This  limits the  
temperature and therefore   vapor   p ressure   a t   the   l iqu id /vapor   in te r face  which 
con t ro l s   t he  amount of  boil-off  from  the  interface.  

2 08 



The mercury  molecular pump was designed t o  keep  the  mercury  vapor 
leakage  below  five pounds i n  lCl,OOO hours   wi th   the   l iqu id /vapor   in te r face  
tempera ture   es tab l i shed   a t  300 F maximum. 

The carbon  face  seal   prevents   f luid  leakage when t h e  pump is not 
r o t a t i n g  or is  operat ing a t  low speeds. Tests shmed  that   the   carbon  contact  
face  wears t o  a l i gh t   con tac t   l oad   po in t   i n  a 10-hour  period of continuous 
contact  with a maximum power consumption  of less than 400 wat t s  when engaged. 
To extend  the l i f e  of t h i s   s e a l   f o r  system r e s t a r t   c a p a b i l i t y  a bellows  actu- 
a tor   device was inco rpora t ed   t o  l i f t  t h e   s e a l  away from the   contac t ing   sur face  
when t h e  pump speed  exceeds 6000 rpm. The l i f t -o f f   dev ice  is actuated by a 
separate  gas  supply  with  an  actuating  pressure of 100 ps ia .  

b. Lubricant  Seal.- The lubr icant   sea l   cons is t s   o f  a s l i n g e r  and 
a molecular pump i n   s e r i e s   a s   t h e  dynamic sea l ,   and  a s t a t i c  carbon  face  seal .  
The slinger  develops a stable  l iquid-vapor  interface,   and  the  molecular pump 
restr ic ts   molecule   leakage.  The carbon  face  seal   funct ions when the  dynamic 
s e a l  is inoperat ive,   as   for   the  mercury  seal .  

The s l i n g e r  i s  a smooth d isk  w i t h  a discharge  hole   in   the  housing 
a t  t h e  per iphery   for   re turn ing  the l u b r i c a n t   t o   t h e  system. The molecular 
pump retards  leakage  of t h e  lubricant  vapor,  ' the  expected  leakage  rate  being 
about 0.08 l b  i n  10,000 hours. 

5.3.2.4 Bearing  Lubrication  System 

The lubricat ion  system  included a f i l t e r ,   a n   i n j e c t i o n  system, and 
a scavenging  device. A 5-micron f i l t e r  i s  phys i ca l ly   a t t ached   t o   t he  
mercury pump. An in jec t ion   sys tem  suppl ies   the   lubr icant ,  and a scavenging 
device  prevents  f looding  of t h e  bear ing   cav i t ies .  

The l u b r i c a n t   i n j e c t o r   t o  t h e  bearings  provides a t o t a l   l u b r i c a n t  
f l ?  of 200 lb /h r .  This   ra te  of flow keeps  the  bearing  temperature  below 
250 F. The design  consis ts  of an   in jec t ion   r ing   wi th   s ix   equal ly   spaced  
0.04-inch  diameter  holes  which  direct  lubricant  toward  the  inner  race of the  
bear ings.  Two lubr icant   s l ingers   scavenge   the   bear ing   cav i t ies .  Each s l i n g e r  
i s  designed t o  pump aga ins t  a 5 psia   discharge  pressure.  

A thermal   analysis  under  f looded  motor   cmdit ionsoindicated  that  
t h e  winding  temperature would increase  by  approximately 100 F due t o  t h e  
added power consumption of 0.5 hp  and  viscous  drag.  This  temperature  increase 
was undes i rab le   f rok   an   insu la t ion  l i f e  standpoint  and  also  because t h e  heat  
conducted  through  the  rotor m u s t  t r ave l   t h rough   t he   sha f t   i n to   t he   ba l l   bea r -  
ing  area w i t h  subsequent  detrimental   effects on bear ing  c learances.  A motor 
cavi ty   scavenge  s l inger  was, the re fo re ,   i nco rpora t ed   t o   pu rge   t he   ro to r   a i r  
gap  of f l u i d   a n d   r e t u r n   t h e   f l u i d   t o  t h e  system. The maximum power loss f o r  
a f looded  rotor  and s l i n g e r  was ca lcu la t ed   t o  be 0.9 h p ,   b u t   t h i s   f a l l s   o f f  
r ap id ly  a s  scavenging is  accomplished. 
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The mercury pump i s  f i t t e d  with  lubricant-coolant f l u i d  i s o l a t i o n  
va lves   on   t he   i n l e t   and   ou t l e t   l i nes  t o  and  from  the  bearing  cavity.   These 
two-position 28-Vdc so leno id   i so l a t ion  valves a r e  closed before pump shutdown 
and opened a f t e r   t h e   p m p   r e a c h e s  full speed.  This  removes  lubricant pres- 
sure from  the  bear ing  cavi t ies ,   prevents   f looding of the  bear ings  and motor 
c a v i t i e s ,  and   reduces   l eakage   th rough  the   face   sea ls   dur ing   s ta r tup   and   shut -  
down. 

5.3.2.5 Bearing  System 

Single row, angular-contact   bal l   bear ings  with a low  shoulder i n   t h e  
inner   r ing  are used with  an  outer-r ing-pi loted  one-piece  bal l   separator .  The 
design  goal  was to   ob ta in   the   min imm l i f e  of 10,000 hours  with 99.576 r e l i a b i l i t y .  

Angular-contact  bearings were se lec ted   for   the i r   h igh   load   capac i ty  
and  good r a d i a l   s t i f f n e s s .  With ax ia l   p re load ,  there is no in te rna l   looseness  
under  operating  conditions,   and  roll ing  contact w i t h  optimum dynamic balance 
i s  maintained a t  a l l  times. A one-piece  iron-sil icon  bronze  cage,   selected 
f o r  maximum s t rength   and   l igh t   weight ,  was designed  for  good lubricant   f low.  

The loads on t h e   b a l l   b e a r i n g s  are shown i n   F i g u r e  5-34. The bear- 
ings  are  preloaded  using wavy  spr ings.   Axial   thrust   load is  produced by p m p  
pressure  act ing  on  the  end of t he   sha f t   and   t he   v i sco  pump s leeve .  

The r ad ia l   bea r ing  loads a r e  developed  from  the pump, t h e   s h a f t  
r o t a t i n g  mass, and t h e  motor  magnetic  forces. The magnetic  force i s  minimized 
by  mainta.ining good machine concentr ic i ty .  The average  value  for  the  motor 
magnetic pu l l  was 10 lb with 30 l b ,  maximum. With a b e a r i n g   s p r i n g   r a t e  of 
5 x l o5  lb / inch   inc luded   in   the   ana lys i s ,   the   c r i t i ca l   speed  was ca lcu la ted   as  
17,300 rpm, a more-than-ample  margin  over  the 7800 rpm nominal  operating  speed 

5.3.3 Demonstrated  Performance 

The mercury pump has  been tested ex tens ive ly   i n  component loops 
simulating  system  conditions  and  in  the SNAP-8 system tes t  loops. Most  of 
the  performance  and  endurance  data  were  derived from component l oop   t e s t ing  
w h i l e  operating  experience was derived mainly  from  the system t e s t i n g .  The 
mercury pump success fu l ly  met design  performance  requirements.  This  judgment 
i s  based on the   eva lua t ion  of 689 s t a r t   cyc le s   and  30,423  operating  hours on 
s ix  pumps. During an  endurance run on one u n i t ,  lo9 s t a r t   c y c l e s  and  L2,227 
operating  hours were logged. A de ta i led   repor t   conta in ing   an   eva lua t ion  of 
t he  pmp fo l lowing   th i s   endurance   t es t  i s  contained  in  Reference 46. 

The individual  mercury pump components and  the  complete  mercury  pmp 
motor  assembly  were  evaluated i n  a progressive tes t  program. The motor,  the 
j e t   pmp ,   t he   l ub r i ca t ion   sys t em,   t he   s ea l ing  system, and  motor were f i r s t  
tested  independently.  After ind iv idua l  component performance was establ ished,  
the  performance  of  the  complete  unit was eva lua ted   in  two mercury component 
loops which simulated  the SNAP-8 environmental  and  operational  requirements 
i n  space. 
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BEARING 55 LB (7.5) 4 LB 
AXIAL  SPRING  PRELOAD PUMP  RADIAL 

6 LB  ROTOR 8 LB  SHAFT  DEAD  WEIGHT 
DEAD  WEIGHT 6.25 LB  ROTATING  UNBALANCE 

PUMP  LOADS  ARE  COMPUTED  FROM  TESTED  PRESSURE  PROFILES 
(VALUES  IN  PARENTHESIS  ARE  ANALYTICAL) 

(78 LB) 
49 LB 

PUMP  THRUST 

Figure 5-34 Mercury Pump Bearing Loads 



me short-term  and  endurance  capabili t ies of t h e  unit were a l s o  
evaluated  in   the  mercury tes t  loops. The hydraul ic   and  e lectr ical   perform- 
ance was determined  including  head-capaci ty   character is t ics ,   temperature   and 
p res su re   d i s t r ibu t ions ,  and  jzt-pump  and mercury-pump e f f i c i e n c i e s .  The 
mercury pump was incorpora ted   in to  power conversion systems a t  Aerojet  and 
NASA-LeRC and tested to   eva lua te   t he   compa t ib i l i t y   and   e f f ec t  on performance 
while  operating  under  actual service condi t ions.   System  tes t ing also allowed 
a more thorough  analysis  of t r a n s i e n t  system effects on the  mercury pump d u r -  
i ng  system s t a r tup   and  shutdown. 

5.3.3.1 Overall  Performance 

a.  Hydraulic  Performance a t  400 Hz. - The overal l   head-capaci ty  
performance  of  the pump has  not  been  completely  consistent.  A reference 
curve wa.s e s t a b l i s h e d   i n   e a r l y  tes ts ;  b u t ,   a s  development  progressed,  the 
performance was a d j u s t e d   t o  a s l i g h t l y  lower  head-capacity curve. The reason 
f o r   t h i s  was t h a t   t h e  head va r i ed  on a g i v e n   u n i t   f r o m   t h e   v a l u e s   a t   s t a r t u p  
t o   t h e   s l i g h t l y   r e d u c e d   v a l u e s   a f t e r  one t o  s ix  hours  of  operation. The per-  
formance  would  remain  low, or almost  recover t o  f u l l  head  following a shut-  
down a n d   r e s t a r t   c y c l e .   I n  one case ,  a long-endurance pump operated  for  
about 6000 hours a t   f u l l  head,  then  went  through a period of low-head  opera- 
t i o n  and f ina l ly ,   fo l lowing  a power-supply  shutdown, resumed operation a t  f u l l  
head t o   t h e  completion of t he  t e s t  run. This phenomenon  was invzs t iga t ed ,   bu t  
no explanat ion was reached  which  can  be  supported  by tes t  d a t a .  A poss ib l e  
cause i s  a low spec i f i c   speed   r ec i r cu la t ion  e f fec t  induced  by  system  loop 
operat ing  condi t ions.   Analysis   of   the   avai lable   tes t   data   confirms  that   the  
mercury pump performance i n   i n  accordance  with  the  lower  cmves  as shown i n  
Figure 5-35. 

This provides   re la t ively  conservat ive  head  values  and results i n   a n  
adequate pump performance  margin f o r   t h e  system requirements .   Note   that   the  
system s t a t epo in t   i n   F igu re  5-35 is  d i f f e ren t   f rom  the  pump design  conditions 
as shown i n  Table ?-VI. The latter values  were  based  on  statepoint  condi- 
t i o n s   e s t a b l i s h e d   e a r l i e r   i n   t h e  program. The r eason   t ha t   t he   t e s t ed  head 
r ise  is  grea te r   than   the   ca lcu la ted   va lue  is thought t o   b e  due t o   t h e   s e l e c -  
t i o n  of a conserva t ive   head   coef f ic ien t   in   the   des ign .  

b.  Shutoff or Low Flow  Operation.-  Because of t he   v i sco  pump heat  
exchanger ,   the   mercury   pmp  can   opera teaf te r   the   res t  of t he  SNAP-8 system 
has  been  shut down for   long  per iods of  t ime  and  has  been  tested  for more than 
30 minutes  without  deleterious  temperature r ise.  The j e t  pump bypass  flow 
equal izes   the  f luid  temperature ,   and  the  space  seal   heat   exchanger   effect ively 
limits t h e  maximum temperature. 

c.  220-Hz Operation.- A t  220 Hz, the  mercury pump must ope ra t e   i n  
t h e   s y s t e m   a t   e i t h e r  50 o r  66 V ( l i ne - to -neu t r a l )  power depending on whether 
or not power i s  supplied by t h e   a l t e r n a t o r .  Pump performance a t   t h e s e  
vol tages  i s  shown in   F igu re  5-36. The head-capacity  curve i s  d i r e c t l y  
r e l a t e d   t o   t h e  400-Hz data ,   as   expected.  
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a. Jet Pump.- Development tests of t he  j e t  pump were conducted 
first using water and l a t e r  mercury to determine j e t  pump performance i n  
r e l a t i o n   t o   o r i f i c e   s i z e ,  and t o   e s t a b l i s h   t h e   l o c a t i o n  of j e t  nozzle   re la-  
t i v e   t o   t h e   c e n t r i f u g a l  impeller. The water  and  mercury tests showed 
s a t i s f a c t o r y   c o r r e l a t i o n ,   b u t   t h e  j e t  pump head was low w i t h  a r e s u l t i n g  low 
e f f i c i ency  of  approximately E.?$. T h i s   s l i g h t l y  low test  e f f i c i ency  was 
compensated by t h e   a b i l i t y   t o   s u p p l y   a n  WSH of  seven feet t o   t h e   c e n t r i f u g a l  
pump i n l e t .  The j e t -pmp  NPSH was s u f f i c i e n t   t o   s u p p r e s s   c e n t r i f u g a l  pump 
cavitation  under  normal system s t a r t i n g  and  operating  conditions. 

The performance of t h e  j e t - cen t r i fuga l  pump combination was t e s t ed  
by reducing  the WSH s u p p l i e d   t o   t h e  j e t  pump a s  shown in   F igu re  5-37. A t  
1.82 gpm, which i s  near  mercury pump ra ted   condi t ions ,   the  jet  pump head i s  
reduced by about 1 2 %  when supplied w i t h  an  NPSH equivalent  to 1.5 ft. However, 
the 'overal l   head  does  not  show a corresponding  decrease. T h i s ,  together  wi th  
pressure   p rof i les   a long   the  jet-pump length   whi le   in   cav i ta t ion ,   ind ica ted  
t h a t  t he  j e t  mixing  section was t o o   s h o r t   f o r  t h i s  operat ing  point .  The j e t -  
to-suction  flow  mixing  had  not  been  completed a t   t h e  end  of t h e  je t  pump, but  
(from the   overal l   head  value)   mixing may have  been  completed  before  reaching 
the  impeller.  With t h e  NPSH reduced  fur ther ,  t h e  o v e r a l l  pump head  decreases 
and,   short ly   af ter   the   2%  overal l   head loss l eve l ,   t he  j e t  pump head becomes 
s o  low tha t   t he   cen t r i fuga l   eye  is completely  cavi ta t ing.  

Figure 5-38 shows the NPSH a v a i l a b l e   a t   t h e   c e n t r i f u g a l  pump i n l e t  
a s  a func t ion  of through-flow-capacity  for lO$ je t  pump head loss ,  2% ove ra l l  
pump head loss, and minimum NPSH values .  The minimum WSH curve  indicates 
operation  within  20% of the   ra ted  head but wi th  t h e  pump incu r r ing   cav i t a t ion  
damage. The pump has  operated  with  vir tual ly   zero NPSH while s t i l l  producing 
10 t o  80% of  normal  head  values. A study of t h i s  type of operation was made 
when severe cav i t a t ion  damage was found  on a mercury pump impeller  used  during 
t e s t s   i n  the 35-kWe sys t em  f ac i l i t y .  The j e t  pump has  never shown cav i t a t ion  
damage . 

b.  Centr i fugal  Pump.- The cen t r i fuga l  pump produces  greater head 
than was expected  from  the  design  calculations.   This was a t t r i b u t e d   t o   t h e  
use of a conservat ive  head  coeff ic ient .  The pump produced  an  established 
head r i s e  of 81.6 f t .  with  23.4%  eff ic iency  instead of t he   o r ig ina l   ca l cu la t ed  
value of 69.5 f t  with 22% ef f ic iency .  

e.   Impeller Back Vane  Damage.- Impeller  back hub cav i t a t ion  damage 
was observed  during  an  endurance test ,  bu t  t h e  damage was not   g rea t  enough t o  
hinder  performance  during  12,227  hours of operation. The impel ler   used  for  
t h i s   t e s t  was  made from 9M steel. However, the  damage was judged t o  be a l i f e -  
l i m i t i n g   f a c t o r   f o r  a goa l  of 5 years .  The back  vane  pressure i s  r e l a t e d  
t o  pump suc t ion   pressure ,  j e t  pump d i f f e r e n t i a l ,   c e n t r i f u g a l  pump d i f f e r e n t i a l  
pressure,   and  back  vane  differential   pressure.  With pressure and l i q u i d  
ve loc i ty   g rad ien ts   p resent   c i rcmferent ia l ly   a round  the   impel le r   hub ,   cav i ta -  
t i o n  damage i s  l ikely t o  occur i f  t h e  hub pressure l e v e l  is  near the mercury 
vapor  pressure. 
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Some modified  impellers were f a b r i c a t e d   f r o m   S t e l l i t e  6B f o r  improved 
cav i t a t ion   cha rac t e r i s t i c s ,  and with  an  increased  impeller hub  diameter t o  
r a i s e   t h e   p r e s s u r e   a t   t h e  hub. Also t h e  number of  back  vanes was a cont r ibu t ing  
fac tor .   L imi ted   t es t ing  was l a t e r  conducted  with these impel lers .  The extent 
of t h e   t e s t i n g  however was in su f f i c i en t   t o   i nd ica t e   whe the r  or n o t   t h i s   m a t e r i a l  
and  the  impeller  design  changes would t o t a l l y   a l l e v i a t e   t h e   c a v i t a t i o n  daJnage. 

d.  Impeller  Radial  and  Axial  Forces. - The impe l l e r   r ad ia l   and   ax ia l  
forces  shown in   F igu re  5-39 were obtained  from pumps operat ing w i t h  f u l l  head 
characterist ics.   Force  measurements were ca lcu la ted  by equat ing  pressure gra-  
dients   def ining  the  impel ler   f ront   and  back  prof i les .   Similar ly ,   the  impeller 
pe r iphe ra l   p re s su re   p ro f i l e   e s t ab l i shed   t he   fo rce   and   d i r ec t ion  of the  impel- 
ler radial   load  with  the  assumption  that   the  unmeasured  dynamic 'or ve loc i ty  
fo rces  were  balanced. 

5.3.3.3 Mot or Performance 

The motor for  the  mercury pump has  been  fully  developed  and  has m e t  
the  design  requirements as proven  by  the  resul ts  of t he   t e s t s   desc r ibed  below. 

a .  Motor Insu la t ion  Tests. - A polyimide-insulated  motor was sub- 
merged i n  poly-phenyl e the r  and  operated a t  temperatures  of  250  and 300°F for  
20,000  hours t o  determine  the  compatibil i ty of t he   i n su la t ion   w i th   t he  lubri- 
cant-coolant.  No measura.ble insulat ion  degradat ion was observed. 

b. Motor "In-Airrr  Tests .  - The motor  supplier  (Westinghouse)  con- 
ducted  an " i n  a i r "   t e s t  on t h e  pump motor. The tes t  r e s u l t s  have  been p lo t t ed  
as  a speed-torque  curve  in  Figure 5-40 with a predicted  computer-developed 
performance  curve shown i n  Figure 5-41. T e s t   r e s u l t s   i n d i c a t e   t h a t   t h e  motor 
performance i s  adequate ,   a t ta ining 87.6% eff ic iency .  

c .  Motor Input Power. - Figure 5-42 shows the  input  current  and 
voltage  obtained  from  testing. The  pump was ope ra t ed   a t   r a t ed   cond i t ions  
w i t h  motor  input  voltage  as a var iab le .   F igure  5-42 shows t h a t ,   a t   t h e   r a t e d  
208 V ( l i ne - to - l ine )  , or' 120 V ( l ine- to-neut ra l )  , voltage,   the   lowest   current  
is required.  A t  lower vol tage ,   the  power decreases   as   the  load  decreases  due 
t o   t h e  lower  operating  speeds. 

d .  Motor S t a r t u p   C h a r a c t e r i s t i c s   a t  400 Hz. - Because  of  the low- 
temperature   viscosi ty   of   the   lubricant-coolant   f luid,   an  accelerat ion  problem 
can  exis t   (see  Figure 5-43). A t  400 Hz and  208 V ( l i ne - to - l ine )   t o   t he   mo to r  
terminals,  the  motor w i l l  a c c e l e r a t e   t o  fgl-1 speed if  t h e  mhor   cav i ty  i s  not 
f looded  and  the  lubricant is a t   l e a s t  100 F. If the  lubricant  temperature or 
input  voltage i s  lower, t he   acce le ra t ion   t ime  w i l l  be longer,  or f u l l  speed 
may not  be  attained. If t h e  motor cavi ty  is f looded,   the  uni t  w i l l  n o t   a t t a i n  
f u l l  speed  but w i l l  s t a b i l i z e   a t   a b o u t  5000 rpm.  The motor cav i ty  and b a l l -  
bear ing   lubr icant   s l ingers  m u s t  be a t  speeds of a t   l e a s t  6000 rpm t o  overcome 
t h e  normal 5 psia  back  pressure  before  the  lubricant  f low i s  i n i t i a t e d .  A t  
speeds  below 6000 gpm, the  unit   remains  f looded. A t  a lubricant   and pump 
temperature of 1 2 5  F, t h e  unit can  reach 5000 rpm i n  the  f looded  condi t ion.  
With a s l igh t   t empera ture   increase ,   the  pump can   acce le ra t e   t o  6000 rpm f o r  
full purging of t he  pump motor cavi ty .   Therefore ,   preheat ing  the unit t o  I25OF 
f o r   s t a r t i n g  was spec i f ied .  
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The optimum dynamic  mercury seal   design  vas   der ived  by  individual ly  
t e s t ing   t he   v i sco  pump, s l i nge r ,  and  molecular pump as   s epa ra t e  components. 
Various  screwtype  seals ,   s l inger   designs,   and  running  c learances were evalu- 
a ted .  The dynamic elements  that  performed  best  were  then combined i n t o   t h e  
mercury pump design. An impor tan t   fea ture   ver i f ied   dur ing   the  development 
was the  a t ta inment  of the  s table   l iquid-vapor   interfaces   necessary  for  good 
seal ing.  These in t e r f aces   were   v i sua l ly   ve r i f i ed   a t   t he   l ub r i can t   s l i nge r  
and the  mercury  visco pump. 

The tests were no t   spec i f i ca l ly  set up t o  determine  long-term 
operating  leakage.  Consequently, no precise  long-term  leakage  measurements 
were made, but  a careful   recording of fluids in   va r ious  tes t  systems  indicated 
tha t   the   l eakage  was ~ O T T ,  and  probably well below t h e  maximum allowable  leak- 
age. 

Some minor cav i t a t ion  damage has  occurred t o   t h e   r o t a t i n g  and s t a -  
t ionary  elements of the   v i sco  pump, seemingly at the   loca t ion   of   the   l iqu id-  
vapor   interface.  The mater ia l s   used   for   these   par t s  were gCr-lMo steel  f o r  
the  s ta t ionary  seal   housing  and AIS1 4340 f o r   t h e   r o t a t i n g   s l e e v e .  

Some design  changes were made t o   f a b r i c a t e   t h e s e   p a r t s   f r o m   S t e l l i t e  
6B which is considered t o  be a t   l e a s t  on order of magnitude  improvement i n  
cavi ta t ion  res is tance.   Limitat ions  of   fur ther   tes t ing  precluded t h e  judgment 
a s   t o   t h e   e x t e n t  of t he  improvement. 

a .  Mercury Dynamic Sea l  Pressure.- Figure 5-44 i l l u s t r a t e s   d a t a  
from tests conducted t o   e s t a b l i s h   t h e  pumping p res su re   capab i l i t i e s  of t h e  
v i sco  and  molecular  seal pumps.  The input  power c u r v e   s t e p   a t  81 psia  impel- 
ler  back-hub pressure   s ign i f ies   the   p ressure  limit of the   v i sco  pump.  The 
s t e p  shows the   d i sk  power increase  for   the  larger   molecular  pump.  The increas-  
ing power slope a t   p re s su res   g rea t e r   t han  81 ps ia  shows the  molecular pump 
capab i l i t i e s   fo r   hand l ing   l i qu id   un t i l  gross mercury  leakage  occurs a t  116 ps ia .  
Data  from Figure 5-44 and  from tests conducted a t   v a r i o u s  pump speeds were used 
to   es tab l i sh   the   curves  shown i n  Figure 5-45 which i l l u s t r a t e   i n d i v i d u a l  and 
o v e r a l l   s e a l  component l imi t a t ions .  The v i sco  pump pressure limits the  pres-  
sure on the  impeller  back  vane  and  keeps  the  molecular pump l iqu id- f ree .  The 
maximum limit of the  mercury visco-molecular pump combination  defines  the 
point  of gross l iquid  leakage of the  dynamic s e a l  system. 

b.  Lubricant Dynamic-Seal Pressures. - The lubr icant  dynamic s e a l  
i s  a  smooth d i sk   s l i nge r  backed by a molecular pump.  The outside  diameter of 
t he   s l i nge r  i s  a t   t he   d i scha rge  of the  ball-bearing  scavenging  sl inger  located 
on the  other   s ide of the   s l inger   d i sk .  The seal ing  pressure limit r e l a t e d   t o  
the  bear ing  out le t   pressures  i s  not  defined  by a s t ep   func t ion   i n   t ha t ,   a s   t he  
pressure  increases ,  power increases  from a  combination of t he   s l i nge r   d i sk ,  
b a l l  bearing  turbulence,  and t h e  motor rotor   cyl inder   and  disk  hydraul ic  
l o s ses .  A s  seen in   F igu re  5-46, these   ac t ions   r e su l t  i n  a gradual power in-  
crease  with  an  increase  in   s lope when the  motor r o t o r  starts t o   f l o o d  and 
s t ab i l i z ing   be fo re   t he  gross l iquid  leakage  occurs.   Since  the power l e v e l  of 
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the  f looded  molecular pump is small, no data  t o  ind ica t e  when it is  f i l l e d  
with l i q u i d  i s  ava i lab le .  However, when the  motor c a v i t y  becomes flooded, 
the  motor input  power not iceably  increases .  I n  f i g u r e  5-45, beginning of 
motor-cavity  f looding and the   g ros s   l eakage   bea ing   ou t l e t   p re s su re   po in t s  
a re   g iven   as  a func t ion  of frequency. 

5.3.3.5 S h a f t   S t a t i c   S e a l  

The l i f t -o f f   dev ice   a s  shown i n   F i g u r e  5-32 f o r   t h e   s t a t i c   s e a l s  ,, 
cons i s t s  of  a bellows  actuated  by  200-psia  nitrogen.  Although one  of these  
par ts   operated  successful ly   during  the X?,Z!7-hour endurance  tes t ,   o thers  i 
have shol-m a tendency to   l eak   a t   t he   be l lom  ve ld   po in t .   Mod i f i ed   des igns  0 

were t e s t e d  where  a d i f f e ren t i a l   be l lows   vas   i nco rpora t ed   d i r ec t ly  i n  %he - 
f ace   s ea l s .  17ith these  changes,   the   seals   were  tes ted for  50 hours  vithout :- 
f a i l u r e  . . -  

t i  

Some s t a t i c   l e a k a g e   r a t e   t e s t s  were  conducted with these  -sea.& with 
v a r i a b l e   r e s u l t s .  Carbon s e a l s ,  vhen new, s e a l e d   t o   3 0  and 33 p s i  on tvo - 
separa te  units before  mercury  leakage  occurred.  After  operation  for a short 
time,  leakage  occurred  between 4 t o  I 2  ps i   and ,   a f t e r  50 hours of operat ion 
wi th  s e a l s   i n   c o n t a c t ,   t h e   s e a l s   l e a k e d   a t .   l e s s   t h a n  1. psi.   , In  system  opera- 
t i o n ,   t h e   d i f f e r e n t i a l   p r e s s u r e  would  approach  zero psi v i th  the s e a l   i n  
contact  when t h e   u n i t  i s  not  operating or a t  a ' lover  speed;  therefore,   these 
va lues   a re   sa t i s fac tory .   Opera t ing   t ime and experience however i s  inadequate 
to   j udge   whe the r   t he   l a t e s t   l i f t -o f f   s ea l s   a r e   r e l i ab le .  :a 

p p , J  

5.3.3.6 Bal l   Bearings 
! 

The b a l l   b e a r i n g s  have o p e r a t e d   s a t i s f a c t o r i l y   i n   a l l  units -bperated 
t o   d a t e .  This includes  30,423  operating  hours  on six purnps with 12,277'  hours 
on the   longes t  run. The folloving  observations  Irere-based on .exanination of 
b a l l  bearings  from the endurance t e s t  uni.ts: 

d . I ) . .  

I !  . /  
8 .  '., ! - , I  

0 The l u b r i c a t i o n  ~ras good.  Both roil ing  contact  elementk  and 
. ?  

t h e   b a l l   s e p a r a t o r  shoved p r a c t i c a l l y ,  no .vear. . . :c 

0 The mounting  system i s  s a t i s f a c t o r y .  No rotat ing  unbalance -4 
load ~ras observed ,   and   the   ba l l   t rack ing  vas good. D 

0 There vas no s i g n  of f a t igue .  ~, 

0 Contamination  control vas acceptable .  No se r ious   fo re ign  : 

, I ,  . . _  . I  1 

" .. 
. b  . _ .  

, I  I .  

- 
.. .. 

1 , t  

p a r t i c l e  damage occurred. 

0 Varnish  (due t o   h e a t )   d e p o s i t i o n  of t he   l ub r i can t  on t h e  
bearing  vas  judged t o  be  of  no  consequence. . .  

It is concluded  that  based on the   exper ience   to   da te  a bearing l i f e  
of f ive   yea r s ,  or greater,   can  be  expected. 
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5.3.3.7 Bearing  Lubrication and Coolinq 

The polyphenyl  ether  lubricant-coolant  fluid  circulates  through  the 
mercury pump t o   l u b r i c a t e  and cool  the  ball   bearings and t o  cool  the motor 
and mercury visco pump. No problems  have  occurred i n  any of these  functions. 

t o   t h e  
lb  /hr . 
atures  
200 t o  

e f fec t  

a.   Bearing  Inlet  Flow. - The e f f ec t  of different   lubricant  f l o w  

Flaws below 150 lb/hr are  not recommended since  high  bearing  temper- 
ball-bearing  inlet   has been tested  for  f lows  ranging from 50 t o  550 

a re  likely t o  occur. Most mercury pump t e s t ing  has been a t  flows of 
300 lb/hr.  , 

b. Bearing  Tnle2  Temperature. - The inlet  temperature  has l i t t l e  
on the  inlet   pressure  s ince  the Reynolds number change i s  small and the 

pressure loss is a lmkt   t o t a l ly   %ha t  of the  or i f ice .  The inlet  temperature 
does, however, a f fec t   the  punpipower and beartng  temperatures  directly  as 
shown  &n Figure: 5-47. With ,a maximum allowable  bearing  outer-race  temperature 
of 300 F, i n l e t '  o i l  temperatures above 270% are  not  advisagle.  gemperatures 
lower than 2OO0F require  higher  input power. :Therefore 215 F 2 5 F i s  the 
recommended inlet  temperature. Figure 5-47 shms test data of the   e f fec t  of 
lubricant  inlet   temperature on bearing  temperature,  input  current, and power. " . " _ . . .  ..: ~ - .. . . . 

c. Bearing  Lubricant Back PressAe - 400 Hz.- Figure 5-48 shows 
the  effects  of operation a t  difyerent lubricant  pressures. ' Operation is 
desirable  a6 back pressures  ranging between 2.9 and 8.7 psia,   but  the power 
increases  about 75 watts per  psia  within t h i s  range. 

220-Hz 
up t o  2 

d. Bearing  Lubricant Back Pressure - 220 Hz.- Data from t e s t s   a t  
input.p,qyer $@ica te  ..~.. t ha t  . ...,........-,... the pump operates . unflooded a t  back pressures 
.8 psia . A t !  highen' pressures up t o  5.6 psia ,  power increases only 

gradually. The bearing and  motor  temperature rise indicates t h a t  the   uni t  
could  operate a t  s teady%  s ta te  with a  5.6-psiaobearing  lubrtcant  back  pressure, 
and at   lubr icant   inlet   temperatures  up t o  200 F. 

, .  I !  : : 

' e. '  Motor Hbusirig Heat -changer.- The motor housing  heat  exchanger 
passages a re   l a rge  f oP th$ amount of flow  involved, and laminar  flow  conditions 
ex is t .  The design  value of 0.6 psi   pressure drop a t  400 lb /hr  is confirmed by 
tes t   da ta .  

f .  Merdurg Space-Seal Heat  Exchanger. -,!This heat ,exchanger main- 
ta ins   the  visco pump liquid-vapor  interface a t  300 F, maximum, which controls 
the vapor  pressure at  the  liquid-vapor  seal  interface.  Frob  an  examination of 
t h k  thermal mapping obtained  from t e s t ing   t he   s ea l  housing,  outside  tempera- 
ture   regis tered 253OF instead of the  calculated 3269 (Figure 5-49). Therefore 
i t 'may be presumed tha t  the liquid-vapor  interface  temperature is considerably 
less than 300 F, and consequently t h e  seal  leakages would be much less  than t h e  
allowable  rates . 
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5.3.3.8 Temperature  Distribution 

Temperature   dis t r ibut ion i n  the  mercury pump was obtained by 
operat ing a pump i n  a simulated  space  environment wi th  insulat ion  lacapped 
around t h e   e n t i r e   u n i t   t o   p r e v e n t   r a d i a t i o n   h e a t   l o s s e s .  A l l  temperatures 
vere   lover   than  calculated wi th  the  except ion of t he   mo to r   s t a to r   i ron  
temperature  and  the  motor  housing  temperature  (Figure 5-49). The s l i g h t l y  
higher   s ta tor- i ron  temperature  tras caused by an  unexpectedly  high  ra te  of 
hea t   t ransfer   f rom  the   winding   co i l   to  t he  s t a t o r   i r o n .  The higher  tempera- 
t u r e s  of t h e   s t a t o r   i r o n  and the  motor  housing  were  not  considered  detrimental. 

5.3.4 Vibration  and Shock Testing 

A complete  mercury pump was tested i n   t h e   v i b r a t i o n   t e s t   f a c i l i t y  
a t  NASA-LeRC i n  accordance  vi th  NASA Spec i f i ca t ion  417-2, Rev. C. This 
included  s inusoidal  sweep v ib ra t ion ,  random vibration,  and  multiple  shocks 
of  15-g  peak i n  t h ree   d i r ec t ions .  The t e s t  program and gost-test   examination 
of the  mercury pump is desc r ibed   i n   de t a i l   i n   Re fe rence :  ,47. 

I 

I 

The test  times  and  input-power  leveTs a r e  ShOTM i n  Table 5-VII.  
The only  detr imental   condi t ion  observed  af ter   : tes t ing vas a n  apparent loss 
of bearing  preload  caused  by  gall ing of one of the   bea r ing  outeq races  i n  
t h e  housing. The housing  is-*de  from gCr-Uo a l l o y  FrhicB is ,  s;uSceptible t o  

sur face  or employ a hardened s t e e l   l k n e r  . i n  the  housing wis .ma@: These 
changes had not  been  implemented a t  ;the  conclusion of the, .sNAl+8 Program, ! 
e f f o r t  . 

! g a l l i n g  and the re fo re  a reconmendation t o  e i the r   "ha rd -c~ome" ' the   hous ing  

I 
' I  

1 

. I  
, .  ) . . . . ; ' ;  . . . .  . .  

. . . . .  ' .  : , I  i 
I I i 

5.3.5 Opera t iona l   In te r faces  4 ; . . . .  
1 

i ' '  ' '  

The mercury pump nominal  operating  conditioris are 
Table 5 - V I I I  f o r  400-Hz and 220-Hz operatidn.  These  dalues  reprFsent  the : 

expected  operating  point fo r  the  SNAP-8 sydtem.  With  ;the;  exception of mercury 
suction  pressure,   the  majority  of  the  mercury pump t e d t  h e  vas  laFcm$lated 
under  these  nominal  conditions. However, f o r   o p e r a t i q n   i n  a  ground  tesf; . 
system,  the pump suc t ion   pressure   vas   g rea te r   than  th$  value.shown i n  Table :. ' 

5-VIII because of the  mercury  e levat ion  pr 'essure   occurking  in  a L'g environ- 
ment.  During o p e r a t i o n   i n   t h e  35-kWe t e s t  system, pump suc t ion   pressures  
were 30 t o  33 p i a .  

- " . . . .  

I .  

, .  

' ,  ,' ; 
Table 5-IX lists the  operational  alarm  and  shutdolm limits for  

400-Hz operation. The overspeed limit could  occur  only with over-frequency 
r e s u l t i n g  from  a  runaway turb ine .  The shutdam limits s i g n a l  immediate 
f a i lu re ,   whereas   t he   a l a rm  l imi t s   s igna l   va r ious   cona i t ions   t ha t  T K I - 1  h a m  
the  equipment  and perhaps  eventually  cause a f a i l u r e .  Exceeding  the  shutdolm 
limits of various  parameters  should  be  cause  for  an  automatic  shutdolm. 
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TABLE 5 x 1  SUMMARY OF MERCURY PUMP VIBRATION TESTS 
i' 

Frequency 
Axis 
Test 

Input , 
(Hz) 

G Level 
Input 

m e  
Test 

Sweep 
Speed 

Run 
Number 

Running 
Time 

1 

1 
1 

5-2000 

5-2000 

5-2000 

1 oct/min 

1 oct/min 

1 oct/min 

8.4 min 

8.4 min 

8.4 min 

Sine 

Sine 

Sine 

1 

9 
10 

X 
Y 
Z 

3 db/oct 
0.4 g2/Hz 
-6 db/oct 

I t  

Random 2 X 20-100 
100-600 
600-2000 

11 

20 g 's  
overall  

3 min tu 
tu 
W 

18 
11 

I I  I t  

If 

Random 

Random 

Y 
Z II 

3, 4, 5 
6 ,  7, 8 
1-9, 20, 21 

22,  23,  24 

=, 1.3, 14 
15, 16, 17 

Shock 

Shock 

Shock 

Shock 

Shock 

Shock 

+X 
-X 
"Y 
-Y 
"Z 

-Z 

11 ms 
11 ms 
8ms 
8ms 
8 ms 
8ms 

! 

I 
: j  



TABLE ?-VI11 MERCURY PUMP NOMINAL OPERATING CONDIZ?ONS 

Mercury f  lo^^ = 12,000 2 500 lb/hr  (1.85 g p m )  
Suct ion  pressure and temperature = 10 - + 1 p s i a   a t   5 0 0 ' ~  

Bearing  lubricant-coolant flow = 200 t o  250 lb /hr  

Bearing  lubricant-coolant i n l e t  
temperature = 215 4 5OF 

Bearing  lubricant-coolant  back 
pressure  = 4.5 t o  5.0 ps ia  

Space s ea l  coolant f l o v  = 2600 2 8oo lb /hr  

Motor coolant flow = 150 t o  250 lb/hr 

Voltage (L-L) = 208 4 4 V, 3 phase 

Frequency = 400 4 2 Hz 
S t a t i c   s e a l s   l i f t e d   d u r i n g   o p e r a t i o n   a t   r a t e d   s p e e d  

200 

220-Hz (5  t o  10-minute S W - 8  Standby  Condition) 

Mercury flow 
Suction  pressure  and  temperature 

Bearing  lubricant-coolant flow 

Bear ing   lubr icant -coolan t   in le t  
temperature 

Bearing  lubricant-coolant  back 
pressure ' 

Space sea l   coolan t  flow 

Motor coolant f lov 

Voltage (L-L) 

Frequency 

450 lb/hr  

10 + 1 psia a t  100 t o  l4OoF 

110 t o  140 lb /hr  
- 

200 $- 5 O F  

2 .8   p s i a   (w i th   s ea l s   l i f t ed )  

1400 + 100 lb /h r  
-450 

80 t o  140 lb/hr 

88 2 2 V, 3 phase 

220 - + 2 Hz 



TABIZ 5-IX M E R ~ Y  PUMP OPERATIONAL ALARM AND SHUTDOWN LIMITS 
- 400 'HZ OPERATION 

Maximum Speed = 9000, rpm (S)+ 

Maximum Motor Current (3 phases) = 16 amps ( A )  

Maximum Motor  Winding  Temperature = 400°F (A)  
Maximum Bearing  Temperature = 300°F (S) 
Maximum Slinger  Discharge Pressure = 10 psia  ( A )  
Maximum Mercury I n l e t  Temperature = 600'~ (A) 
Low Bearing Flow = 75 lb /hr  (S) 
Low Mercury Suction  Pressure = 7 ps ia  ( A )  

+(S) = ShUtdOTrn 
(A)  = Alarm 

The physical  piping  connections  to  the  mercury pump a r e  a 1-inch OD 
mercury suc t ion   l i ne ,  a 3/4-inch OD mercury  discharge  l ine,   lubricant-coolant 
i n l e t  and o u t l e t   l i n e s  t o  and  from the  motor  and bear ings   in  series a t   t h e  
outboard  isolat ion  valves ,   and  an  inlet  and o u t l e t   l i n e   t o  and  from  the  space 
seal   heat   exchanger .  The space  manifold vacuum connect ion   to   the   to ro ida l  
manifold on top  of the pump in   F igu re  5-32 m u s t  be f l e x i b l e   t o   a v o i d  damage 
t o   t h e  unit due to   p re s su re   d i f f e ren t i a l s   caused  by forces  due t o  t h e  i n t e r n a l  
va cum.  

5.3.6 Recommendations f o r  Improvements 

Recommendations for improving t h e   r e l i a b i l i t y  of t he  s~m-8  mercury 
pump based on experience  gained  in  t h e  development are   as   fol lows:  

a.   Ball   Bearing  Lubricant Jets .- The present   bear ing  lubricant  
system uses six j e t s  (0 .040-inch  nozzles)   per   bear ing  to   provide  lubricant   a t  
a 1-psia   inlet   pressure.   This  low pressure  has  caused  control problems i n  
t e s t ing ,   s ince   t he   ve loc i ty  of t he   l ub r i can t  is r e l a t i v e l y  10r.r (only 11.5 f p s ) ,  
and it is predic tab le  t h a t  maximum cooling is not  achieved. An improved  method 
would use th ree  jets (0.030-inch  nozzles) t o  p rov ide   l ub r i can t   a t  a 9-psia 
i n l e t   p r e s s u r e  and a ve loc i ty  of 33 fps .   This  would provide   be t te r   cont ro l  of 
inner race   lubr ica t ion   and  improved  cooling of the bearings.  

b. S t a t i c   Sea l s . -  The present   s ta t ic   carbon  face   sea ls   run  on a 
tungsten  carbide  face which  wears  out the carbon  face  in  a r e l a t i v e l y   s h o r t  
time when i n  continuous  contact. An inves t iga t ion  of se l f   l ub r i ca t ing   f ace  
ma te r i a l  wi th  better wear charac te r i s t ics   should  be made. 
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c.  Mercury Jet Pump.- The length of the  mixing  sect ion i n  t h e   j e t  
pump i s  too   shor t   to   deve lop  maximum head  under cavi ta t ion   condi t ions .  The 
th roa t   s ec t ion  (0.44-inch  diameter) of t h e   j e t  pump should  be  lengthened  to, 
perhaps, 18 diameters  instead of six. A t  t he  same t ime,   the   j e t  pump could  be 
modified t o  su i t  t he  NPSH requirement of the  system i n  which it w i l l  be  used. 
Also, t he  j e t  pump (and   cen t r i fuga l  pwnp) should   be   re loca ted   c loser   to   the  
mercury  supply  source  to  improve  the  inlet   available NPSH. 

d. Space Seals  .- Development  of S t e l l i t e  6B fo r   t he   space   s ea l  
elements  should  be  continued,  and  various  configurations  that may improve 
cav i t a t ion   r e s i s t ance   shou ld  be  invest igated.  

System operation  should  be  defined t o   r e s t r i c t   e x t e n t  and t i m e  of 
mercury pump allowable  operation  during l o w  NPSH condi t ions.  The je t  pump 
should  be  modified t o  handle  the  lowest NPSH, lengthened  accordingly, and 
confirmed  by t e s t i n g .  

e .   Lif t -off   Seals . -   Since  the  l i f t -off   actuator   has   proven 
unre l iab le   in   opera t ion ,  some f u r t h e r  development t e s t i n g  on the  modified 
design  should  be made or a l t e rna te   des igns ,   such   a s  a centr i fugal ly   operated 
device,  should  be  considered. 

f .  Bearing  Housing.- To eliminate  the  gall ing  experienced  between 
the  housing  bore  and  bear ing  outer   r ing,   the   possibi l i ty  of e i ther   hard  chrome 
plating  the  housing  bore or incorporat ing a hardened s t e e l   l i n e r   s h o u l d  be 
inves t iga ted .  

g .   Centr i fugal  Pump Impeller.-   Tests on the  modified  design,  i .e.  
S t e l l i t e  6B, 8 back  vanes,  and  increased hub diameter  should be completed t o  
ve r i fy   co r rec t ion  of back hub cav i t a t ion  damage. 
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5.4 LUBRICANT-COOLAPJT PUMP 

The SNAP-8 system u t i l i z e s   a n   o r g a n i c   f l u i d   t o   l u b r i c a t e   b e a r i n g s  
and t o  cool system components.  This f lu id ,  a r a d i a t i o n   r e s i s t a n t  poly-phenyl 
e ther ,  i s  c i rcu la ted   th rough  the  system by a c e n t r i f u g a l  pump driven  by  an 
e l ec t r i c   mo to r .  The e n t i r e  pump-motor u n i t  i s  hermetically  sealed.   Lubrica- 
tion and  cooling  of  the  motor is accomplished by a small, f low  of   the pumped 
f l u i d  through  the  motor and down the   ho l low  shaf t  which r e t u r n s   t h e   f l o w   t o  
the i n l e t  of t h e  main  pmp. 

5.4.1 Development  Background 

The development  of t h i s   p m p  was subcon t rac t ed   t o   t he  Tapco  Division 
of Thompson Ram0 Wooldridge,  Inc. The design was made f o r   t h e  SNAP-8  35-kWe 
system,  and a l l   opera t ing   exper ience   descr ibed  i n  t h i s   r e p o r t  i s  r e l a t e d  to 
t h e  35-kWe system. However the  pump is capable of providing  the  required  f low 
and  head f o r   t h e  90-kWe  SNAP-8 system. 

The performance  data l i s ted  i n  Table 5-X show t h e  pump development 
through t o   t h e   l a t e s t  test r e s u l t s .  The unit met or exceeded a l l  performance 
requirements. Seven  pumps used  as   tes t   support   equipment   in  six systems accumu- 
l a t e d  60,578 operating  hours,  and more than 1200 star t -s top  cycles .   Three of 
t he   un i t s   r an   fo r   14 ,521 ,  15,345 and  24,862  hours,  respectively. One pmp was 
operated a t   approximate ly  1/3 r a t ed   capac i ty   fo r  24,862  hours. To da te ,   the  
lubricant-coolant  pump has  not   had  an  operat ional   fa i lure .  

5.4.2  Physical  Description ~ . .  

The lubricant-coolant  pump (Figures 5-50  and 5-51) is a hermetical ly  
sea l ed   cen t r i fuga l  pump and squi r re l   cage  400-Hz motor  combination,  self-cooled 
and  lubricated.  The pumped f l u i d  i s  circulated  through  the  carbon  bearings  and 
open-winding  submerged  motor to   provide  the  necessary  cool ing  and  lubricat ion.  
An e l ec t r i ca l   connec to r  i s  used for   input  power t o   t h e  motor. The design of 
t h e  unit i s  covered i n   d e t a i l   i n   R e f e r e n c e  48. 

The design  and  construction of t he   un i t  employed conventional 
technology  used  extensively on similar  equipment. The motor  and  bearing 
des ign   and   mater ia l s   a re   s imi la r   to   those  used  i n   a i r c r a f t   f u e l  pumps, and 
t h e  pump configurat ion was based on a previously  developed  and  tested  design. 
The u n i t  is  comprised  of  four  parts: pump, motor , .bear ings,   and  shaf t .  The 
weight  of  the  contained o i l  i s  1.7 l b  a t  7O0F, and  the  weight of t h e  pump 
25.7 l b .  

The u n i t  is an end suc t ion  semi-open cen t r i fuga l   pmp  w i t h  a s i n g l e  
volute .   Hydraul ic   axial  thrust is cont ro l led  by reducing  the  impeller  back 
hub p r e s s u r e   t o   t h e   l e v e l  of the impeller  eye  pressure  by  providing  large  bypass 
holes  through  the  impeller  shroud. The impeller is keyed, and  secured  against  
a shaft shoulder w i t h  a lock  nut.  The seven  vanes  are  swept  back and a r e  t h i n  



TABLE: 5-X LUBRICANT-COOLANT PUMP DESIGN AND PERFORMANCE DATA 

Components 

Parameters - - - Design  Point  Tested  Values 
and . Design  Point 

Pump. Centr i fugal  

Flow, lb/hr  

Inlet   temperature ,  F 
Dens i ty ,   lb / f t3  
In l e t   p re s su re ,   p s i a  
P r e s s u r e   r i s e ,   p s i  
Head, f t  
Outlet   pressure,   ps ia  

Flow, gPm 0 

Hydraulic power, hp 
Hydraulic power, kW 
Efficiency,  % 
Shaft   input  power, hp 
Shaft   input power, kW 

* 
Motor . Induction 

E lec t r i ca l   E f f i c i ency ,  % 
Overall   Efficiency, % 
Input power,  hp 
Input power, kW 
Power f ac to r ,  % 
Overall  pump-motor eff ic iency,  % 

Summary of Losses 

To ta l   E lec t r i ca l   Losses ,  watts 

Total  Mechanical  Losses, watts 

9,400 

220-250 F 
68.5 

3 
55 

115.7 
58 

l7, 

0.58 
0.430 

43.25 
1.34 
1.0 

77.5 
50.5 
2.127 
1.587 

66 
27.2 

266 

321 

9 9 400 
250 F 

68.5 
1.6 

170 

63.5 
133 6 

65.1 a t  
1.6 ps ia  
i n l e t  
0.626 
0.468 

" 

2.185 
" 

1.63 
66.5 
28.7 

*A 6-pole  motor was se l ec t ed   t o   p rov ide  
7820 rpm at ra ted   condi t ions   wi th  400-Hz input. 
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and sharply  pointed  a t   the   entrance  (Figure 4-52), The volute   casing i s  par t   o f  
t h e   o v e r a l l  unit housing,  and i s  a single-volute  design of  normal  proportions. 

Since it i s  des i rab le   to   keep   the   back   pressure  on the   tu rb ine-  
a l t e rna to r   and  mercury pmp  bea r ings   a s  low as   poss ib l e   t o   r educe  power lo s ses ,  
SNAP-8 system spec i f ica t ions   requi red   the   lubr icant -coolan t  pump t o   o p e r a t e   a t  
low suct ion  pressures .  The e x i s t i n g  pump adequately m e t  
out  modification. 

5.4.2.2 Motor 

this  requirement  with- 

squirrel-cage  induc- The motor 6s a 1 .5  hp,  6-p01e, 400-Hz, 3-phase 9 

t i o n  motor  with  an ML e l ec t r i ca l   i n su la t ion   sys t em.  The motor c a v i t y  i s  
f looded  with  the  lubricant-coolant   f luid  and  the  ML-insulated  copper   s ta tor  
wires a r e   f u l l y  exposed t o   t h e  f lu id .  The motor  construction i s  t y p i c a l  of an 
open  winding i n   t h a t  no  cans  are employed f o r   t h e   s t a t o r  and r o t o r .  The r o t o r  
(Figure 5-53) uses s i l ve r  conductor  bars  and end r i n g s .  The rotor   laminated 
s t a c k  i s  29-gage AIS1 Type "15. The s t a t o r  has 36 s l o t s ,  and t h e   r o t o r  47. 
The s t a t o r  uses 2 1  gauge  wire w i t h  20   tu rns   per   co i l   and  2 p a r a l l e l   p a t h s .  

The motor i s  cooled by the   p rocess   f lu id  which flows  from  the pump 
volute  through  the  motor. The f l u i d   r e t u r n s   t o  t h e  pump impeller  eye  through 
the  hol low  shaf t .  

5.4.2.3  Bearings and Shaft  

The bearings  and  shaft  were  adapted  from components previously  used 
i n   a n   a i r c r a f t   j e t - f u e l  pump.  The r ad ia l   bea r ings   a r e   s t r a igh t   s l eeve   j ou rna l  
carbon  bushings  running  against a 410 CRES chrome-plated  shaft. The nominal 
shaf t   d iameter  i s  0.5 inch  with a bearing  length of  .0.438 inch. The diametri-  
ca l   c l ea rances   a r e  0.001 t o  0 .003  inch.   Posi t ive  lubricant   f low  to   the pump- 
end  bearing is  through two d r i l l ed   ho le s   i n   t he   hous ing  on the  motor s i d e .  
The motor-end  bearing i s  lub r i ca t ed  by an  integral   screw pump (Figure 5-53), 
which moves liquid  through  the  bearing  toward t h e  motor r o t o r .  The motor 
r o t o r  end d i sk   su r f ace   ac t s   a s  a smooth s l i n g e r  t o  pump t h e  f l u i d   o u t .  

The ax ia l   bear ings   a re   s imple   f la t -p la te   th rus t   bear ings .  The main 
thrus t   bear ing  has a carbon  bushing  operating  against  a chrome-plated 410 CRES 
p la te   shrunk on t o   t h e   s h a f t .  The smaller ,   reverse- thrust   bear ing uses t h e  
impeller  back hub aga ins t   t he   r ad ia l   bea r ing  end a s   t he   bea r ing   su r f ace .  The 
reverse thrus t   bear ing  is  loaded  only  momentarily a t   s t a r t u p .  

The main th rus t   bea r ing  is made with two r a d i a l   l u b r i c a t i o n   f e e d  
grooves in   the  carbon  bushing.   Posi t ive  lubricat ion  through  the  bear ing 
occurs  with  centrifugal  action  outflow  past   the  bearing  surfaces  and  feeder 
grooves. 

The impeller  fr 'ont  vane  clearance ( . O O 5  inch)  i s  se t  by  shimming. 
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Figure 5-52 Lubricant-Coolant Pump Impeller 

Figure 5-53 Lubricant-Coolant Pump Rotor 
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The s h a f t  f i rs t  l a t e r a l   c r i t i c a l   s p e e d  i s  over 100,000 rpm, making 
the   bea r ing   de f l ec t ion   r a t e   t he   ma jo r   i n f luence .   In   ca l cu la t ions   u s ing   t he  
nominal maximwn c l ea rance   w i th   t he   l i gh te s t   l oad ,   t he   bea r ing   c r i t i ca l   speed  
was 12,000 rpm. Since smaller clearance  and  heavier   loads  great ly   s t i f fen 
the  bear ing,  t h i s  was judged  an  adequate  margin  over  the 7800 rpm operating 
speed. 

5.4.2.4  Miscellaneous 

A s  s een   i n   F igu re  5-54, t he  pump i s  made i n  a two-housing  form. The 
one a l i g n i n g   t h e   r o t a t i n g   p a r t s   s l i p s   i n t o   t h e   o u t e r   s h e l l .  After t h e  motor 
end s e a l  weld is  made, the  backup  plate   protects   and  supports   this   weld and 
end  plate .  The pump auxi l iary  instrumentat ion  includes a speed  pickup and 
motor  thermocouples. 

The u n i t  i s  mounted on two c r a d l e s ;   s t r a p s   l o c k   t h e   p m p   t o   t h e s e  
c rad le s  and   a l low  the   un i t   t o   be   o r i en ta t ed   t o   any   des i r ed   pos i t i on .   Fu r the r -  
more, t he   cons t ruc t ion   a l so   a l lows   ope ra t ion   i n   ho r i zon ta l ,   ve r t i ca l ,  or any 
o t h e r   p o s i t i o n   i n  ground t e s t i n g .  

5.4.3 Demonstrated  Performance 

The lubricant-coolant pump has met a l l  performance  requirements,  and 
has  exceeded  the  10,000-hour  endurance  goal on th ree   s epa ra t e   un i t s .  To da t e ,  
Seven d s  have  accumulated 60,578 hours  with more than 1200 s t a r t - s top   cyc le s .  
The longest-term  unit   logged 24,862 operating  hours  operation  with more 570 
s t a r t - s t o p   c y c l e s   a t  TRW and a t  Aerojet .  

Tests of three  units  produced  hydraulic  performance  curves  as shown 
i n  Figure 5-55. The tes t ing   def ined   the   pmp  input  power a t   r a t e d   c a p a c i t y  
of 17 gpm a s  1.58 t o  1.64 kW. The tabulatecl   data  are shown in   Table  5-X. As 
can  be  seen  from  Figure 5-55, t h e  pump i s  ab le   t o   de l ive r   t he   r equ i r ed   capac i ty  
and  head f o r  a 90-kWe system. 

5.4.3.2  Variable  Operation 

A s  d iscussed  previously,   the  pump NPSH i s  important t o   t h e  SNAP-8 
system because it reduces  the  back  pressure on the   bear ing   s l ingers  which 
saves power i n  t he  turbine and  mercury pump. On Figure 5-55, t h e  NPSP (pres- 
sure) der ived  f rom  tes t ing i s  shown. With  polyphenyl  ether  as  the  lubricant,  
t h e  pump s t a r t s   s a t i s f a c t o r i l y   u s i n g   t h e   l o w e s t  SNAP-8 system appl ied  vol tage 
of 19 V, l i n e - t o - l i n e ,   a t  a temperature of 70 F. T e s t s   a t  125OF demonstrated 
t h a t   t h e  pump w i l l  s t a r t   a t  5.5 V, l ine- to- l ine,   an  equivalent  one  pound-inch 
of torque. 

0 

The  pumped po lypheny l   e the r   v i scos i ty   i nc reases   cons ide rab ly   a t  
lower  temperatures  which  greatly  modifies  the pump performance.  Since  the 
motor i s  f looded,   the  motor r o t o r ,   t h e   p m p ,  and bearings a l l   c o n t r i b u t e   t o  
the  requirement   for  more e l e c t r i c a l  power a t  lower  temperatures. 6 series 
of tests was cmducted  from  an ~o'F, 220-Hz start through t o  a 250  F, 400-Hz 
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Figure 5-54 Disassembled  Lubricant-Coolant Pump 
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run with  variable  capacity.   Using  the 400-Hz data  shown i n   F i g u r e  5-56 a s   a n  
example,  cold  polyphenyl  ether  increases  the  input power and  amperage, bu t  
changes the   p ressure   on ly   s l igh t ly  a t  a  given  lower  capacity. O f  course,   the  
system losses  limit the  maximum flow level a s   i l l u s t r a t e d  by t h e   l a s t  system- 
l imi ted  test  poin ts  on the  curve which increase  with  increasing  temperature .  
Theo220-Hz data  provide  overall   steady-state  performance  information up t o  
181 F. 

Figure 5-57 shows t h e  pmp  performance  var ia t ion  with varying 
voltage  while  operating a t  400 Hz. The curves show t h a t   t h e  motor is designed 
fo r  minimum c u r r e n t   a t  I20 V (L-N or 208 V, L-L). If t h e   u n i t  i s  o p e r a t e d   a t  
10% low voltage,   only a small current  change w i l l  take  place.  The input  power 
and p res su re   r i s e  w i l l  decrease w i t h  the  higher   motor   s l ip   ( lower  uni t   speed) .  

5.4.3.3 Miscellaneous  Performance 

a. ML Insulat ion.  - To confirm  the  abi l i ty   of   the  ML insu la t ion  
system t o   o p e r a t e  submerged in   po lyphenyl   e ther ,   a   20 ,088-ho~  endurance  tes t  
was made. A rewound commercial  motor  running  submerged was used. A t o t a l  of 
14,000  hours was accumulated a t  temperatures similar t o   t h e  pump winding 
temperature of 260 t o   2 8 0 ' ~   w f t h   t h e   l a s t  6000 hours a t  temperatures 
of 340 t o  360'~. No s i g n i f i c a n t  change i n  i n su la t ion  ground res i s tance   took  
place.  

5.4.3.4 Environmental  Testing 

A SNAP-8 lubr icant -coolan t   pmp was v i b r a t i o n  and s h o c k   t e s t e d   a t  
t h e  NASA LeRC t e s t   f a c i l i t y   t o   s p e c i f i c a t i o n  NAS 417-2, Revision C. The pump 
showed on ly   s l i gh t  damage in   that   the   exter ior   housing-to-base  surfaces   were 
galled.   This was cons idered   to  be insignif icant .   Hydraul ic   performance  tes ts ,  
before  and a f t e r   t he   v ib ra t ion   and   shock   t e s t ing ,  were conducted.  These 
indicated no change i n  pump performance. The d e t a i l s  of t h i s  t e s t i n g   a r e  
described i n  Reference 49. 
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5.5 BOILER 

5.5.1 Development  Background 

I n  t h e  SNAP-8 system, t h e  NaK-to-mercury heat  exchanger, or b o i l e r ,  
is t h e   i n t e r f a c e  between the   hea t ing   f l u id ,  NaK, and the  working  f luid,  mercury. 
Figure 5-58 shows schemat i ca l ly   t he   r e l a t ionsh ip  of t h e   b o i l e r   t o   t h e   o t h e r  
major power conversion system components i n   t h e  90-kWe system. Figure 5-59 
shows it  i n   r e l a t i o n   t o   t h e  35-kWe system. 

During the   evolu t ion  of t he  SNAP-8 boi lers ,   three  major   design 
improvements s epa ra t e   t he   i n i t i a l   des ign   f rom  the   f i na l   bo i l e r   concep t .   Th i s  
evolut ion i s  shown in   F igure  5-60. The f irst  improvement was  a change  from a 
tube-in-shel l ,   cross-counterf low  design  to  a tube-in-tube  with  pure  counter- 
flow. A s  a r e s u l t ,   h e a t   t r a n s f e r  improved  with  the  increased NaK and  mercury 
flow. The change a l so   p rovided   accura te   d iagnos t ic   da ta   in  terms of   bo i le r  
tube  length.  Along  with  the  change  from  tube-in-shell  to  tube-in-tube, was  a 
decrease   in   the   tub ing  I D  from  0.902 t o  0.652 inch,  and i n   i n c r e a s e   i n   t h e  
number of tubes  from 4 t o  7 which r e s u l t e d   i n  a decrease  of  mercury  flow  area 
from  2.56 t o  2.34  square  inches. 

The second  major  change was i n   t h e  mercury  containment  material  from 
9% chromium - 1% molybdenum s t e e l  (9M) and Haynes 25 s t ee l  t o   t h e   r e f r a c t o r y  
metal,  tantalum.  References 50 and 51 d e t a i l   t h e   r e s u l t s  of using 9M and 
tantalum  as  mercury  containment  materials. The ramif icat ions of t h i s  change 
were fou r fo ld  

Since 9M or Haynes 25 was wet ted   on ly   in te rmi t ten t ly   by   l iqu id  
mercury,   the  "dry-wall"  boil ing  correlations  based on SNAP-1 
and SNAP-2 experience  were  applied. However, mercury  does w e t  
tantalum  above 1000°F. The h e a t   t r a n s f e r  i s  improved i n   t h e  
vapor-quality  region of t h e   b o i l e r  and is l e s s   s e n s i t i v e   t o  
contaminated,  mercury-side  surfaces. 

The 9M and  Haynes 25   a l loys  were s u s c e p t i b l e   t o  NaK-side embrit- 
t l ement   (carbur iza t ion)  and mercury-side  corrosion/erosion. 
Tantalum  proved t o  be r e s i s t a n t   t o  mercury  corrosion and erosion.  
These  conclusions  were  reached  during  extensive  metallurgical 
programs  using  scale  models of boi ler   configurat ions  with NaK 
and  mercury a t  simulated  operating  conditions for long  periods 
of time. 

The  use of  tantalum  created a need f o r  a t r a n s i t i o n   j o i n t  
between it and the  Type 316 s ta . in less  s t e e l  s ince   t he  two 
materials  cannot  be  joined by the  standard  welding  methods. 

Due t o  t h e  l a rge   d i f fe rences   in   thermal   expans ion  between 
tantalum  and Type 316 s t a i n l e s s   s t e e l  (aSs/cyta = 2.5) ,  a 
means of  accommodating t h e   d i f f e r e n t i a l  growth had t o  be 
devised. 
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A bimetal  boiler was designed  using a s ta in less  s tee l  tube 
coextruded  with a tantalum  inner   l iner   for  mercury  containment. The purpose 
of the  tantalum was t o  improve wetting  by  the mercury  which  improves 
"conditioning"* of the  boi ler .  An experimental  l/Tth-scale,  single-tube 
bimetal   boiler was designed  and  tested to   invest igate   the  bimetal   tube and 
bimetal   tube  joint   s t ructural   re l iabi l i ty ,  and the  single-fluted  helix 
configuration  for  heat  and momentum t ransfer  performance character is t ics .  
A 1200-hour test  showed that   the   design had excellent and  inmediate  perform- 
ance  throughout i t s  operation.  This meant that   c lean mercury flow-passage 
surfaces were provided  and  maintained in   the   l eak- t igh t  mercury  loop. A f u l l -  
scale  boiler  design was completed,  and  one was fabricated.  However, t h i s  
bo i le r  was not used because  the  double-containment  design was preferred  over 
the  coextruded , bi-metal  design. 

The third  design change was from single-wall mercury containment t o  
double-wall  containment  (Figure 5-61). This  concept meets the  requirements 
of  a man-rated system which spec i f ies  double i so la t ion  between the  radio- 
active  primary  loop NaK and the mercury loop. Each tantalum  tube i s  placed 
inside a  Type 321 s ta in less  s teel  tube,  with  the volume between the  two tubes 
f i l l e d  with s t a t i c  (nonflowing) NaK. Seven of these  double  tubes  are  placed 
within  an  outer  tube which contains t h e  flowing NaK. This  design is  termed 
the  bare-refractory,  double-containment (BRIX!) boi ler .  

Tests were made using  an  experimental  tantalum/stainless s teel ,  
double-containment,  single-tube  boiler  indicated  that  the two most important 
requirements  for  proper  conditioning of the   bo i le r  were cleanliness of the 
boi le r  tubes, and the  assurance of a vacuum-tight  system t o  preclude  surface 
oxidation. 

During the  design  period  of  the  bimetallic  boilers, NASA-LeRC 
designed  and fabricated  an a l l  tantalum  tube-and-header  configuration fo r   t he  
mercury  with a double-containment f ea tu re   u t i l i z ing   s t a t i c  NaK as   the   hea t  
t r ans fe r   f l u id  between the  flowing NaK i n   t h e  primary loop and the mercury. 
The bimetal  tube  boiler was designed a s  a 30-ft  long  assembly; however, the 
NASA-LeRC bare-refractory,  double-containment  boiler was fabricated  as a 37-ft 
long  assembly t o  coincide  with  the mercury  and NaK interfaces  of the  35-kWe 
ground t e s t  system. 

m e  term "conditioned, when used i n  reference t o  SNAP-8 mercury boi lers ,  
real ly   descr ibes  how well heat i s  t ransferred from the  inner  surface of the 
mercury containment  tube t o   t h e  mercury. When the   l iqu id  mercury 'bets" the 
tube  surface,   heat  transfer i s  rapid and e f f i c i en t .  A bo i le r   opera t ing   a t  
the optimum leve l  of heat   t ransfer  is  termed "conditioned." A number  of things 
can i n h i b i t   t h e   a b i l i t y  of the mercury t o  "wet" the mercury  containment mater ia l  
various  contaminants,  the  rate of  mercury  flow,  and the  method by which the  flow 
i s  directed through  the  containment  tube.  Tantalum wets a s  a function of time- 
temperature  and  surface  cleanliness. If the  surface is  clean,  tantalum w i l l  wet 
immediately. When wetting i s  poor,   heat  transfer is  less than optimum, and a 
boi le r  i s  s a i d   t o  be "deconditioned. I '  Heat t r a n s f e r   t o   t h e  mercury results i n  
a decrease i n  NaK temperature. Hence, the  slope of  a NaK temperature  profile 
corrected  for  heat loss i s  d i rec t ly   p ropor t iona l   to   the   loca l   hea t  flux. A 
decrease  in  the  slope of the  temperature  profile  in  the  boil ing  section is  a 
typical   indicat ion of bo i le r  performance  degradation or deconditioning. 
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The first three BRDC b o i l e r s  were designed  and  fabr icated  by NASA- 
LeRC. BRIX! Boi ler  No. 1 was t e s t e d   i n   t h e  LeRC W - 1  and  General   Electric 
t e s t  f a c i l i t i e s .  BRIX Bo i l e r  No. 2 was t e s t e d   e x c l u s i v e l y   i n   t h e   A e r o j e t  
35-kWe f a c i l i t y ,   a n d  BRIX Bo i l e r  No. 3 was t e s t e d   a t   t h e  LeRC W-1 test loop. 

Boi ler  No. 4 was designed a t  A e r o j e t ,   f a b r i c a t e d   a t  NASA-LeRC, and 
t e s t e d  i n  the  Aerojet  35-kWe system f a c i l i t y  for 1620 hours  and 28 cycles  
from March through  June, 1970. Some deconditioning  occurred  during  the i n i -  
t i a l  runs due t o  system contaminants. However, as   t es t ing   p rogressed ,   the  
b o i l e r  became conditioned  and its performance m e t  a l l  des ign   c r i t e r i a .  No 
i n s t a b i l i t y  w a s  observed  over  the extreme range of of f -des ign   tes t ing ,  and 
n o   f a i l u r e s  or i nc ip i en t   f a i lu re s   occu r red .  One a rea  of concern was  a high 
circumferential   thermal  gradient ( - 500°F) i n  t h e   s h e l l  between t h e  mercury 
i n l e t   a n d   t h e  NaK o u t l e t   c o l l e c t o r   r i n g .  The measured  thermal map was s i m i l a r  
t o   t h e  one f o r  BRIX  .No. 2. It was deduced a t  t h e  t i m e  of BRIX  No. 4 design 
tha t   the   thermal   g rad ien t  i n  BRIX!  No. 2 was due to   forced   convec t ion   of   the  
flowing NaK p a s t   t h e   b a f f l e s .  BRIX  No. 4 employed a very low-leakage  baffle 
a s  well  as  evacuated  annular  tubes  surrounding  the  mercury  containment  tantalum 
tubes i n  th i s   a rea   to   reduce   hea t   t ransfer   f rom  the  NaK t o   t h e  cold-er mercury. 
Fur ther   ana lys i s   ind ica ted   tha t   na tura l   convec t ion  was the  predominant mecha- 
nism f o r   n o n s y m e t r i c a l   c i r c m f e r e n t i a l   t h e r m a l   g r a d i e n t s ,   r e s u l t i n g   i n   s t r a t i f -  
i c a t i o n  of t h e  NaK ( the   co lder ,  more dense   f l u id   g rav i t a t ing   t o   t he   bo t tom) .  

With the  changes i n  system  configuration  and  performance  criteria 
t h a t  accompanied the  development of t he  90-kWe system, BRIX Boiler  No. 4 
became obsolete.  The design of t h e  new  BRIX B o i l e r  No. 5 ,  which w i l l  meet 
t h e  new system requirements,  has  been  completed. The number of tubes was 
increased from seven %o twelve  and was designed i n   a n  "S" configurat ion 
ra ther   than   be ing   he l ica l ly   co i led ,   as   the   p rev ious   bo i le rs   had   been .  The 
design is shown in   F igu re  5-60. 

The remaining  portion of t h i s   b o i l e r   r e p o r t  w i l l  concentrate on 
the  mechanical  design,  thermal  design,  interfaces,  and  predicted  performance 
on BRDC Boiler No. 5. Boiler  No. 5 w i l l  be  compared t o   B o i l e r s  No. 1 through 
No. 4 for  purposes of referencing  design  changes and present ing   ca lcu la ted  
performance. The phi losophies   and   c r i te r ia   used   for   the   des ign  of b o i l e r s  
a re   covered   in   de ta i l   in   Reference  52.  

5.5.2 Design Description 

Common to   a l l   ba re - r e f r ac to ry ,   doub le -con ta inmen t   bo i l e r s  i s  a 
header  arrangement for both  the  tantalum and s t a i n l e s s  s teel  tubing  with  the 
tantalum  headers  outboard  of  the Type 316 s t a i n l e s s  s t e e l  headers. All of 
the  BRDC b o i l e r s   u t i l i z e   t r a n s i t i o n   j o i n t s   a t   b o t h   t h e  mercury i n l e t  and 
o u t l e t .  These t r a n s i t i o n   j o i n t s   p r o v i d e   t h e  means of mnnect ing  the  tantalum 
tube/header  system t o   t h e   s t a i n l e s s  s t e e l  ou te r  NaK containment  tube. The 
tubing which  forms the  second wa l l  between the  mercury  and  the  primary NaK i s  
of Type 321 s t a i n l e s s  s t ee l  t o  form  the  barrier  between  the  primary NaK and 
t h e   s t a t i c  NaK systems. In a l l   t h e  BRDC boi lers ,   the   pr imary-loop NaK en te r s  
and exi ts   perpendicular  -LO the  mercury  f low  axis or bo i l e r   t ube   ax i s  and is 
unbaffled  throughout  the  boiler  length.   Boilers No. 4 and No. 5 were designed 
with NaK he l i ca l   t u rbu la to r   co i l s   r a the r   t han   ba f f l e s ,   i n   t he   h igh   hea t   f l ux  
(l iquid and  low qual i ty   mercury)   sec t ion   to   p rec lude  NaK s t r a t i f i c a t i o n .  
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The mercury-side geometry i n   t h e   b o i l e r s   c o n s i s t s  of a n   i n l e t   f l o w  
r e s t r i c t o r ,  a 16-groove  multipassage  plug  insert,  and swirl wire extending 
from t h e  plug i n s e r t  end t o   t h e  ,mercury o u t l e t .   P i c t o r i a l   r e p r e s e n t a t i o n s  of 
BRDC Boiler  No. 1, 3 ,  4 and 5 shown i n   F i g u r e s  5-62, 5-63, and 5-64 (s ince  
No. 1, No. 2,  and No. 3 a r e  similar,  only No. 2 is shown). A comparison  of 
des ign   fea tures  of t h e   v a r i o u s   b o i l e r s  i s  given  in   Table  5-XI. 

A l l  mercury-side  components  such as   headers ,   concentr ic   reducers ,  
plug  inserts,,tubing,  and mercury i n l e t   o r i f i c e s ,   a r e  of pure tantalum. The 
except ions   a re   the  swirl wire which i s  made of 90%  Ta/lO% W and t h e  TA/316SS 
b i m e t a l   j o i n t s .  The components  and  subassemblies, t h a t  comprise  the BRDC 
Bo i l e r  No. 1 through No. 5, have cons is ten t ly   been   fabr ica ted   wi th   the  same 
type of  materials.  

I 

Comparing the   ove ra l l   con f igu ra t ion  of BRDC Boiler  No. 2 and No. 4, 
a l l  of Boi ler  No. 4 l i e s  within  the  envelope  generated by t h e   c o i l e d   s h e l l  
while  Boiler No. 2 does  not .   This   difference  represents  a move from the pre- 
p r o t o t y p i c   t o  a prototypic  design. BRDC Bo i l e r  No. 5 design i s  the  prototype 
design  planned  for  the 90-kWe SNAP-8  system. 

5.5.3 Design  Requirements  and  Criteria 

A s  system requirements   for   the  boi ler   were amended and  the results 
of boiler  technology  programs became a v a i l a b l e ,  new operating  requirements , 
des ign   c r i t e r i a ,   and   i n t e r f aces  were e s t ab l i shed  which had t o  be met by the  
boi ler   design.   Table  5-XrI l i s t s  t h e  nominal  design  parameters  and require- 
ments f o r  BRDC Bo i l e r  No. 1 through No. 5 a s   d i c t a t e d  by r e v i s i o n s   i n   t h e  
s ta te -poin t   opera t ion  of t h e  power conversion system. The values  of Bo i l e r  
No. 1 through No. 4 a r e  similar in   a lmos t   a l l   i n s t ances   w i th   t he   excep t ion  
of mercury vapor   pressure  drop,   inlet  pressure, and  pinch-point  temperature 
difference.  The decrease  in  vapor  pressure  drop  from 85 t o  65 ps i a  was pri-  
mari ly  due t o  a decrease  in  plug-insert   length  from 4.0 t o  3.5 f t .  The 
a t t endan t   dec rease   i n   i n l e t   p re s su re  and  pinch-point  temperature  difference 
from 395 t o  375 psia  and 57 t o  43OF a r e   d i r e c t l y   a t t r i b u t a b l e   t o   t h e   d e c r e a s e  
in   p lug - inse r t   l eng th .  The r e l a t i o n s h i p  of  vapor  pressure  drop  and  pinch- 
point  temperature  differences i s  discussed i n   t h e   s e c t i o n  on thermal  design. 

Differences  in  the  operating  conditions  between  Boiler No. 4 and 
No. 5 resulted from a reduced reactor   operat ing  temperature  and a n  improved 
cycle   eff ic iency.  The reduct ion of t h e  mercury-side pressure drop  by a 
fac tor   o f  two whi l e   ma in ta in ing   bo i l e r   s t ab i l i t y   and  a tube ID of  0.652 inch 
necess i t a t ed  a change i n   t h e  nunber of tubes from  seven t o  twelve. Other 
o p e r a t i n g   c r i t e r i a  f o r  BRDC Boiler  N o .  4 and No. 5 which  itemize  emergency, 
maximum, and minimum condi t ions   a re  l i s t e d  i n  Tables 5 - X I I I  and 5-XIV. 

Mechanical  design  cri teria used f o r  BRDC Boiler  No. 4 and No. 5 
were as follows: 

0 The boi le r   enve lope   and   in te r faces   sha l l  be as  described  by 
t h e  power conversion system requirements. 
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Figwe 5-63 BRIX Boiler  No. 4 P r i o r   t o  Installation i n  35-kTk System 
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TABLE 5-XI COMPARISON OF BARE-REFRACTORY E O U B U - C O m A I W m   B O I L E R  GEOMETRY 

BRDC Boiler  No. 

Design Items 1, 2 ,  3 4 5 

Number of  tubes 7 
Boi le r   l ength ,  f t .  37 .o 
MPP length,  f t .  4.0 
NaK tube OD, i n .  
Tube spacing,   in .  
Swirl wire  diameter,   in.  0.062 
Swirl w i re   p i t ch ,   i n .  2 .o 
NaK t u rbu la to r   co i l   d i ame te r ,   i n .  none 
NaK t u r b u l a t o r   c o i l   p i t c h ,   i n .  none 
Tantalum  tube OD, i n .  0.750 
Tantalum  tube ID, i n .  0.652 
Oval  tube  minor OD, i n .  
Oval  tube  major OD, i n .  1.098 
Oval  tube ml.1 thickness ,   in .  0.040 
Trans i t i on   j o in t  type brazed  and 

Bellows ma te r i a l  Ty-pe 304 SS 
S t a t i c  NaK @ g e t t e r   m a t e r i a l  Zr f o i l  
Boi ler   dry Freight, lb .  845 
Boiler  vet weight, lb. 1110 
Boiler  shape Helix 

EDi ler   co i l   d iameter ,   in .  48 
Boiler c o i l   p i t c h ,   i n .  10 
Primary N ~ K  vo1me,  in33 5486 
S t a t i c  NaK volume, i n .  

3 
1155 

Hg volume, i n .  1235 
Hg i n l e t  o r i f i ce   d i ame te r ,   i n .  0.075 
No. of tube  bundle  supports 16 

1.56- 5.0 (1) 

(2) 

coextruded 

s t r a i g h t  ends 

7 
25 .O 
3.5 

1.62- 
0.062 
2.0 
0.125 
6.0 
0.750 
0.652 

5.0 (1) 

0.88 (3) 
1.265 
0.049 

coextruded 
s leeve 

none  used 
Zr f o i l  
572 
742 

Hel ix- fu l ly  
co i l ed  

54.25 
6.0 

3697 
923 
835 
0.070 
10 

12 
21 .o 
2 07 
7.62 

0.062 
2 .o 
0.125 
6.0 
0 -750 
0.652 

annular 

0.88 (4)  
1.465 
0.049 

coextruded 
sleeve 

ncme used 
Z r  f o i l  
833 
1030 

S 

25- rad ius  
none 
4649 
1510 
1203 
0.050 
7 

(l)Dimension  shovn is on a n   e q u i l a t e r a l   t r i a n g u l a r   a r r a y  

(2)Made from 1.0 in .  OD x 0.040 i n .  m11 Ty-pe 321 SS 

(3)Made from 1.l.25 i n .  OD x 0.049 i n .  t m l l  Type 321 SS 

(4)Made from 1.250 i n .  OD x 0.049 in .  wall Ty-pe 321 SS 
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TABLE 5-XrI NOMINAL  DESIGN  OPERATING  PARAMETERS - BRDC BOILERS 

Boiler No. 

Parameter 1, 2, 3 

N a K  flow , lb /hr 48500 
N a K  in le t   t empera ture ,  F minimum 
NaK temperature  drop, F 170 
Maximum N a K  m, ps id  3 

Mercury  (vapor) flow, lb/hr 11800 
Mercury  (vapor) ex i t   p re s su re ,   p s i a  265 
Mercury (vapor)   exi t   temperature ,  3F 1250 

Mercury ( l iquid)   inlet   temperature ,OF 500 

Mercury (vapor) AP, ps id  85 
Mercury ( l i q u i d )   o r i f i c e  A€', ps id  55 
Mercury in l e t   p re s su re ,   p s i a  395 
Maximum t o t a l  mercury BP, p s i a  141 
Pinch-point A T ,  F 57 
Boiler   terminal  AT, OF 30 
Mercury  vapor  superheat, F 190 
Thermal  power, kW 517 
S t a b i l i t y  B / P ,  $ f 2.0 

0 1280 
0 

0 

0 

4 

48 5 00 
1280 

170 
3 

12 300 

255 
1250 

500 
65 
55 
375 
141 
43 
30 
190 
51.7 
f 2.0 

5 

57148 
1185 
170 
3 

13775 
148 
1165 
350 
32 
143 
32 3 
175 
38 
20 

197 
600 
f 2.0 
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TABLE 5-XIII BRIE BOILER NO. 4 OPERATING CRITERIA 

Mercury I n l e t  I Mercury Outlet  I N a K  I n l e t  
1 

Low Schedule 

In le t   p ress .=   zero  

I n l e t  tsmp. = 70 

Flow = 0-5400 lb/hr  

Flow = 11800 lb /h r  

t o  400 p s i a  

t o  500 F 

i n  60 sec 

6' s t eady   s t a t e  

Outlet   press  .= 
Outlet  temp .= 

z e r o   t o  259 p s i a  

70 t o  1 2 5 0 0 ~  

In le t   p re s s .=  

I n l e t  temp. = 

Flow = 48500 lb /h r  

z e r o   t o  30 p s i a  

70 t o  1 2 8 0 ~ ~  

High Schedule 

In le t   p ress .=   zero  

Flow = 11800 l b /h r  
t o  1300°F t o  500 F 

Outlet  temp. = 70 In l e t   t egp  . = 70 
z e r o   t o  259 ps i a  t o  400 p s i a  

Out le t   p ress .  = 

@ s t eady   s t a t e  

I n l e t   p r e s s .  = 
ze ro   t o  30 ps i a  

I n l e t  temp. = 70 

Flow = 48500 
~ t o  1330°F 

1 l b /h r  

Emergency Conditions I 
press  .=600 ps i a  

Temp. = 1450°F Temp. = 1375°F Temp. = 6 0 0 ~ ~  
Press.= 75 ps i a  press.= 330 p s i a  

I 

I 

1 
Outlet   press .= 

I28O0F Outlet  temp. = 

Press. = 30 p s i a  
ze ro   t o  27 p s i a  

70 t o  lllO°F 

Temp. = 70 t o  

Outlet   press .  = Press.  = 30 ps i a  
ze ro   t o  27 ps i a  Temp. = 70 t o  

13OO0F 
Outlet  temp.= 70 

t o  1160'~ 

Press .= 75 ps i a  
Temp, = 1450'F Temp. = 14500F 
Press.  = 75 ps i a  



TABLE 5-XIV BRIX BOILER NO. 5 OPERATING  CRITERIA 

Mercury I n l e t  

Low Schedule 

Inlet   Press .= Zero 

I n l e t  Temp. = 70 

Flow = 0-7740 

t o  323 ps ia  

t o  35OoF 

lb /h r   i n  75 see.  

s teady  s ta te  
13,775 lb/hr @ 

High Schedule 

In le t   Press .  = 

I n l e t  Temp. = 
70 t o  35OoF 

Flow = 7740 lb/hr  
i n  75 sec. ' 13600 lb/hr  steady ' s t a t e  

zero t o  333 ps ia  

M a x i m u m  Conditions 

Press,  = 500 ps ia  
Temp, = 6 0 0 0 ~  

Mercury Outlet NaK I n l e t  

Outlet  Press. = Inlet   Press .  = 
zero   to  148 ps ia  . zero   to  60 ps ia  

Outlet Temp. = 70 I n l e t  Temp. = 70 
t o  1185 t o  1 1 6 5 0 ~  to 11850~ 

Flow = 57148 
l b / h r ,  

Outlet  Press .= In le t   Press .=  

Outlet Temp. = I n l e t  Temp. = 

t o  llgO°F Flow = 57148 

zero t o  147 ps ia   zero   to  60 ps ia  

70 t o  1211 to 70 t o  1211'F 

Press.  = 222 ps ia  Press.  = 90 gsia 
Temp. = 1375OF Temp. = 1485 F 

NaK Outlet 

Outlet  Press. = 
zero   to  57 ps i a  
Outlet Temp, = 

70 t o  1015'F 

Outlet  Press. = 
zero   to  57 psis 

Outlet Temp6 = 
70 t o  1044 F 

Press.  = 90 gsia 
Temp. = 1485 F 

S t a t i c  NaK 

Press. = 30 ps ia  
Temp. = 70 t o  11850~ 

Press,  = 30 ps i a  
Temp. 70 t o  1211OF 

Press.  = 90 psia 
Temp, = 1485°F 



No be l lows   sha l l   be   used   to  accommodate t h e   d i f f e r e n t i a l  
thermal  expansion  between  the  tantalum  and  stainless s tee l .  

The mercury l i n e s   a t   t h e   i n l e t  and ou t l e t   sha l l   i nco rpora t e .  
a coextruded  tantalum-to-stainless s tee l  t r a n s i t i o n   j o i n t .  

The b o i l e r   s h a l l   u t i l i z e   m u l t i p a s s a g e   p l u g   i n s e r t s  and swirl 
wi re   t u rbu la to r s   i n   t he   t an t a lum  tube .  

Double containment,   uti l izing  stagnant  (nonflowing) NaK a s  
t h e   h e a t   t r a n s f e r   f l u i d  between the  tantalum  tube OD and  the 
Type 321   s t a in l e s s  s t e e l  oval  tube I D ,  s h a l l  be  employed. 

The tantalum  tube  shal l   be   placed  in   the Type 321 s t a i n l e s s  
s tee l   tube   such   tha t   the   c learance  w i l l  accommodate the  
d i f fe ren t ia l   thermal   expans ion .  

NaK f low  in  and out  of  the  boiler  shall   be  manifolded  through 
t e e ' s  or c o l l e c t o r   r i n g s   t o   u n i f o r m l y   d i s t r i b u t e   t h e  f l u i d  
and t o   l e s s e n   t h e  system p i p i n g   l o a d s   a t   t h e   s h e l l .  

The b o i l e r   d e s i g n   s h a l l  be  capable of c2ntinuous  steady-state 
operat ion  for  5 y e a r s  and a maximum of 100 cycles.  A 
cycle i s  def ined   as   co ld   mercury   in jec t ion   wi th   the   bo i le r   a t  
the  operating  temperature  to.  shutdown wi th   the   bo i le r   cool ing  
t o  100°F. 

. .  

The bo i l e r   des ign   fo r  stress sha l l   i nc lude  1% c r e e p   i n  
5 years  and  low cycle f a t igue .  

5.5.4 Mechanical  Design 

Boiler  No. 5 was designed f o r  an   e f f ec t ive   bo i l e r   l eng th  of 21.0 f t  
from  the  f lowing NaK i n l e t   p o r t  t o  t h e  NaK o u t l e t   p o r t ,   a s  shown in   F igu re  5-65. 
The two r a d i i  of t h e  S-shaped b o i l e r   a r e   i d e n t i c a l   a t  25.0  inches. The NaK 
containment  tube, or s h e l l ,  i s  7.625 inches  outside  diameter  with a 0.120-inch 
wa l l  of Tyye 316 s t a i n l e s s   s t e e l .  The NaK s h e l l  was designed t o  be f i r s t  
c o i l e d ,   t h e n   s p l i t   i n  two halves and welded  along  the  centerline  perpendicular 
t o   t h e   p l a n e  of the  curvature .  The NaK i n l e t  and out le t   t ees ,   o r   mani fo lds ,  
a r e  a l s o  designed i n  two h a l v e s ,   w e l d e d   a l o n g   t h e i r   c e n t e r l i n e   p a r a l l e l   t o   t h e  
plane of the   3 - inch   in le t  and o u t l e t   p o r t s .  

The E-tube  bundle  is  spaced i n  an  annular  array,   eo-axial   with a 
cent ra l   tube  which  has a 3.5-inch  outside  diameter  and a 0.090-inch  wall. 
This   central   tube,  which i s  evacuated  and  sealed,  decreases  the  flowing NaK 
inventory,  and helps  to  support  the  tube  bundle.  Seven  tube bundle supports 
a re   p laced   th roughout   the   bg i le r   tube   l ength  - two i n  each  180-degree bend 
s e c t i o n  and one i n  each of t h e   t h r e e   s t r a i g h t   s e c t i o n s .  

I 
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NaK-side tu rbu la to r  wires a r e  wound on the  3.5-inch  central   tube 
and  around  the  tube  bundle. The wire diameter is 0.125.   inch,   the   hel ix   pi tch 
is 6 inches,  and t h e  ma te r i a l  is rype 316 s t a i n l e s s  steel. The wires a r e  
wound w i t h  oppos i t e   he l ixes   t o  more e f f e c t i v e l y   t u r b u l a t e   t h e  NaK flow. The 
turbulator   coi ls   extend  f rom t h e  NaK o u t l e t   t e e   f o r  a d i s tance  of 10.0 f t  
a long   the   bo i le r .  

The overa l l   des ign  described above  and t h e   d e t a i l e d   d e s c r i p t i o n s   t o  
follow  have  incorporated  the best design  features  of Boilers  No. 1 through 
No. 4 plus   design  considerat ions  to   minimize  c i rcumferent ia l   and  axial   thermal  
g rad ien t s   a t   t he   mercu ry   i n l e t  end of t he   bo i l e r .  

5.5.4.1 Mercury I n l e t   S e c t i o n  

The in le t   header  is  shown i n  Figure 5-65 a s  a cen t r a l ly   l oca t ed ,  
ax ia l   en t ry   conf igu ra t ion .  A coextruded,  tantalum-to-Type 316 s t a i n l e s s  steel  
t r a n s i t i o n   j o i n t  i s  shown i d e n t i c a l   i n  s i z e  and  length t o   t h e   j o i n t   s u c c e s s -  
fu l ly   u sed  i n  Boi le r  No. 4 f o r  1600 hours  and 28 s t a r t s .  The tube is 1.25 
inches OD by 0.750-inch I D  which includes a 0.150-inch wall of Ty-pe 316 s t a i n -  
less s t e e l  and a 0.100-inch  wall  of  tantalum. The tube i s  electron-beam 
welded t o  t h e  s t a i n l e s s   s t e e l  end  cap. The t o t a l   l e n g t h  of t h e  bonded area 
of   the   t rans i t ion   jo in t  is 8.0 inches.  The tantalum  concentric  reducer i s  
also  electron-beam  welded t o   t h e   t r a n s i t i o n   j o i n t .  

The evacuated  annular  insulator  between t h e  tantalum dome and t h e  
she l l   r educe r  is  designed  for  thermal management. The  phenomenon  of induced 
convective  patterns,   wherein  the  colder  and  heavier NaK surrounding  the 
tantalum  tubes sinks, has  been a pers is tent   problem i n  a l l   b o i l e r s   t e s t e d .  
The design  minimizes t h i s  e f f e c t  by the  use of t h e  a x i a l  honeycomb s t r u c t u r e  
i n  the  area  between  the  s ta inless   s teel   header  and the  tantalum  header. 

The o v a l   s t a t i c  NaK tubes  surrounding  the 12 tantalum  tubes  are 
spaced on a 5.625-inch  diameter  circle  (Figure 5-65); t h e  spacing  provides for 
more evenly   d i s t r ibu ted  NaK flow. The 0.050-inch  diameter  orifices a t   t h e  
entrance of the  tantalum  tubes  were  calculated  to  produce a pressure  drop of 
143 p s i d   a t  f u l l  flow  conditions.  The pressure  drop  versus   f low  for   the 
o r i f i c e ,  added to   the   p ressure   d rop   versus   f low for the  remainder of t he  
b o i l e r  was ca l cu la t ed   t o   ensu re  a posit ive  slope  throughout a l l  phases of t he  
s t a r t u p  and   s teady-s ta te   opera t ion   of   the   bo i le r .   This  was a requirement  of 
t he  SNAP-8 system to   p rec lude  problems in   cont ro l   and   reac tor   opera t ion .  

The tantalum  plugs  placed  in   the  tantalum tubes downstream of t h e  
o r i f i c e s   a r e  2.7-ft long.  Sixteen  equally  spaced  helical  grooves are cut 
along  the  length  of  each  plug a t  a 6- inch  pi tch.   Circumferent ia l   annul i   are  
cu t  at 10- inch   in te rva ls   to   ensure  a r e d i s t r i b u t i o n  of mercury  flow,  should ' 

a h e l i c a l  groove become blocked or not  perform  properly. The tantalum  tube 
i s  swaged onto t h e  tantalum  plug. The  swaged plug assemblies   and  the  or i f ices  
were planned t o  be tested with  water t o  determine  the  actual   pressure  drop 
through  each . 
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A co i l ed  0.062-inch  diameter wire (90% tantalum - 10% tungsten)  
with a 2- inch  pi tch was placed downstream  of the   p lug   for   the   remain ing  
length of the  tantalum  tubes  to   maintain a c e n t r i f u g a l   f i e l d   f o r  mercury 
d r o p l e t s   i n   t h e   v a p o r  s o  t h a t   t h e   d r o p l e t s  would contact   the   hot   tantalum 
tube walls and  vaporize. 

Zirconium f o i l  is shown i n   t h e   t a n t a l u m  dome area  and  the  space 
between  the  tantalum  header   and  the  s ta inless  s tee l  header  (Figure 5-65). 
Zirconium was found t o  b e   a n   e x c e l l e n t   h o t   g e t t e r   f o r   d i s s o l v e d   g a s e s   i n   t h e  
s t a t i c  NaK as  evidenced by t h e   p o s t - t e s t   a n a l y s i s  of Boi ler  No. 1 and No. 2. 

The b o i l e r   s h e l l  i s  shown expanded r a d i a l l y   i n   t h e   a r e a  between t h e  
s t a i n l e s s   s t e e l   h e a d e r  and the   t an t a lum  heade r   t o   a l l ow  fo r   t he   annu la r  
vacuum chamber wi th in   t he   she l l .  The purpose  of t h i s  vacuum i n s u l a t o r  is  
d i s c u s s e d   l a t e r   i n   t h i s   r e p o r t .  

5.5.4.2 NaK I n l e t  and Outlet Manifolds 

The NaK in le t   and   ou t le t   mani fo lds  are des igned   a s   cg l l ec to r   r i ngs  
which  surround  twelve  1.25-inch  diameter  holes  spaced  between  mercury  tubes 
and d r i l l e d   i n t o   t h e  7.625-inch OD flowing NaK s h e l l .  The headers  are  forged 
i n  two p a r t s  and  welded i n   t h e   p l a n e  of the  3- inch  port .  

The predominant  reasons  for  the  manifold'  design  are (1) b e t t e r  
d i s t r i b u t i o n   o f   h e a t   i n   t h e   c r i t i c a l  zones  where s h e l l   f a i l u r e s  had  previous- 
l y  occurred on ear l ie r   bo i le r   des igns ,   and  (2)  t h e   i m i f o r n   d i s t r i b u t i o n  of 
t h e  NaK en te r ing  and  leaving  the  boi ler .  The a c c e p t a b i l i t y  of the  design was 
borne  out  by  plastic model tests with  water a s  w e l l ' a s   b y   t h e  results of 
Boi ler  No. 4 t e s t s .  Mixing of t h e  NaK l eav ing   t he   bo i l e r  results i n   b e t t e r .  
measurement  of t h e  NaK mixed-mean temperature  which i s  e s s e n t i a l  i f  good 
thermal  performance  data  are t o  be  obtained. 

5.5.4.3 Tantalum Tube Bundle  and S t a t i c  NaK Tubes 

The 12 tantalum  tubes  are of equal   21-f t   lengths .  They are   not  
co i l ed   a long   t he i r   l eng ths   a s   i n   Bo i l e r s  No. 1, 2 and 3 which were c o i l e d   t o  
obta in   equal   l ength   tubes   in  a co i l ed   bg i l e r .   Bo i l e r  No. 4 was not  coiled 
however ( resu l t ing   in   unequal   l engths) ,   and  i t s  performance m e t  a l l  design 
c r i t e r i a .  The tantalum  tubes  are  0.75-inch OD by  0.049-inch  wall  (the same 
as   Boi le r  No. 4). 

Each tantalum  tube i s  p l a c e d   i n  a  Type 3 2 1   s t a i n l e s s  s t e e l  oval  
tube  which  contains   s ta t ic  NaK. The tantalum  tube m u s t  then  be  held  against  
t h e   s i d e  of the  oval   tube s o  t h a t  i t  i s  a t   t h e   g r e a t e s t   r a d i u s   i n   b o t h   h a l v e s  
of t he  S-shape.  This means tha t   the   t an ta lum  tube  must c ross   over   in   the  
s t ra ight   mid-sect ion of the  S (see Figure 5-65). S ince   t he   coe f f i c i en t  of 
thermal   expansion  for   the  s ta inless  s t e e l  oval  tube i s  more than  twice  that  
of the  tantalum  tube,   the   oval  tube w i l l  grow outward (or t o  a la rger   d iameter )  
re la t ive  to   the  tantalum  tube.   Consequent ly ,  no loading w i l l  be  experienced 
between t h e  two metals a s   t h e   b o i l e r  i s  heated or cooled.  Seven  latt ice-type 
spacers   ho ld   the   tubes   in   the   p roper   pos i t ions   re la t ive   to   the   evacuated   cen ter  
tube and the  NaK s h e l l .  
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A 0.125-inch  diameter wire with a p i t c h  of 6 inches i s  wound on t h e  
center   tube   for  10 f t ,  s t a r t i n g  a t  t h e  mercury i n l e t ,   p r i o r   t o   i n s t a l l a t i o n  
of the  12  tantalum  tubes and s t a i n l e s s  steel s t a t i c  NaK tubes.  Another wire 
of t h e  same diameter ,   p i tch,   and  length is  wound on t h e   o u t s i d e  of t h e  12 . 

tubes   counter - ro ta t iona l   to   the  wire on t h e  center tube.  The purpose of 
t h e s e  wires i s  t o  promote  mixing  of  the  flowing NaK i n  t h e   s e c t i o n  of t h e  
b o i l e r  where t h e   g r e a t e s t  amount of hea t   t r ans fe r   occu r s .  The adequacy  of 
t h i s   con f igu ra t ion  was vividly  demonstrated i n  a f u l l - s c a l e   p l a s t i c  model of 
t he   bo i l e r   t h rough  which  dye was in j ec t ed   i n   f l owing  water. The tes t  a l s o  
confirmed  the  calculat ions of the  f lowing NaK-side pressure  drop. 

5.5.4.4 Evacuated  Center Tube 

The center   tube  runs  the f u l l  length of t h e   b o i l e r  and i s  a t t a  hed 
t o   t h e   s t a i n l e s s  s teel  headers. It i s  formed t o  shape,  evacuated t o  10- 
torr ,   and  seal-welded.  This  tube was p l a c e d   i n   t h e   c e n t e r  of the  tube  bundle 
coax ia l   w i th   t he   she l l .  The main  purpose  of  the  tube i s  t o  decrease  the NaK- 
s i d e   f r e e   f l o w   a r e a  which results i n  a NaK v e l o c i t y  of 3.4 f p s .  With t h i s '  
velocity,  the,  Reynolds number i s  110,000 and assures   tu rbulen t   f low and good 
hea t   t r ans fe r  . 

.t 

5.5.4.5 Mercury  Outlet  Section 

The mercury vapor   ou t l e t ,   l i ke   t he   l i qu id   mercu ry   i n l e t ,  i s  a con- 
cent r ica l ly   loca ted ,   ax ia l   d i scharge   conf ' igvsa t ion .  A coextruded  tantalum- 
to-Type 316 s t a i n l e s s  s t e e l  t r a n s i t i o n   j o i n t ,   i d e n t i c a l   i n   d i a m e t e r ,   l e n g t h  
and  wal l   th icknesses   . to   that   successful ly   used  in   Boi ler  No. 4 f o r  1620  hours 
and   28   s t a r t s ,  i s  shown in   F igu re  5-65. The ou t l e t   t ube  is  2.26-inch OD by 
1.76-inch I D  with a 0.150-inch wall of Type 316 s t a i n l e s s  s tee l .  The t o t a l  
length of t he  bonded a r e a   o f   t h e   j o i n t  i s  8.0 inches,   the  same a s   t h e  mercury 
i n l e t   j o i n t .   Z i r c o n i u m   f o i l  i s  used i n   t h e   s t a t i c  NaK area  surrounding  the 
bimetal  joint-to-dome  weld for h o t   g e t t e r i n g   i n t e r s t i t i a l s   i n   t h e  NaK. 

5.5.4.6 S t ress   Analys is  

Table 5-XrV i temizes   the   opera t ing   c r i te r ia   used   for   the  stress 
ana lys i s  of Bo i l e r  No. 5. The c r i t e r i a   d e f i n e   t h e   t r a n s i e n t ,   s t e a d y - s t a t e ,  
and maximum condi t ions  for   the  f lowing NaK s ide ,   mercury   s ide ,   and   the   s ta t ic  
NaK s ide.   Table  5-IX defines  the expected  boiler-to-system interface loads.  
The stress computation  methods,  detailed  hand  calculations, results, and ' 

conclusions  appear i n  Reference 53. P a r t i c u l a r  emphasis was placed on the  
mercury i n l e t   s e c t i o n  where t h e  most severe pressure  and  thermal   t ransients  
OCCUT. 

The fol lowing  areas  were stress a n a l y z e d   i n   d e t a i l   u s i n g   t h e  
c r i t e r i a   f o r   p r e s s u r e  and temperatures noted  above  with  design  safety  factors  
of  1.25  against  creep and   y ie ld   s t rength ,  1.50 for ultimate s t rength,   and 
1.50 f o r   f a t i g u e   s t r e n g t h .  

0 NaK s h e l l  

0 S t a t i c  NaK tube 
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TABLE 5-XV NAK AND MERCURY INLFlT AND OUTLET INTERFACE  LOADS - BRDC BOILER NO. 5 

3 Interface  Descr ipt ion 

Boiler  Mercury Out le t  

Boi ler  Mercury I n l e t  

Boi ler  N o .  1 NaK I n l e t  

3- in .  OD x 0.085-in. w a l l ;  
316 ss 

Boiler  N o .  1 NaK Outlet  

3- in .  OD x 0.083 i n ,  w a l l ,  
316 ss 

Boi le r  No.  2 I n l e t  

3- in .  OD x 0.083-in. wall: 
116ss 

Boiler  No. 2 Outlet  

3-in. OD x 0.83-in. w a l l ,  

Fx 

- 1 5 . 1  
-12 

-27.1 

-2 .1  

2 

- .1 
+17 7 

-1.4 

16.3 
-1 

-. ." 

-95 

-96 
-1 

-95 

-96 
49 

39 

88 

FY 

-10.1 

-9 
-19.1 
0 

-8 
-8 

+85 

18 
2 

-29 

-27 

2 

-123 

-121 

11 

2 

13 

Moment ( i n .  -1b) 

Load Type Fz Mx 

39.4 433 

67.9 766 
28.5 333 ' 

0 0 

0 - 49 
0 - 49 

+26.6 -434 

-10 494 

1 882 

11 I -513 

Thermal, T = l190°F 

235.5 Weight 

19.1 
-20 I -250 ' 

Weight 

-.9 -254.25 To ta l  
-276 -504 Thermal,  1185OF,A  T = 

-259 +347 Weight 

-535 -157 Tota l  

-234  102  Thermal,  11850F,AT = 

l l lOoF 

l l lOoF 

-2010 1545 Weight 

-2244 1647 Tot a1 

440 -183 Thermal, 1185'F, AT= 
l l lOoF 

90  -1024 Weight 

530 1-1207 1 Tota l  1 
-830 1-94 I Thermal, 1015'F, A T  = 

94OoF 

-248 -134 Weight 

-1078 -228 Tota l  

I 



0 Center  evacuated  tube 

0 Sta in less ,  s teel  mercury in l e t   heade r  

0 S t a i n l e s s  s teel  mainfold  sect ions 

0 S t a i n l e s s  steel  vacuum i n s u l a t o r s  

0 Mercury i n l e t   s e c t i o n  

0 Mercury o u t l e t   s e c t i o n  

0 Overa l l   bo i l e r  stresses with  recomended system mountings 

The mercury i n l e t  and o u t l e t   s e c t i o n s  were analyzed  with  the use of 
the   thermal   da ta   d i scussed   in   the   next   sec t ions   in   conjunct ion   wi th  a f i n i t e  
element  computer  progam  (References 52 a n d 5 3 ) .  These sec t ions  have  axisym- 
e t r i c a l  geometry  and  pressure/ temperature   dis t r ibut ion  direct ly   sui ted  to   the 
app l i ca t ion  of t h i s  computer  program. The s h e l l ,   t u b i n g ,   s t a i n l e s s  s tee l  
heade r s ,   s t a in l e s s  s t e e l  manifolds  and  the vacuum i n s u l a t o r s  were calculated 
by  hand.  Low-cycle fatigue analyses employed t h e  M3nson equation  and  the 
f i n i t e  element  computer  program,  where  applicable.  Thermal  ratcheting was 
also  considered.  

The b imeta l   coext ruded   t rans i t ion   jo in ts  were stress analyzed  and 
t h e  results compared t o  those  values   obtained  f rom  the  Boi ler  No.  4 analyses 
s ince t h e   j o i n t s  i n  Boi ler  No. 5 have t h e  same dimensions a s   t h o s e   i n  
Boi ler  No.  4. 

Analysis of t h e   b o i l e r   s h e l l  stress levels was  made f o r   t h e  mount- 
i n g  scheme shown i n   F i g u r e  5-66 using a p i p i n g   f l e x i b i l i t y  computer  code. 
Here the   bo i l e r   c ros s - sec t ion  was transformed  into a pipe  with  an  equivalent  
s e c t i o n  modulus. It should   be   no ted   tha t   the   bo i le r  i s  shown "cold  sprung" 
s o  t h a t   t h e   b o i l e r   s h e l l  stresses remain  below  the  allowable  during  steady- 
s ta te  hot  operation. The stresses i n   t h e   b o i l e r   s h e l l  are a l s o  below t h e  
allowable limits a t  room temperature when the  cold  spr inging is  performed. 
The results o f   t he   ana lys i s  showed t h a t   t h i s  was an  acceptable  method  of 
mounting the   bo i le r   (Reference  53). 

5.5.5 Thermal  and Dynamic Design 

5.5.5.1 Mer-c-ury-Side-He-at Transfer, Dynamics and  Performance  Evaluation 

Bo i l e r  No. 5 was designed,  from  the  heat-transfer  viewpoint,   with 
the  same approach  used  for  Boiler No. 4. The heat  and momentum t r a n s f e r  
co r re l a t ions   fo r   t he   mercu ry   s ide   o f   t he   bo i l e r  were f o r  a two-phase, h e l i c a l -  
flow  regime  with  wetted  tube  walls. The cor re la t ions   deve loped   for   the   bo i le r  
hea t   t ransfer   des ign  were formula ted   in to   the  g i ler  DEsign  and m f o r m a n c e  
(BODEPE) ana lys i s  computer  code  (References 52 and 54). This  computer  code 
was used to   eva lua te   l /T-sca le   and   fu l l - sca le   bo i le r   ac tua l   per formance   da ta  
with  the  predicted  performance. The results of   the  1/7-scale   boi ler   evalua-  
t i o n  were a p p l i c a b l e   t o   t h e   B o i l e r  No. 4 design,  and  provided  the  basis for 
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determining many of the  performance-related  aspects   of   the   boi ler   design.  
The soundness of the  mercury-side  correlat ion  and  the  l /T-scale   analysis  were 
borne  out  by  the  excellent  performance of Boi le r  No. 4 d u r i n g   t e s t s  i n  t h e  
35-kWe system over a wide  range  of  operating  conditions. 

Predicted  performance of Boi ler  No. 5 a t  s teady-s ta te  i s  shown i n  
Figure 5-67. I n  Boi ler  No. 5, t he re  i s  no excess  superheat  length  which was 
normally  added to   the   p rev ious   bo i le r   des igns   as   fur ther   marg in   to   assure  
complete  vaporization of the  mercury.  This was not done f o r  two reasons: 
(1) the  added  length  did  not  improve  the  performance i n   t h e  tests of Boi le r  
No. 4 which  had  excess  length, and (2)  t he   enve lope   r e s t r i c t ions  of t he  power 
conversion system package  precluded  the  addition  of  the  extra  length.   Boiler 
pressure   var ia t ions   a re   no t   expec ted   to   exceed   the  2% ( the   ra t io   o f   the   vapor)  
ou t le t   p ressure   devia t ion   to   the   vapor   ou t le t   p ressure)   tha t  was experienced 
w i t h  Boi le r  No. 4 (which was t h e  most s t a b l e   b o i l e r   t e s t e d   i n   t h e  SNAP-8 
program).  Table 5-XVI summarizes the  thermal  computation  for  Boiler No. 5 
and  corresponds t o   t h e  performance  predictions of Figure 5-67. 

Comparative  design  data  plots of p lug   inser t   p ressure   d rop  and plug 
exit vapor  quali ty  versus  pinch-point  temperature  difference of BRDC Boiler  
No. 4 and No. 5 is  shown i n  Figure 5-68. Reduction of the   p lug   inser t   l ength  
and  the NaK temperature band while  maintaining a specified  pinch-point  tempera- 
tu re   d i f fe rence   decreases   the   p lug   inser t   p ressure   d rop  and the   p lug   i n se r t  
vapor  quali ty.   This  behavior i s  i n h e r e n t   t o   t h i s  plug configuratdon  and  test  
results have shown the  optimum pinch-point  gange i s  from  30 t o  70 F f o r  a 
given  plug inser t  length.   For   less   than 30 F difference,   the   plug  exi t   vapor  
q u a l i t y  i s  too low and bo i l e r   p re s su re   va r i a t ions  become excessive.  A d i f -  
ference  greater   than 70 F  means that   the   plug  inser t   pressure  drop is too  high,  
thus  reducing  cycle   eff ic iency.  

0 

Test  data f r m  BRDC b o i l e r s  w i t h  plug  lengths  of 4.0 f t ,  3 .5  f t ,  
and 3 f t  showed that   the   boi ler   pressure  drop  versus   mercury  f low  increases  
w i t h  f l o w   t o  a maximum value  then  decreases  as  the  f low i s  increased   to   the  
rated  value.  It has  been  concluded t h a t  t h i s  behavior is  c h a r a c t e r i s t i c  of 
this  mercury-side  geometry  (a  multipassage  plug  insert and a bare  tube w i t h  
a s w i r l  wi re) .  Whether t h i s   e f f e c t  i s  de t r imenta l  when the  system i s  t e s t ed  
with a r eac to r  i s  not known, a l though  system  analyses   indicate   that   thermal  
shock of t he   r eac to r  can  occur  as a r e s u l t .  However, it is  d e s i r a b l e   t o  have 
a b o i l e r   t h a t  would have, a t   a l l   condi t ions ,   an   increas ing   pressure   d rop  w i t h  
increasing  f low.  Figure 5-69 compares the  mercury s ide  pressure  drop  versus  
l iquid  mercury  f low  for   Boi lers  No. 2 ,  No. 4, and  the  l /T-scale   boi ler .  

The pressure  drop  through  the  short   tube  or i f ices   upstream of t h e  
p l u g   i n s e r t s   r i s e s  as  a square  funct ion of the  increased  f low.  Therefore,   by 
choosing  an  orifice of the  proper   s ize ,  a pos i t ive   s lope  of t o t a l   b o i l e r  
pressure  drop  ( the sum of t h e  boi le r   tubes   and   the   o r i f ices   p ressure   d rops)  
i s  a t t a i n e d   f o r  any  f low  rate.  The o r i f i c e   s i z e  was c a l c u l a t e d   t o  be 0.050 
inch i n  diameter  with a square  edge  and  0.052-inch  diameter  orifice  with a 
w e l l  rounded en t ry   rad ius .  A p l o t  of o r i f i c e  AP, and to ta l   p ressure   d rop  
using  an  0.052  inch  square  edge  orifice i s  shown i n   F i g u r e  5-70 f o r  BRDC 
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Figure 5-67 Predicted Performance of BRDC Boiler  No. 5 



TABLE 5 - m  BRDC B O I U R  NO. 5 - PREDICTED 'MERMAL DESIGN 
CHARACTERISTICS AND OPERATING  PARAMEPmS 

Parameter 

NaK Flow Rate 
NaK inlet  Temperature 
NaK Temperature Drop 
N a K  pressure Drop 
Hg Flow 
Hg Exit  Pressure 
Hg Exit Temperature 
Hg I n l e t  Temperature 
Hg Vapor Region Pressure Drop 
Hg Flow Restrictor  Pressure Drop 

Hg Inlet  Pressure 
Pinch-Point  Temperature  Difference 
Terminal NaK-to-Hg Temperature 
Vapor Superheat 
Mean Preheat Flux 

Mean Multipassage  Plug  Boiling Flux 
Mean Swirl Wire Boiling Flux 
Mean Superheat Flux 
Boiling  Termination  Point 

Multipassage  Plug Vapor Exit  Quality 
Thermal Power Required 
External Power Loss (Assumed) 

Dimension 

lb /hr  

OF 
OF 
ps id 
lb/hr 

ps ia  
OF 
OF 
ps id 

ps id 
ps ia  
OF 
OF 
OF 
Btu/hr-f't2 
Btu/hr -f t 2 

Btu/hr -f t 2 

Btu/hr -f t2 
f t  

percent 
kW 

kW 

W a K  I n l e t  Temperature 
Schedule 

LOW High 

57148 
1211 

167 
0- 3 

13600 

147 
1190 

420 
46 

140 

333 
54 
22 

22 4 
215553 

71292 
63338 

5707 
13.4 
18 

598 
5 

265 
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Figure 5-68 BRDC Bo i l e r s  No. 4 and No. 5 - 
Performance  Comparisons (Des ign Data ) 

A I/7-SCALE  BOILER 

I- FLOW = 6544 TO 6860 LB/HR/TUBE 
60 NoK INLET  TEMPERATURE = 1302°F  TO I? 

LIQUID  MERCURY  FLOW.  LB/HR/TUBE 

Figure 5-69 BRDC Bo i l e r s  No. 2, 4, and 1/7 Scale  - 
Mercury Pressure Drop vs Liquid Mercury Flow 
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!i Boi l e r  No. 5. The o r i f i c e  pressure drop was determined t o  be 128 p s i d   a t  
10% mercury flow. The pressure drop  using  the  0.050-inch  diameter  orifice 
was determined  to  be 143 p s i d  which i s  i n  agreement w i t h  the value noted i n  
Table 5-XVI. The d e g r e e   o f   p o s i t i v e   s l o p e   f o r   t h e   t o t a l   b o i l e r   p r e s s u r e  
drop  would be g rea t e r   u s ing  the smaller o r i f i ce   a s   d i scussed  i n  
Reference 50. 

5.5.5.2 NaK-Side Pressure B o p  

The power conversion system requirement a l lows   for  a b i l e r  NaK-side 
pressure loss of 3.0 ps id ,  maximum. Pre l iminary   ca lcu la t ions  for Boi l e r  No. 5 
indicated a to t a l   p re s su re   d rop  of 1.50 p s i d   a t  57,500 lb/hr.  Water tests of 
a 10-ft l o n g   p l a s t i c  model of the   bo i le r   cor robora ted   the   ca lcu la t ions  (as d i d  
s i m i l a r  tests f o r   B o i l e r  No. 4), the   value  being 1.70 ps id .  The predicted NaK 
pressure drop  data   for   Boi ler  No. 5, based  on  the water tests,  a r e   p l o t t e d   i n  
Figure 5-71. 

Dye i n j e c t i o n  tests were employed t o  observe   the   e f fec t iveness  of 
t h e  NaK t u r b u l a t o r   c o i l s   i n   B o i l e r s  No. 4 and No. 5. The tests were  conducted 
on t h e   b a s i s  of equa l   ve loc i t i e s  ( i . e . ,  the   water   ve loc i ty  = NaK v e l o c i t y )   a t  
2 .5 ,  3.0, 4.0, and 5.0 fps .  The Reynolds numbers f o r   w a t e r   a t  these v e l o c i t i e s  
were much lower  than  the NaK Reynolds numbers f o r   t h e  same v e l o c i t i e s .  From 
tes t  observations,  good mixing  occurred a t   v e l o c i t i e s  from 3.0 t o  5.0 f p s  
wi th in  1.0 t o  1 . 5  fee t  f rom  the   po in t  of i n j e c t i o n .  A t  2 .5  fps ,   the   mixing 
was slower  and  took  about 2 .5  f t   t o  develop. The tes ts  described  above were 
run for the  tube  bundle.  Eye tests i n   t h e  NaK manifolds were made a t   t h e  same 
water   veloci t ies   noted  above.  A t  a l l   v e l o c i t i e s   t h e  dye was d is t r ibu ted   evenly  
throughout  the  manifolds  almost  immediately. The flow  model was f u l l - s c a l e   i n  
c ross   sec t ion   wi th   respec t   to   in te rna l   d imens ions .  

The  vacuum chamber between t h e   s t a i n l e s s  s t e e l  header  and  the  tantalum 
header (see Figure 5-65) is  necessary t o  reduce  the  thermal  gradient  across  the 
s t a in l e s s   s t ee l   heade r .  The  vacuum chamber between  the  tantalum dome and the  NaK 
s h e l l  i s  r equ i r ed   t o   r educe   t he   t he rma l   g rad ien t   i n   t he   she l l  and i n   t h e   a r e a  
a d j a c e n t   t o  the  end of the  NaK out le t   manifold.  The s t a t i c  NaK volume i n  t h i s  
a r e a  i s  minimized to   dec rease   t he   ava i l ab le   hea t   t o   t he   co ld   mercu ry   du r ing  
s t a r t u p ;  t h i s  reduces   the   thermal   g rad ien t   in   the   ax ia l   d i rec t ion .  

The compartmental izat ion  (axial ly   or iented honeycomb) of t he   a r ea  
around  each  tantalum  tube  between  the  stainless s tee l  and  tantalum  headers 
is  an  approach  designed t o  minimize  the  natural   convect ion  of   the  s ta t ic  NaK 
as  the  colder  mercury  f lows  through  the  tantalum  tubes.  The NaK o u t l e t  
manifold is  placed  around  this   area  to   fur ther   reduce  the  natural   convect ion 
by  supplying  heat  over  the  entire  circumference.   These  approaches were not 
employed i n   t h e   B o i l e r  No. 2, a l though  the method  of manifolding was success- 
f u l l y  demonstrated  with  Boiler No. 4. 

An ana lys i s  of the   na tura l   convec t ion  phenomenon i n   l i q u i d   m e t a l s  
can  be  seen in   Reference 50. It should  be  pointed  out  that  there i s  very 
l i t t l e  information  avai lable   on  the  natural   convect ion of l iquid  metals   with 
the   tubes- in-she l l   conf igura t ion   descr ibed   here in ,   opera t ing   in  a ho r i zon ta l  
a t t i t u d e .  
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Figure 5-70 BRIX Boiler No. 5 - Mercury 
( Pressure Drop vs Liquid Mercury  Flow 
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Figure 5-71 BRK! Boiler No. 5 - NaK-Side 
Pressure Drop vs Liquid Mercury Flow 



5.5.5.3 Boiler  Thermal  Analysis 

The analyses  and results of the  var ious  design  approaches  for   an 
acceptable  mercury i n l e t  s e c t i o n   t h a t  would meet t h e   s t a r t u p   t r a n s i e n t  and 
s teady-s ta te   condi t ions   a re  summarized  below. The analyses were concerned 
wi th   t he   fo l lowing   c r i t e r i a :  

0 The i n l e t  dome mercury volume should  be  as small a s   poss ib l e  
t o  minimize  the time t o  f i l l  du r ing   s t a r tup ,  yet not  be s o  
small t h a t  mercury  boi l ing  and  f lashing  in   the dome causes 
such a high  back  pressure  (due t o   t h e  small o r i f i c e s )  on t h e  
mercury pump t h a t   s t a r t u p  becomes impossible.  This  can  occur 
since t h e   b o i l e r  is preheated t o   t h e  NaK in le t   t empera ture  
p r i o r   t o  mercury i n j e c t i o n .  

0 No thermal   gradients   in   any of the  mater ia ls   should  be s o  
high as t o  cause  thermal stresses which  exceed the  allowable 
s t r e n g t h  of t he   ma te r i a l s   du r ing   t he   t r ans i en t  and steady- 
state operating  conditions.  

However, it became evident   as   the  design  evolved,   that   the   thermal  
g rad ien t s   i n  t h e  dome were  too  severe  for a t h i c k ,   f l a t  dome which  held  the 
mercury  volume t o  a  minimum. A t h i n n e r ,   f a i r l y   f l a t  dome  was unacceptable 
from a pressure-s t ress   s tandpoin t .  It was determined  that  a hemispherical 
head w a s  t h e   l e a s t  stressed but  it a lso   resu l ted   in   an   unacceptab ly   l a rge  
mercury  volume. An e l l i p o s o i d a l  dome proved t o  be  the most accep tab le   a s   t o  
stress, s i z e  and mercury volume. This configurat ion was analyzed   for   the  
t ransient   and  s teady-state   condi t ions.  A t  t he  same tige, the   mercury   in le t  
s teady-state   temperature  was decreased  from 420 t o  350 F, i n  keeping  with  the 
l a t e s t  change dictated  by  the  change  f rom  the  four-s tage  turbine  to   the  dual  
mult is tage  react ion  turbine  concept  (90 kWe system). 

5.5.6 System In te r f aces  

E a r l i e r   i n   t h i s   s e c t i o n ,   t h e  system requirements  were  outlined  and 
d i scussed   w i th   r ega rd   t o   t he   bo i l e r .  The fol lowing  discussion  deals  w i t h  
the  constraints   the  boi ler   p laces   on  the system. 

The S-shape  of t h e   l a t e s t   b o i l e r   d e s i g n   r e q u i r e s   t h a t  i t  be  supported 
i n  a manner t h a t  w i l l  minimize  excessive l o a d s  t r a n s m i t t e d   t o   t h e   t u r b i n e   i n l e t  
and to   p revent   excess ive  stresses i n   t h e   b o i l e r   s h e l l .  The loads  transmitted 
t o   t h e   t u r b i n e   i n l e t   a r e  due to   the   thermal   g rowth  of t h e   b o i l e r  and   t u rb ine   i n  
two  planes.  Minimization of these   l oads   t o   t he   r equ i r ed   va lues  was done by 
looping  the  piping  between  the  turbine i n l e t  and  boi ler   out le t   and  anchoring 
t h e  mercury o u t l e t  end of t h e   b o i l e r   r i g i d l y .  To prevent   over-s t ress   in   the 
b o i l e r   s h e l l ,   t h e   b o i l e r  is coldsprung s o  t h a t ,   a s  it heats  up,   the  thermal 
growth w i l l  r e t u r n   t h e   b o i l e r   t o   t h e   a s - f a b r i c a t e d   s h a p e .   T h i s  mounting scheme 
was shown i n   F i g u r e  5-66. The sp r ing  mount is used since the re  w i l l  be some 
r o t a t i o n  of t h e   b o i l e r   s t r a i g h t   s e c t i o n  and requires t h a t   t h e  mount have some 
resiliency. 
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Other   constraints  on t h e  system t h a t  result  from  placing  the  looped 
piping  between  the  boiler and tu rb ine  i n l e t  a r e   t he   a l lowab le  l i n e  pressure 
drop and  allowable stress. 

Liquid mercury inventory i n  t h e   b o i l e r  i n l e t  a r e a   a f f e c t s  system 
s t a r t u p   r a t e s  and  the  attempt was made t o  keep t h i s  volume or weight t o  a 
minimum (about 25 l b ) .  From the   s tandpoin t  of boi ler   thermal   gradients   and 
s t r e s s ,   t h e  minimum weight   that  was a t t a i n e d  was 35.6 l b .  From t h e  system 
viewpoint ,   th is  may require an   i nc rease   i n   t he   i n i t i a l   mercu ry   f l ow ramp 
with  t ime  in  order  to  compensate for the   increase  i n  inventory  before  f low 
through  the   o r i f ices   and   bo i le r   tubes   begins .  

The double-containment   feature   of   the   boi ler   requires  a volume 
compensator  (metal  bellows  expansion  reservoir) t o  accommodate t h e   s t a t i c  
NaK thermal  expansion  as  the  b.3iler i s  heated  to   operat ing  temperatures .  
This means tha t   the   sys tem  needs   addi t iona l   p ip ing ,   increased   sys tem  weight  
and  must  provide  space for mounting  the  expansion  reservoir.  

5.5.7 Performance 

5.5.7.1 Steady-State  Performance Mapping 

The Boiler  design was completed i n  October 1970. However, t h i s  
u n i t  was not   fabr icated.   Therefore ,   Boi ler  No. 5 performance will be d i s -  
cussed i n  terms of Boi lers  No. 4 and No. 2 data by  comparing s t eady- s t a t e  
operat ing  parameters   such  as   l iquid  carryover ,  NaK tempera ture   p rof i les ,  
s tabi l i ty ,   mercury-side  pressure  drop,   terminal   temperature   difference,   and 
NaK-side pressure dr.sp. Discussion of operating  problems i s  p re sen ted   i n  
the  form of s t ruc tu ra l   f a i lu re s ,   con tamina t ion  of t h e   b o i l e r  mercury  flow 
path,   and  mater ia l   analyses   of   Boi lers  No. 2 and No. 4, and how these results 
a r e   r e l a t e d   t o   B o i l e r  No. 5. 

The purpose of the  steady-state  performance mapping was t o  observe 
the  boiler  performance  over a wide-range  of  off-design  conditions. The 
ranges  covered i n   t h e   B o i l e r  No. 4 mapping  were: 

0 Mercury flow 3,000 - 12,000 lb /h r  

0 NaK flow 25,000 - 49,000 lb/hr  

0 NaK in le t   t empera ture  1,150 - 1,300~~ 

These  ranges of parameters  extend  from  the  design  point  to  lower  f lows  and 
temperatures  which  simulated  Boiler No. 5 o p e r a t i o n   a t   t h e  1200°F power 
conversion  system  state-point (see Table 5-XII). 

Figure 5-72 is  a carpe t   p lo t  of the  mercury  vapor  pressure  drop 
associated  with  the  preheat   boi l ing  and  superheat   regions of Bo i l e r  No. 4. 
The magnitude of the  pressure  drop  corresponds t o   p r e d i c t e d   v a l u e s .  A s  was 
descr ibed   ear l ie r ,   each  of the   curves   has   an   in f lec t ion   po in t  and  negative 
slope of pressure  drop  with  increasing  mercury flow. Note t h a t   t h e   i n f l e c -  
t i on   po in t  of the  curves is  a funct ion  of   the NaK flow, NaK i n l e t  temperature 
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and  p lug   inser t   l ength .   These   curves   a re   charac te r i s t ic  of the  mercury  vapor 
pressure  drop  behavior  of  Boiler No.  5 also;  only  the  magnitude of t h e  values 
would be  reduced  for  Boiler No. 5. During t e s t ,  th i s   nega t ive   s lope  phenome- 
non gave r ise  t o  some system i n s t a b i l i t y  ( i .e. ,  t h e  NaK heater  response)  and 
would be an   undes i rab le   condi t ion   to   have   in  a reactor  system.  Figure 5-70 
shows that   the   s lope  can  be  kept   posi t ive  by  s imply  s iz ing  the  or i f ice;   th is  
was done  on the   Boi le r  No. 5 design. 

Var ia t ion  of the  pinch-point  temperature  difference*  with NaK flow, 
mercury flaw, and NaK inlet   temperature  i s  shown i n  Figure 5-73 for Boiler  
No. 4. These  data show the  pinch-point  temperature  differences a t  which  the 
bo i l e r   ope ra t ed   fo r   t he   va r ious  t es t  conditions.  The p l o t  i s  r ep resen ta t ive  
of how Boiler No. 5 pinch-points w i l l  vary  with  lower  ranges  of  operating 
conditions.  

The s t a b i l i t y  of Bo i l e r  No. 4,  as measuredo by f l u c t u a t i o n s  of t h e  
mercury  outlet   pressure,  was l e s s   t h a n  + 1% a t  1300 F and l e s s   t han  + 2.0% a t  
conditions  simulating  Boiler No. 5 design  conditions.  The maximum i n s t a b i l i t y  
measured on Boiler  No. 4, was + 4.0%  and  occurred a t  a pinch-point  temperature 
difference of about 8.0 P. The Boiler  No. 5 design i s  expected t o  be  within 
- + 2%. 

Vapor o u t l e t  end terminal  temperature  difference (NaK i n l e t   a t   t h e  
mercury o u t l e t )  i s  shown in   F igure  5-74 fo r   Bo i l e r  No. 4 p l o t t e d   a s  a func- 
t i o n  of NaK flow,  mercury  flow and NaK in le t   t empera ture .  The terminal  
tempera ture   d i f fe rence   cor responds   to   the   des ign   pred ic t ion ,   a t  a value 
between 40 and 50°F. Boiler  No. 5 terminal  temperature  differences  are 
expected  to  be  about  the same magnitude a t   des ign   cond i t ions  and w i l l  vary 
with  changes in   f lows  and NaK in l e t   t empera tu res   i n   t he  same manner a s   d i d  
Boiler  No. 4. It should  be  added t h a t   B o i l e r  No. 4 t e s t  d a t a   a r e   a l l  
measured  with  surface-reading  thermocouples,  as  opposed t o  immersion  types. 
From previous  boi ler  t e s t  experience,  the  immersion  thermocouple when i n  t h e  
vapor sotream reads  about 30 F higher   than   the   sur face  type. Theref  ore,  add- 
ing  30 F t o   t h e  mercury  vapor  temperature  with  the NaK temperature  remaining 
t h e  same, a "true" terminal   temperature   difference becomes 10 t o  20°F, which 
gives a b e t t e r  comparison  with  the  design  expectations. 

0 

Also o f   i n t e r e s t  i s  the   observa t ion   tha t   the   tdmina l   t empera ture  
difference  reaches a  minimum f o r  a given NaK flow and in le t   t empera ture  as 
the  mercury  flow is  increased. Then, as  the  mercury  f low i s  increased   fur ther ,  
the  terminal   temperature   difference  a lso  increases .   These  reversals   in   the 
terminal   temperature   difference  occur   a t   p inch-point   temperature   differ-   ences  
of  between 8 t o  2OoF. The phenomenon i s  e x p l a i n e d   b y   t h e   f a c t   t h a t ,   a t  low 
pinch-point   temperature   differences,   the   plug  exi t   qual i ty  of t h e  mercury is 
reduced. Also, the   plug-inser t  is  becoming flooded  with  l iquid  mercury  with 
most of t he  mercury boi l ing  occurr ing  in   the  unplugged  tube  region (swirl 
w i r e  only).  With the  boi l ing  length  increased,   the   superheat   length i s  de- 
creased, more l iqu id   d rople t s   a re   p resented   in   the   vapor   s t ream,  and the  vapor 
superheat  temperature i s  reduced. 

Whe  pinch-point  temperature  difference is defined  as  the  difference  between 
the  bulk  temperatures of the  mercury  and NaK a t   t h e  mercury  vapor-to-liquid 
in te r face .   This   po in t  l i es  i n   t h e   p l u g   i n s e r t   a t   t h e   l i q u i d  mercury i n l e t .  
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Figure 5-72 BRIX! Boiler No. 4 - Performance  Carpet Plot 
(Mercury Vapor Pressure Drop) 

NoK FLOW - 49,000 LBlHR NOK FLOW - w.am LBIHR NOK FLOW * 25.000 LBMR 

Figure 5-73 BRDC Boiler No. 4 - Performance  Carpet Plot 
(Pinch-Point  Temperature  Difference) 
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With the   increase   in   t e rmina l   t empera ture   d i f fe rence ,   there  was 
e v i d e n c e   t h a t   t h e   b o i l e r  became less s t ab le .   Th i s  effect ,  however,  would  not 
s i g n i f i c a n t l y   a f f e c t   B o i l e r  No. 5 o p e r a t i o n   a t   t h e s e  low  pinch-point  tempera- 
ture differences would not  be  encountered  over  the  reactor dead  band or a t  
the   sys tem  s ta te   po in t .   F igure  5-75 i s  a p l o t  of Boi ler  No. 4 terminal  
temperature   differences a t  condi t ions  s imulat ing  Boi ler  No. 5 o p e r a t i o n   a t  
t h e  system s t a t e -po in t .  

A test  was conducted t o   e v a l u a t e   t h e   b o i l e r   r e s p o n s e   t o   t h e  normal 
v a r i a t i o n  of t h e   b o i l e r  NaK in le t   t empera ture  or reactor   temperature  deadband. 
The responses of key  boiler  parameters  over a range of 1170 t o  I235OF is  shown 
i n  Figure 5-76 together   with  the  predicted  responses .  The results were i n  
accordance  with  the  expectations.  The f a c t   t h a t   t h e   b o i l e r  pressure drop tes t  
data   are   higher   in   magni tude  than  the  predicted i s  due t o   t h e   d i f f e r e n c e   i n  
p lug   inser t   l engths  of Boi lers  No. 4 and No. 5. 

Although  boiler  performance i s  pr imari ly  gaged i n  terms  of  the 
mercury-side  parameters ,   another   important   boi ler   parameter   which  re la tes   to  
system operat ion is NaK-side pressure  drop.  Figure 5 - 7 7  presents   the pre- 
d ic ted   and   ac tua l   Boi le r  No. 4 NaK pressure   d rop   as  well a s  t h e  predicted 
Boiler  No. 5 NaK pressure  drop. The p red ic t ions   fo r   bo th   Bo i l e r  No. 4 and 
Bo i l e r  No. 5 were  based  on water flow tests of c ros s - sec t iona l ,   f u l l - s ca l e  
p l a s t i c   f l o w  models   discussed  ear l ier .   In   view of t he  good agreement  between 
t h e   a c t u a l  and  predicted  pressure  drop  for   Boi ler  No. 4, it i s  expected  that  
Boi ler  No. 5 NaK-side pressure  drop w i l l  be as shown. Variat ions of t h e  NaK 
temperatures  are  not  sufficient  to  cause  any  measurable  discrepancies  between 
t h e   c a l c u l a t e d  and ac tua l   va lues   s ince   t he  NaK dens i ty  changes  by  only 2% 
over a range  of  temperature  from 1150 t o  130OOF. 

5.5.7.2  Boiler -~ Performance  Degradation 

During tes t ing,   thermal   and dynamic  performance  declined i n   B o i l e r s  
No. 2,  No. 3 and No. 4. The loss i n  performance was observed  by  noting a 
change i n  mercury vapor  pressure  drop, a dec rease   i n   t he  NaK temperature  pro- 
f i l e   i n   t h e   p l u g   i n s e r t  and boi l ing  sect ions,   and  an  increased  terminal  t e m -  
pe ra tu re   d i f f e rence .  The times when boiler  performance  degradation  occurred 
were d i f f e r e n t   f o r   B o i l e r s  No. 4 and No. 2, or No. 3; however, Boi ler  No. 4 
decondi t ioned   wi th in   four   minutes   a f te r   in i t ia l   s ta r tup ,   remained   tha t  way 
for   four   days,   and  then  re turned  to   condi t ioned  operat ion  for   the  remainder  
of t he  1620  hours of operation.  Boilers No. 2 and No. 3 c o n d i t i o n e d   i n i t i a l l y  
and  their   performance  declined  gradually  over a per iod of operation.  Figure 
5-78 g r a p h i c a l l y   i l l u s t r a t e s   t h e   d i f f e r e n c e  between a conditioned  and a decon- 
d i t ioned   bo i le r   and   represents  a degradation of p lug   i n se r t   e f f sc t iveness  
( i . e . ,  lessening of h e a t   t r a n s f e r )   f o r   B o i l e r  No. 4. The loss of   p lug   inser t  
effectiveness  could  be  caused  by  enlargement  of  the  plug  grooves  by  corrosion, 
erosion,  by a f i lm of surface  oxides  and  contaminants, or by a combination  of 
a l l  these.   Corrosion  and  erosion have  been  eliminated  as  the  causes  since 
post-test   examination of t he   Bo i l e r  No. 2 tan ta lum  sur faces   revea led   tha t   these  
condi t ions  did  not   occur .   Boi ler  No. 1 was o p e r a t e d   i n  excess of 15,000 hours 
without  pressure  drop or plug   inser t   hea t   t ransfer   degrada t ion .  Since t h e  test  
fac i l i ty   d id   no t   conta in   sources   o f   o i l   contaminants ,   Boi le r  No. 1 was not 
expected t o  degrade.  Examination of Boi ler  No. 1 pressure drop  versus  mercury 
l iqu id   f low showed it t o  behave i n  t h e   i d e n t i c a l  manner a s  curve No. 1 of 
Figure 5-79 fo r   Bo i l e r  No. 2. 
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NOK F L O W  =49,000 LElHR NoK F L O W  i37.000 LWHR NOK FLOW = 25.000 LElHR 

Figure 5-74 B R E  Bo i l e r  No. 4 - Performance  Carpet  Plot 
(Terminal  Temperature  Difference) 

IO0 

80 

60 

40 

20 

NaK INLET TEMPERATURE 

0 1220OF 1 I I 
A 1200 O F  -~ 

O I ' 1800F I 1 I 

6000 7000 8000 9000 

MERCURY LIQUID FLOW, LB/HR 

IO, Ooo 

Figure 5-75 BRDC Boiler  No. 4 - Terminal  Temperature  Difference 
vs Liquid Mercury Flow at Various NaK Inlet   Temperatures 
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Figure 5-76 BRDC Boiler No. 4 - Performance 
Results  over  Reactor  Temperature Deadband 
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Figure 5-77 B R E  Boilers No. 4 and No. 5 - 
NaK-Side Pyessure Drop vs NaK Flow 
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Figure 5-78 BRDC Bo i l e r  No. 4 - Boiler  Deconditioning 
During  Test i n  35-kWe System 
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Figure 5-79 BRDC Bo i l e r  No. 2 - Performance  Degradation 
Due t o  O i l  Contamination of t he  Mercury 
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After t h e   i n i t i a l   c o n d i t i o n e d  run, Boiler  No. 2 neve r   r e tu rned   t o  
a ful ly  conditioned s ta te .  The f a c t  t h a t   t h e  unplugged  tube  length was over- 
des igned ,   a l lowed  the   bo i le r   to   behave   in  a s t a b l e  manner and s t i l l  produce 
the  required  superheat  and  vapor quality. 

Boi ler  No. 4 even tua l ly   r e tu rned   t o  i t s  predicted  performance level  
and  remained  conditioned. While t h e   b o i l e r  was i n  the  process  of conditioning, 
each  shutdown r e s u l t e d  i n  a p a r t i a l  loss of performance.  This cycle recondit-  
i on ing   pe r s i s t ed   on ly   un t i l   t he   bo i l e r  became ful ly  conditioned  and future 
shutdowns  (28 i n   a l l )  had no effect  on the  boiler  performance.  This improve- 
ment over  Boiler No. 2 was t h e   d i r e c t  result of  minimizing o i l  contamination 
(from  the mercury pump and  the  turbine-al ternator)   and  f rom a t i g h t e r   c o n t r o l  
of a i r   in- leakage  to   the  mercury  loop.  

5.5.7.3 Mater ia ls  Analysis 

Many ma te r i a l s   s tud ie s  were conducted  during  the  course  of  the SNAP-8 
program t o  fu l ly  evaluate   var ious  metals   in   contact   wi th  NaK and mercury. Tests 
were conducted i n  a l / lgth-scale   (based on SNAP-8 l i q u i d  mercury flow)  loop 
designated  as  Corrosion Loop No. 4 (CL-4). Mater ia l s   t es ted  were 9% chromium - 
1% molybdenum s t e e l  (gM), columbium, tantalum and Ty-pe 316 s t a i n l e s s  steel .  
The degree  of  mercury  wetting, mass t ransfer   depos i t ion ,   cor ros ion  and erosion 
were primary  concerns. The s i g n i f i c a n t  results of t he  tests were: 

0 The magnitude  of mercury corrosion was as   p red ic ted   by   the  
corrosion  analysis  for t h e  t es t  s ec t ion ,  however t h e   p a t t e r n  
of corrosion was not as predicted.  

0 Corrosion  product  buildup (mass t r a n s f e r )   a t   t h e   l i q u i d - v a p o r  
i n t e r f a c e  of the   en t rance   p lug   sec t ion  was grea te r   than  
an t i c ipa t ed .  

0 The co r ros ion   r a t e   i n   t he   t e s t   s ec t ion   p rehea t   r eg ion  was less 
than   p red ic t ed   fo r   t h i s  t es t  sec t ion   bu t   t he   pa t t e rn  of corros- . 

ion was as   p red ic ted .  

0 Immediate  conditioning  and good heat  transfer  performance a t  
i n i t i a l   s t a r t u p   i n d i c a t e d  good mercury wetting of the  metals  
when the   sur faces  were clean. 

0 Mercury ve loc i ty   has  a s i g n i f i c a n t   e f f e c t  on  mercury  corrosion 
rate. Reduced v e l o c i t i e s  result  i n  a reduct ion  of   the mercury 
co r ros ion   r a t e .  

A 4400-hour corrosion tes t  of 9M was conducted a t   t h e  same time i n  
a Corrosion Loop No. 3 (CL-3) f a c i l i t y .  Mercury and NaK cor ros ion   po ten t i a l  
f o r  a long  period of time was evaluated,   wi th   the  fol lowing results:  

0 Tube cracking was observed  on t h e  mercury-exposed s i d e  of t h e  
9M tube   and   p i t t ing  of t h e  9M i n l e t   p l u g  was observed. The 
g r e a t e s t  amount of p i t t i n g  was noted  where  the  heat   t ransfer  
from  the NaK t o   t h e  mercury was t h e   g r e a t e s t .  

277 



0 &carburizat ion of t h e  316 SS s h e l l  exposed go NaK was noted 
i n   t h e   h o t t e s t   s e c t i o n  of t h e   f a c i l i t y  (131.0 F)  b u t   t h e r e  was 
no evidence  of  corrosion. 

0 The  NaK-side of t h e  9M tubing   exhib i ted   decarbur iza t ion   as  
w e l l  a s   sur face   c racking .  No decarburizat ion was observeg 
i n  tube sec t ions   where   the  NaK temperature was below 1270 I?. 

These tests made it apparent   tha t  9M would not   p rovide   suf f ic ien t  
mercury  corrosion  resistance t o  meet t h e  SNAP-8 operat ing l i f e  requirements. 
The CL-4 f a c i l i t y  was modified to   eva lua te   t an ta lum  as   the   mercury   conta in-  
ment mater ia l .  Both  explosively-bonded  and  hot  coextruded  tantalum  inner 
l i n e r   t o  316 SS outer  tubing  samples were t e s t e d .  The hot  coextruded  tubing 
was determined t o  be  superior  to  the  explosively-bonded  tubing. The most 
impor tan t   resu l t s  of t he   i nves t iga t ions  of t a n t a . l m  as a mercury  containment 
m a t e r i a l  were : 

0 Tantalum  has   excel lent   wet t ing  character is t ics   and good heat 
t r a n s f e r  i s  a t t a i n e d   a s  a result. 

0 A i r  in- leakage  and/or   oi l   contaminat ion  decondi t ions  the 
tantalum wall, degrades  the  heat  transfer  and  can  eventually 
des t roy   t he   t an t a lum  l i ne r .  

0 Chemical  cleaning of the   t an ta lum  sur faces   can   be   successfu l ly  
used  on  contaminated tubes t o   a c h i e v e   r a t e d   h e a t   t r a n s f e r  
performance. 

A 1/7th-scale  (based on SNAP-8 liquid  mercury  f low) test  f a c i l i t y  
was b u i l t   t o  more c l o s e l y   s i m u l a t e   a n   a c t u a l   b o i l e r   r e l a t i v e   t o   m e r c u r y  
containment  tube  size and length.  The test  b 3 i l e r  (SB-1) construct ion was 
of a bare   tantalum  tube  in  a double-containment  321 SS tube,   with  both  being 
conta ined   in  a 316 SS o u t e r   s h e l l .  The object ives  of t e s t ing   were -  > 

0 Evaluate  the  heat  transfer  performance of a bare-refractory,  
double-containment  boiler  design. 

0 E v a l u a t e   t h e   a b i l i t y  of t h e   m a t e r i a l s  of cons t ruc t ion   t o   w i th -  
stand  long-term  exposure t o  SNAP-8 environments. 

The pr incipal   conclusions of t he   t e s t ing   were :  

0 A tantalum,  double-containment  design w i l l  meet the   hea t  
t ransfer   requirements  of t he  SNAP-8 system. 

0 A tan ta lum  boi le r  i s  sens i t i ve   t o   decond i t ion ing  by  surface 
oxidation  and/or  contamination but w i l l  r e c m d i t i o n   o v e r  a 
per iod of time, depending on the  degree of surface  oxidiza-  
t i o n  or contamination. 

27 8 



0 The NaK and  mercury a t  temperatures up t o  1300°F did  not 
deg rade   t he   s t r eng th   o r   duc t i l i t y  of the  tantalum  tube and 
welds. 

0 The mechanical  properties  of Type 316 SS and 321 SS can  be 
degraded  by sigma formation a f t e r  long-term  exposure t o  NaK 
a t  temperatures  up t o  1300 F. 0 

Another test s e c t i o n  (SF-l), s i m i l a r   t o  SB-1 sec t ion ,  was f ab r i ca t ed  
t o   e v a l u a t e  a meta l lurg ica l ly  bonded (explosively  bonded)  bimetal   tube of 
316 SS on a tan ta lum  l iner .  The pr inc ipa l   ob jec t ives   o f   the   t es t ing  were t o  
determine  the  following: 

0 The s t r u c t u r a l   r e l i a b i l i t y  of the  bimetal   tube  concept for 
mercury  containment i n   t h e  SNAP-8 b o i l e r ;   s p e c i f i c a l l y ,   t h e  
tan ta lum  l iner ,   the   t an ta lum-to-s ta in less  s t ee l  bond,  and 
t h e  bimetal  weld j o i n t .  

0 The mercury  corrosion/erosion  effects on the  tantalum and 
316 s t a i n l e s s  s tee l .  

0 The p o t e n t i a l   f o r  a 5 year  l i f e  of  an  explosively bonded 
bimetal  tube. 

The principal   conclusions  ascer ta ined  f rom  the  tes t ing  were:  

0 Explosively bonded bimetal   tubing is  s u i t a b l e   a s  a mercury 
containment  material  i f  proper  care i s  exercised  during  the 
explosive  bonding  process to   ensu re   t ha t   i n t ima te   con tac t  
between the  two metals is a t ta ined   over   the   fu l l   sur face   o f  
the  tubes.  

0 Tantalum  has   excel lent   res is tance  to   corrosion  f rom  l iquid 
mercury . 

0 The use of Type 316 SS a t  temperatures  above 500°F and  exposed 
t o  a mercury  vapor  quality of 88% or less is unacceptable  due 
to   excess ive   cor ros ion .   Micros t ruc tura l   changes   resu l t ing  
from  extended  exposure  (greater  than 2500 hours) a t  1300°F can 
cause  degradation of mechanica l   p roper t ies   in  Type 316 SS. 

Test s ec t ion  SB-2  was f a b r i c a t e d  which  included  reduced  tube  and 
plug  lengths   to   s imulate   Boi ler  No. 4 f o r   t e s t   e v a l u a t i o n s   p r i o r   t o   f a b r i c a -  
t i o n  of t he   fu l l - s ca l e   bo i l e r .   Tes t   r e su l t s   i nd ica t ed   t ha t   t he   sho r t e r   p lug  
and  tube  length  did  not  cause a decrease  in  the  performance of t h e   b o i l e r .  
The excess   superheat   length  incorporated  in   previous  boi lers  was d e l e t e d   i n  
t h i s   d e s i g n ,   y e t   t h e   q u a l i t y  of the  superheat  was not  degraded. 
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Many o the r   pe r iphe ra l  tes t  program were conducted t o  ensure 
mater ia l s   compat ib i l i ty   wi th  NaK and mercury including  such studies a s  
mercury  droplet  vaporization,  tantalum-mercury  wetting  experiments  and 
thermal   contac t   res i s tances  of sur face   depos i t s .   These   a re   no ted   in  
Reference 52. 

O t h e r   m a t e r i a l s   i n v e s t i g a t i o n s   r e l a t e d   d i r e c t l y   t o   f u l l - s c a l e  
boi le r   des igns  and pos t - t e s t   ana lyses   a r e   d i scussed  below. 

a .  Results of Tanta lm/316  S ta in less   S tee l   Trans i t ion   Jo in t  
Thermal  Cycling Tests.- Evaluation  of  low-cycle  fatigue  effects by thermal 
cycl ing was performed on r ep resen ta t ive  Ta/316 SS coextruded tube specimens 
a f t e r  5353 hours exposure a t  1350°F,  and 275  thermal cycles between  250  and 
1350°F. The results and conclusions  from t h e  tests a r e  summarized  below: 

The specimens d i d  not  debond,  nor was there  any  evidence of a 
tendency t o  debond, The t an ta lum  l i ne r  was u l t rasonica l ly   inspec ted   wi thout  
de t ec t ion  of defects .  

Tantalum  hardness  increaosed  from  Rockwell B (RB) 78 b e f o r e   t e s t i n g  
t o  RB 85 a f t e r  4864 hours a t  1350 F measured  within 0.010 inch of t h e  bond 
in t e r f ace .   Th i s   e f f ec t  was a t t r i b u t e d   t o   i n t e r s t i t i a l   e l e m e n t   d i f f u s i o n  
from t h e  316 SS to   t he   t an t a lum.  The 316 SS hardness  increased  from a pre-  
t e s t   va lue   o f  RB 86 t o  RB 90 a f t e r  4864 hours a t  135OoF 

A 7% decrease  in   inside  diameter  of t h e  specimens  occurred  after 
3043 hours. It is  concluded t h a t   t h  wide  d i f fe rence   in   the   expans ion   co-  
e f f i c i e n t  of the  tantalum (4.1 x lo-’ inch/inch)  and  the 316 SS (10.7 x loW6 
i n c h / i n c h ) ,   t h e   d i f f e r e n c e   i n   t h e i r  yield s t r eng ths ,  and the   r e l axa t ion  of 
t h e  residual f a b r i c a t i o n  stresses caused  the decrease i n  diameter.  This 
change w i l l  n o t   s i g n i f i c a n t l y  a f fec t  boiler  performance ( i . e . ,  pressure  drop).  

No cracking   occur red   in   e i ther   the  316 SS or tantalum after f l a t t e n -  
i ng   t e s t s   (oppos i t e  I D  s u r f a c e s   i n   c o n t a c t )   i n  t h e  prg-thermal  cycle tes t  
specimen. However, a f t e r  4095 and 4864 hours a t  1350  F,  the 316 SS cracked on 
t h e  OD surface when the  specimen was f l a t t e n e d   t o  a 0.10-inch I D  separat ion.  

Microscopic  examination  revealed  that   no  change  in  the  diffusion 
zone  width  between  the 316 SS and  tantalum  had  occurred  from  exposure a t  135OOF. 

b .  Results of Material   Analysis of Previous B o i l - .  - Boi l e r s  No. 1 
through No. 5 were designed t o   u s e   t h e  same ma te r i a l s ,  namely: 

0 l”pe 316 s t a i n l e s s  s t ee l  fo r   t he   f l owing  NaK containment  tube, 
headers,   turbulators,   tube  bundle  supports,   and  evacuated 
center tube. 

0 Zirconium f o i l   f o r   t h e   g e t t e r   m a t e r i a l   p l a c e d   a t   t h e  mercury 
i n l e t   a n d   o u t l e t   t r a n s i t i o n   j o i n t s   i n   t h e   s t a t i c  NaK. 
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0 Tantalum f o r   t h e  mercury containment tubes, headers,   plug 
i n s e r t s ,  and o r i f   i c e s .  

0 90% tantalum - 10% tungsten  mercury-side swirl wire. 

The mater ia ls   analyses   of  BRIX Boiler  No. 1 (performed  by  the 
Genera l   E lec t r ic  Company a f t e r   t h e   u n i t  was t e s t e d   f o r  15,250 hours a t  steady- 
s ta te   opera t ion)   and  of BRDC Bo i l e r  No. 2 (performed  by Aerojet) a r e  surmnarized 
as   fo l lows:  

Type 316 s t a i n l e s s  s tee l  i s  less prone t o  form sigma phase  than is 
Ty-pe 321   s t a in l e s s  s teel .  From t h e  1300°F operat ing  area of Bo i l e r  No. 2, 
the  percentages of s i g a  phase i n  321 SS and 316 SS were 3.8 and 1.5,  respec- 
t i v e l y .  From the  1150 F operat ing  area (mercury i n l e t  end)  the amounts were 
1.2% sigma i n  321 SS and none de tec t ab le  i n  t h e  316 SS by   op t i ca l  methods. 
It was concluded t h a t   t h e s e  amounts of sigma phase  formation  did  not  present 
a problem. 

The zirconium f o i l  placed a t  t h e  mercury i n l e t   a n d   o u t l e t   t r a n s i t i o n  
jo in ts   se rved  i t s  intended  purpose  which was t o  absorb  dissolved  gases  (oxygen, 
nitrogen,  hydrogen and carbon),  thus  maintaining a r e l a t i v e l y   p u r e   s t a t i c  NaK. 

Swaging the  tantalum  tubes  over   the  plug inserts to   prevent   crossover  
flow  between  the  plug  grooves was successful. This  operation  produced a near 
zero-clearance  contact  between  the  tube  wall  and the  land  area  of  t h e  grooves 
t h a t  was maintained  during  the  boi ler   operat ion.  

There  appeared t o  be  no l i f e - l i m i t i n g  problems assoc ia ted   wi th   the  
use of  tantalum.  Corrosion or erosion was no t   de t ec t ab le   i n   e i t he r   Bo i l e r  
No. 1 (15,250  hours  operation) or Bo i l e r  No. 2 (8,700 hours  operation).  It 
is expected  that  no appreciable  corrosion/erosion of  tantalum would be present 
a f t e r  5 years.  

S t a t i c  NaK corrosion of the   t an ta lum  sur faces ,   in   genera l ,   d id   no t  
occur  except a t  two TIG welds  (performed i n   t h e   f i e l d  u n d e r  less than   i dea l  
condi t ions)  where it was ev iden t   t ha t   t he  NaK had removed oxides from t h e  
heat-affected zone wi th   resu l tan t   vo ids .  It was pos tu la ted   tha t   the   ox ide  
was present  due to   an   i n su f f i c i en t ly   pu re   i ne r t   a tmosphe re  when welding. It 
i s  concluded  that NaK corrosion  of tantalum is not a l i f e - l i m i t i n g   f a c t o r .  

Metal l ic   deposi ts  were observed  on  the  tantalum  tubing,  inner  surface 
f rom  the   p lug   i n se r t   ex i t  end t o   t h e  end  of t h e   t u b i n g   a t   t h e  mercury  vapor 
o u t l e t .  These  deposits ( i . e . ,  mass- t ransfer   products)   generated  in   other   par ts  
of the  mercury  loop, were c a r r i e d  by the  mercury  stream i n  elemental  form  and 
i n   s o l u t i o n  and  deposi ted  on  the  wal ls   of   the   boi ler   during  evaporat ion of t h e  
mercury. The metal l ic   e lements  were nickel ,   i ron,   chrmium, and coba l t ,  and 
were depos i ted   in   var ious   quant i t ies   depending  on t h e   q u a l i t y  of the  mercury 
vapor.  Figure 5-80 campares mercury vapor quality, mercury temperature, 
percent of   e lement ,   and  percent   tantalum  plot ted  versus   the  bgi ler   length.  
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Figure 5-80 BRDC Boiler  No. 2 - Metallurgical  Analysis of T a n t a l a  
Tube I D  Determined by X-Ray Fluorescence 
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These results show t h a t  maximum deposi t ion  occurred  a t   about  15  f t  from  the 
mercury i n l e t  where the   vapor   qua l i ty  was  a maximum of 98% and superheating 
begins.  These  mass-transfer  elements,  once  deposited,  form  intermetallic 
compounds of CR2Ta, TaNi3,  and  Fe Ta with  the  tantalum. They did  not   di f fuse 
into  the  tantalum  to   any  extent   nzr   J id   they  affect   the   mechanical   propert ies  
of the  tantalum. The deposi ts  were a s  much a s  0 .002-inch  thick  in  some loca- 
t i o n s ;  however, t he  effects  on h e a t   t r a n s f e r   r a t e s  would be  minimal. It was 
concluded  that   the  mass-transfer  deposits w i l l  no t   i nh ib i t   bo i l e r   ope ra t ion  
f o r  5 years.  

The boi ler   design i s  good from a metal lurgical   s tandpoint  and 
tantalum, 90% Ta-10% W ,  316 SS, 321 SS, and  zirconium a s   b o i l e r   m a t e r i a l s  
a re   acceptab le   for  5 years  of  operation. 

5 .5 .8  Technical Summary 

SNAP-8 boi le r   des ign  and  development  has  demonstrated t h a t :  

e Tan ta lum i s  a sa t i s fac tory   mercury   conta inment   mater ia l   for  
5 years of operation. . 

ta Cor re l a t ions   a r e   ava i l ab le   t o   accu ra t e ly   p red ic t  NaK-side and 
mercury-side  pressure  losses  and  heat  transfer  values.  

o Care must be  exercised t o  preclude  rnercm-y-side a i r  and o i l  
contamination for immediate  and  continued  boiler  conditioning. 
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5.6 CONDENSER 

The  SNAP-8  condenser,  shown  in  the  mercury  loop  schematic 
(Figure 5-81 for  the  90-kWe  system  and 5-82 for  the  latest,  35-kWe  system), 
is  a  heat  exchanger  that  condenses  the  saturated  mercury  vapor  entering  from 
the  turbine  exhaust. NaK, the  coolant,  is  pumped  through  the  condenser  to a 
radiator  where  the  heat  it  absorbs  from  the  condensing  mercury  is  rejected  to 
space. In addition,  the  condenser  must  also  maintain  a  back  pressure  on  the 
turbine  as  required by the  system,  and  subcool  the  mercury  to  maintain  an 
acceptable  net  positive  suction  head  (NPSH)  for  the  mercury  pump. 

5.6.1 Development  Background 

Two major  problems  were  confronted  in  the  design  and  development  of 
the  condenser: (1) the  lack  of  a  generalized  correlation  for  condensing 
mercury  heat-transfer  coefficients,  and (2) the  absence of  a  rational  set of 
design  criteria  for  application  to  zero-gravity  condenser  operation. 
Therefore,  the  condenser  development  included  detailed  analytical  investi- 
gations  of  heat-transfer  modes  and  single-tube  tests.  The  condenser  size  and 
number of tubes  was  found  to  be  influenced by the  mercury  inlet  velocity, 
condensing  mercury  heat-transfer  coefficient,  and  the  diameter  and  spacing 
of the  tubes. 

The  resulting  SNAP-8  condenser  is  a  counter-flow  tube-in-shell 
heat  exchanger  (Figure 5-83). It  consists of 73 tapered  tubes  for  mercury. 
Containment  surrounded by a tapered  shell  containing  the  flowing  NaK  coolant. 
Tapered  tubes  were  used  to  maintain  vapor  velocity  through  the  condenser 
length.  This  provides  a  continual  movement  of  condensing  droplets  and  results 
in  a  stable  liquid-vapor  interface  in  a  very  low or zero-gravity  environment. 

Concurrent  with  the  condenser  analysis  and  design,  NASA-LeRC 
conducted  the  Mercury  Evaporation  and  Condensation  Analysis  (MECA)  project  on 
both  a  straight  and  tapered  tube.  The-tests  determined  local  overall  heat 
transfer  coefficients,  local  NaK-side  heat  transfer  coefficients,  local 
mercury-condensing  heat  transfer  coefficients,  and  mercury-side  flow  and 
pressure  characteristics.  The  results of these  single-tube  tests  led  to  the 
conclusion  that  the  tapered  tube  design  was  best  suited  to  the  SNAP-8 
application. A limitation of approximately 8 psia  inlet  pressure  and  a 
condensing  length  of 40 inches  were  set  for  the  multitube  condenser  design. 
In addition,  these  data  also  indicated  that  the  proposed  design  was  conserv- 
ative  from a comparison of the  design  overall  heat  transfer  coefficient  of 
960 Btu/hr-ft2-OF  to  the  test  value of 1900 Btu/hr-ft2-OF. I 

Four  units  were  fabricated  to  the  reference  configuration  shown  in 
Figure 5-83. The  tapered  mercury  containment  tube  material  selected  was 
% Chromium - 1% Molybdenum  Steel (gM) which  was  acceptable  for  the  NaK  and 
mercury  temperatures  at  which  the  condenser  operates.  This  material  was  also 
utilized  for  the  mercury  outlet  reducer  and  for  the  mercury  headers. Ty-pe 410 
stainless  steel  was  selected  for  the  tapered  shell,  NaK  manifolds,  and 
mercury  inlet  transition  section.  Type 410 SS was  chosen  based  on  its 
comparable  coefficient  of  linear  thermal  expansion  to  the  tube-side-material, 
9M 
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Figure 5-83 SNAP-8 Condenser  Cutaway View (Top) and 
Actual  Hardware  (Bottom) 
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The  header  configuration  was  the  main  mechanical  design  problem 
because  of  the  nurher  and  close  proximity  of  the  tube  joints.  Two  approaches 
used  were  a  welded-and-back-brazed  technique  and a rolled-and-welded 
technique.  The  first  two  condensers  built  used  the  welded-and-back-brazed 
method.  The  remainder  of  the  mechanical  design  made  use of the available 
industrial  heat  exchanger  fabrication  techniques, i.e. rolled-and-welded. 

Three  condensers  were  tested  at  Aerojet  and  at  NASA-LeRC.  The  first 
unit  fabricated  was  tested  at  Aerojet  under  conditions  identical  to  its  space 
application  with  the  exception  of  zero  gravity.  The  test  objectives  were  to 
investigate  the  relationships  between  flow  rates,  temperatures,  Condenser 
inventory,  and  condensing  pressure.  These  tests  showed  that  the  condenser 
complied  with  the  power  conversion  system  requirements.  The  total  test  time 
on this  unit  was 2000 hours  with  no  structural  failures  encountered. 

The second  unit  fabricated  was  tested  at  Aerojet in  35-kWe test 
system  for 16,274 hours  with  no  structural  failures  and  has  the  longest 
operating  time  for  any  single  component  tested  in  the 35-kWe system.  Much of 
the  information  to  follow  is  based  on  the  data  taken  from  tests  of  this 
condenser. 

A third  unit  was  held  as  a  spare.  The  fourth  was  shipped  to 
NASA-LeRC  for  installation  in  the W-1 loop  (which  was  similar  to  the  Aerojet 
35-kWe  loop)  where  it  was  tested  for 2568 hours  and 144 startup-shutdown 
cycles.  Here  again,  performance  was  as  expected  with  no  structural  failures. 

Since  the  testing  of  these  condensers,  the  power  conversion  system 
state  point  was  changed  which  created a need  for  the  condenser  to  operate  at 
higher  mercury  flows,  lower  condensing  pressures,  increased  interface  loads 
at  the  NaK  manifolds,  and  lower  NaK-side  pressure  drop.  Prediction of the 
operation  at  higher  mercury  flows  and  lower  condensing  pressure  was  under- 
taken by defining  the  limits  of  the  condenser  with  a  complete  performance 
map.  The  next  step  was  to  correlate  the  test  performance  data  with  a 
mathematical  model  which  analyzed  the  effects  of  both  pressure  drop  and  heat 
transfer.  The  criteria,  analysis,  and  the  resultant  mathematical  model 
developed  to  accurately  evaluate  condenser  performance  at  any  set of conditions 
appears  in  Reference 4. 

A redesign  of  the  condenser  was  completed  which  reduced  NaK-side 
pressure  drop  and  strengthened  the  NaK  and  mercury  inlet  and  outlet  ports  to 
accommodate  interface  loads.  These  modifications  were  based on structural 
and  NaK-side  pressure  drop  requirements  only  and  did  not  affect  the  mercury- 
side  geometry or thermal  behavior of the  condenser.  The  two  condensers 
chosen  for  the  modifications  have  the  rolled-and-welded  header  design. 
Reference  55documents  the  changes. 
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5.6.2 Design  Description 

The SNAP-8 condenser  is  a  counter-flow,  tube-in-shell  heat  exchanger 
with the  condensing  fluid, m e r c w ,  flowing  through  the  tubes  and  the  coolant 
fluid, NaK, flowing  through  $he  shell.  The  mercury  inlet  and  outlet  are 
concentric  and  parallel  to  the  tube  bundle  while  the N a K  entry  and  exit  flow 
directions  are  perpendicular  to the tube  bundle  (see  Figure 5-83). There  are 
73 tapered, 9M mercury  condensing  tubes  rolled-and-welded  to  the  fixed 9M 
headers  in  a  triangular  pitch  array  and  are 51.50 inches  long.  Figure 5-84 
shows  one  of  these  tapered  tubes. 

.502 

.498 1 
DIA 

Figure 5-84 Mercury  Condenser  Tapered-Tube  Configuration 

The  tapered  shell is made of "pe 410 stainless  steel  with  a 
0.083-inch  wall  thickness  which  encloses  the  tube  bundle  and  a  Type 410' SS 
skirt  assembly.  The  annular  space  between  the  skirt  and  the  shell  is  blanked 
off  at  the NaK outlet  end  only, so that  NaK  is  trapped  preventing  flow  bypass 
external  to  the  outer  tubes;  whereas,  the  space  between  the  skirt  and  the 
tube  bundle  forms  the  flow  path.  There  are  two  tube-bundle  spacers  made  of 
410 SS placed  at 28 and 13 inches  from  the  mercury  outlet  header.  These 
spacers  add  stiffness  to  the  tube  bundle  and  prevent  contact  between  adjacent 
tubes . 

Cold N a K  from  the  radiator  enters  the  condenser  through  a 410 SS 
toroidal  manifold  and  twelve  0.750-inch  diameter  holes  drilled  in  the  shell 
and  leaves  the  condenser  at  the N a K  outlet  with  the  same  arrangement.  The 
N a !  inlet  and  outlet  is  3.00-inch OD with a 0.083-inch  wall  thickness.  The 
NaK  flow  through  the  tube  bundle  is  unbaffled,  other  than  the  two  tube-bundle 
spacers  noted  above. 

Condensed  liquid  mercury  leaves  the  condenser  tkrou-gh a 316 
stainless  steel  concentric  reducer.  Mercury  vapor  enters  the  condenser 
through  a  conically  shaped  transition  section  made  of  0.083-inch  thick 
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410 SS which  incorporates  four  instrumentation  ports  spaced 90 degrees  apart. 
A 1.50-inch OD by 0.095-inch  wall  thickness  mild  steel  port  was  also  provided 
in the  transition  section  to  evacuate  the  condenser  and  mercury  loop  after 
installation in the  test  loop or power  conversion  system. 

The  condenser dry weight  is 94.5 lb.  The wet weight of the 
condenser  is 144.7 lb.  which  includes  the  dry  weight, 32.6 lb  of  NaK,  and 
17.6 lb. of mercury.  The  overall  length  is 61.2 inches  with a maximum 
diametral  envelope of 12.0 inches  (located  at  the NaK outlet  manifold). 

506.3 Desi-gn.  Requirements  and  Criteria 

Operational  design  requirements  set  forth  for  the  initial  condenser 
design  for  the  35-kWe  system  are  given  in  Table 5-XVII. The  stability 
criterion  used  to  determine  the  critical  tube  diameter  was a Bond  number  of 
15.3 maximum. A Bond  number  less  than or equal  to 15.3 yielded  the  critical 
tube  dimension  at  the  vapor-liquid  interface  of  0.24-inch ID. Second,  for 
stable  operation  in  zero  gravity, slug flow  in  the  condensing  tube  must  be 
prevented.  This  established  the  minimum  vapor  velocity  of 100 f p s  at  the 
condenser  inlet. 

Table  5-XVIII  lists  the  most  recent  operating  requirements  as 
specified  by  the  new  power  conversion  system  state  point  for  the 9-kWe 
system.  The  condensing  pressure  requirement  of  2.5  psia  is  not  attainable 
with  the  use  of  one  condenser  unless  the  number  of  tubes  were  increased  from 
73 to 120 (zero-gravity  operation on-). 

Condenser  operating  transients  during  the  power  conversion  system 
startup  and  shutdown  are  listed in  Tables  5-XIX  and  5-XX.  The  condenser 
must  be  capable  of  operating  for 100 startup  and  shutdown  sequences  as a 
minimum,  within  an  operating  life  of 5 years. 

The  mechanical  design  criteria  emphasized  the  following: 

0 Condenser  fluid  connections  shall  withstand any combination 
of  radial  and  axial  forces  and  bending  and  torsional  moments 
at  the  maximum  operating  temperatures (9109) and  pressures 
(120 psia)  that  the  connecting  system  tubing  is  capable of 
withstanding.  Interface  loads  shall  not  cause  the loss of 
fluid  containment,  excess  deformation, or any  condition 
which  would  prevent  the  condenser from meeting  the  operating 
life (5 years)  and  performance  requirements. 

0 The  design  proof  pressure  is 275 psia  at  room  temperature 
(70%) which  includes a 1.25 load  uncertainty  factor, a 
factor  of 1.5 for  ultimate  strength,  and a factor  of 1.15 
for O.d0 yield  strength. 

0 All welds  shall  be  dye-penetrant  and  radiographically 
inspected  for  surface  and  internal  defects.  Propagating 
defects  are  not  allowed. 
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TABLE 5-XVII CONDmSER DESIGN REQUIREMENTS FOR THE 35-kWe SYSTEM 

Corifiguration 

1. Counterflow,  tube-and-shell,  unbaffled 

2. Tapered  tubes  0.45-inch ID at  inlet,  and 0.125 ID at  outlet 

3. Shell tapered  to  maintain  constant  clearance (0.060 inch)  between 
tubes  except  between  center  tube  and  adjacent  tubes,  where 
clearance  is 0.090 inch. 

4. Constant  tube wall thickness of 0.020 inch 

5. Equilateral  triangular  tube  arrangement 

Design  Data 

Mercury  flow  rate 

NaK flow  rate 

Mercury  inlet temperatwe 

Mercury  exit  temperature 

NaK inlet  temperature 

NaK outlet  temperature 

Mercury  inlet  pressure 

Mercury  outlet  pressure 

NaK inlet  pressure 

NaK outlet  pressure 

Mercury  inlet  quality 

Heat  transferred  (condenser) 

Heat  transferred  (subcooler) 

Mercury  vapor  inlet  velocity 

Condensing  mercury  film  coefficient 

11 , 000 lb/hr 
38 , 400 lb/hr 

680°F 

520°F 

495OF 

662OF 

15.5 psia 

11.5 psia 

45 psia 

40 psia 

96% vapor 

1 , 330,000 B tu/hr 
47,800 B tu/hr 

150 ft/sec 

2,000 Btu/hr°F-Ft2 
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TABLE 5-XVIII CONDENSER  OPERATING RQUIREMENTS FOR THE W-kWe 
SYSTEM (For two  condensers  operating in parallel) 

Parameter 

Mercury  outlet  temperature, F 

Mercury  liquid f l o w  at  outlet,  lb/hr 

NaK-side  pressure  drop,  psid 

Mercury-side  pressure  drop,  psid 

Heat  removal  capability,  kWe 

Mercury  inventory  within  condenser  heat 

0 

exchange  passages (0 to  lg), lb 

Condensing  pressure  fluctuations,  psia 

Minimum  mercury  outlet  pressure (Og),  psia 

Mercury  inventory  excluding  heat  exchanger 
passages, l b  

Initial  mercury  inventory  within  condenser 
(0 to lg) , lb 

NaK inlet  temperature, F 

N a K  inlet  pressure,  psia 

NaK f l o w ,  lb/hr 

Mercury  vapor f l o w  at  inlet 

0 

Mercury  vapor  inlet  pressure,  psia 

Mercury  vapor  inlet  qualfty, % 

Mercury  vapor  inlet  temperature, F 0 
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2uantity  per  Condenser 

+4O 
NaK Inlet  Temp. -oo 

7,  060 
4 -I 2 at 40,000 lb/hr 

0.5 (max.) 

465 

10 to 40 

a 0.28 

2.0 

8 + 2  

2 10 

350 

60 to 85 

56 , 000 

6 , 778 
2.5 

96 

520 



TAE&E 5 - X I X  CONDENSER  OPERATING  CONDITIONS DURING 35-kWe SYSTEM STARTUP 

N 
W 
N 

(1) Phase  Description: 
I. 95-Hz Inverter  output, 

reactor  outlet  temper- 
ature,  increased  to 
1300'F. 

coolant  pumps  accelerate I 

11.  NaK  and  lubricant- 

NaK Inlet  Temperature  OF 

NaK  Inlet  Pressure 

150-460 460 460 to 220 Hz. 150-450 150-450 50-450 
111. 220-Hz operation, 

system  stabilizing. 
Initial 

psi/sec Max Rate of Change 
rated  (vapor)  flow. 60-85  60-85 60-85 60-85 33-65 33-65 18-50 psi8 Final 

60-85  60-85 60-85 33-65 33-65 18-50 18-50 psia 

0 0 0 5 0 .25 0 

IV. Frc7 injection,  flow 
vapor  reaches 54% of 

V. Mercury  flow holds at 
54% of  rated;  alternator 

Mercury  Vapor  Flow output  is 400 Hz. 
Initial 

VI. Mercury  flow  Increases 
lb/hr t o  rated. U800 6400 6400 0 

Final ll800 ll800 6400 6400 N/A  NIA N/A lb/hr 
VII. System  is  producing 

rated  power  (35  kWe). 
(2) The  mercury  vapor  pressure 

at  startup  is  in  the  range 
of 0-0.9 psia.  Noncondens- 
ible  gases  (for  temp  250'F) 
in  the  condenser,  prior to 
startup,  will  be  at 10 
microns  Hg  initially. 

(3) a. Mercury flow from 
condenser = 0 lb/hr. 

b.  Mercury  inventory 
accumulated 210 lb. 

C. Maximum  vapor  pressure, 

Max  Rate of Change 

Pressure - Initial,  Min psis 
Interface I Mercury  Vapor-Liquid 

0 17 0 264 lb/hr/sec 

N/A N/A N/A 
0 14 3-14  3-14 

Final, Max 14 14 3-14 3-14 

Mercury  Vapor  Inlet 
Quality 

Initial 
Final 96 2% 2% 

% N/A  N/A N/A 
0 298 298 

96 
96 

Condensing  Phase 
Pressure  Drop, Max 

Mercury  Inlet  Temperature 

N/A N/A N/A psis .2 mercury  at  exit: 1 psia. .5  .5 .2 

(4) a. Condensing  pressure - 
vapor  pressure  of  sub- 
cooled  mercury  at  exit 
a2-1/2 psid. 

inventory 210 lb.  

Initial OF 670 535-670  535-670 70-1300 N/A N/A N/A Final b. 70 l b  Z mercury 670  670 535-670 535-670 
Other  Requirements 
and Remarks (2) (4) ( 3) (2) (2) 

* To  be  added  at  a  later  date. 



TABLE 5-XX CONDENSER  OPERATING  CONDITIONS  DURING 35-kWe SYSTEM  SHUTDOWN 

Barameter I I I1 
Conditions During Each Phase of Shutdown Sequencec 

I I11 I 1 IV 

I I I I 
Duration of Phase As Noted Steady State I 7-10 min 1 50 - * - sec I 300 sec I 40 0-600 sec 

V 

NaK Flow 
Initial lb/hr 4oooo d0000 7000-21800 7000-21800 4 5 4 0  
Final lb/hr 4oooO 7000-21800 7000-21800 4540 4 5 4 0  
Max Rate of Change lb/+/sec 0 -45 0 -410 0 

NaK Inlet Temperature I OF I 460 I 460 I 150-460 1 150-450 1 150-450 

NaK Inlet Pressure 
Initial psia 60-85 33-65  33-65 
Final psia 60-85 60-85 60-85 60-85 33-65 
Max Rate of Change psilsec 0 0 -5 0 1 1 :!z 1 us 1 :F 1 :c 1 N/A 
Initial 

Maw Rate of Change lb/hr/sec 

Mercury Vapor-Liquid 

Pressure - Initial, Min 
Interface 

Final, Max 1 psis 
14 
14  

1 4  3-14 14  14 
3-14 3-14 14  14 

Mercury Inlet Temperature 
Initial 
Final OF 

670 
535-670 670 

670 535-670 535-670 
535-670 70-1300 N/A 

(3) (2) Other Requirements 
and Remarks (4) 

* To be added at a later date. 

-41.3 

(1) Phase Description 
I. System is producing 

rated power (35 kWe). 
11. Mercury flow 

decreases to 5% 
of rated. 

111. Mercury flow holds 
at 54% rated; 
alternator output 
is 400 HZ. 

IV. Mercury injection, 
flow (vapor) reaches 
54% of rated (vapor) 
flow. 

V. 220-Hz operation, 

VI. NaK and decelerate 
system stabilizing. 

to 200 Hz. 
VII. 95-HZ inverter out- 

put, reactor outlet 
temperature, decreased 
to 100'F. 

(2) The mercury vapor 
pressure at startup is 
in the range of 0-0.9 
psia. Noncondensible 
gases (for temp 250OF) 
in  the  condenser, prior 
to startup, will be at 
10 microns mercury 
initially. 

(3) a. hbrcury flow from 
condenser = 0 lb/hr. 

accumuleted 210 lb. 
c. M a x  vapor pressure, 

mercury at  exit: 
1 psia. 

vapor pressure of sub- 
cooled mercury at  exit 
22-112 psid. 

b. 70 lb 2 merc mventory 2 F l b .  

b. Mercury inventory 

(4) a. Condensing pressure - 
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0 Acceptance  tests of the  condenser  include  water  flow  tests 
of both  the NaK and  mercury  circuits,  proof  pressure  tests, 
and  helium  leak  tests. 

0 The  condenser  was  designed  with  a  reliability  goal  of .995 in 
10,000 hours of continuous  rated  operation in the  induced 
environments.  This  reliability  goal  was  not  re-calculated 
for  the new  life  requirement of 5 years. 

5.6.4 Mechanical  Design 

5.6.4.1 Overall  Design 

To  restate  briefly,  the  design  incorporates Ty-pe 410 stainless 
steel  throughout  except for the  tube  bundle  and  tube  headers (9M steel),  the 
mercury  exit  plenum (316 SS) and  the  evacuation  port  (C-lOl5  mild  steel): 
Provisions  for  shell  drainage  were  incorporated by placing  six  0.125-inch 
diameter  holes  equally  spaced  in  the  shell  under  the NaK outlet  manifold. 
Also, the  manifolds  have  a  four  degree  slant  for  drainage  of  NaK  ullage  since 
the  condenser will  be  mounted  vertically  for  testing  with  the  mercury  flow  in 
the  direction  of  gravity. A mounting  collar  is  provided  with  six  holes  of 
0.404 to  0.4ll-inch  diameter,  equally  spaced  to  accommodate  the  system 
installation  scheme.  The  welds  specified  in  the  overall  assembly  are  manual 
tungsten-inert-gas  (TIG)  welds. 

5.6.4.2 Tube-Bundle  Subassembly  and  Tapered  Shell 

The 73 tapered  condensing  tubes,  tube  headers,  and  tube  spacers 
comprise  the  condenser  tube-bundle  subassembly. Two "egg-crate"  or  latticed 
tube-bundle  spacers  maintain  the  tube  spacing  and  add  some  stiffness to the 
bundle  to  prevent  tube  contact.  Placement  of  the  supports  at 13.0 and 29.0 
inches  from  the  mercury  outlet  tube-sheet  was  determined  from  an  analysis of 
thevibration  characteristics  of  the  condenser  tubes  under  sinusoidal  and 
random  vibration.  The  latticed  spacers  were  fabricated  from  0.020-inch  thick 
410 SS, 0.375-inch  wide. A ty-pical  cross  section of the  spacers  is  shown  in 
Figure 5-85. 

Figure 5-85 Condenser  Tube  Bundle 
Lattice  Support, 
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The NaK containment  shell  was  designed  with  a  taper  to  maintain  a 
constant  free-flow  area  and  velocity so that  the  NaK-side  heat  transfer  film 
coefficient  would  remain  essentially  unchanged.  The  tapered  shell  also 
facilitates  assembly  of  the  tube  bundle  and  shell.  The  tubes  with  headers 
attached  are  shown  in  Figure 5-86. The  skirt  assembly  between  the  tube  bundle 
and  the  shell  is  shown  in  Figure 5-87. 

5.6.4.3 Tube-to-Header  Welds 

The  design  approaches  for  the  tube-to-header  weld  joint  configuration 
were (1) a  welded  and  back-brazed  joint,  and (2) a  rolled-and-welded  joint. 
Both  concepts  were  successful  in  the  SNAP-8  program. 

The  welded  and  back-brazed  joint  utilized  a  trepanned  header, 
automatic  tungsten  electrode,  inert-gas  (TIG)  weld,  and  subsequent  back-braze 
at 18009 in  a  hydrogen  atmosphere.  This  weld  joint  is  shown  schematically 
in Figure 5-88. Condensers  with  these  joints  have  accumulated 18,274 hours 
of service  without  a  joint  failure.  Disadvantages tothis type of weld  joint 
design,  however,  were  the  cost  and  time  involved  for  the  brazing  process  and 
the  tube  distortion  due  to  the 1800~~ braze  temperature. 

The  rolled  and  welded  joint  eliminated  the  back-brazing  operation, 
replacing  it with  a grooved  header  into  which  the  tube  was  rolled  prior  to 
welding.  This  type  of  joint  also  incorporated  a  trepanned  tube  header,  with 
an  automatic  TIG  weld.  Figure 5-89 shows  this  weld  joint  design.  This  joint 
was used  in  a  unit  which  has  been  in  service  for 2658 hours  and 144 startup/ 
shutdown  cycles  without  a  joint  failure. Two advantages of this  design 
concept are (1) the  portion  of  the  tube  material  rolled  into  the  tube  header 
will  act  as  the  load-carrying  member  leaving  the  weld  to  function  as  a  seal, 
and (2) the  rolling  operation  will  ensure  a  controllable  fit-up  to  give  the 
best  possible  weld. To verif'y  the  acceptability  of  the  rolled  and  welded 
tube  header  joint, a development  study  was  made  which  included  manufacture 
and inspection  techniques. 

A seven-tube  sample  header  made  from 9M which  was  used  in  the 
development  program  is  shown  in  Figure 5-90. From the  results of the  tube 
joint  fabrication  program,  the  following  conclusions  were  reached: 

0 The  force  required  to  push  an  unwelded,  rolled  tube  from  the 
header  was 3000 lb.  After  post-weld  stress  relief,  one  of 
the  tubes  from  which  the  weld  was  removed  required  a  force 
of 2635 lb  to  push  it  from  the  header. It was  concluded  that 
the  joint  tightness  and  strength  is  not  significantly  affected 
by welding  and  stress  relief. 

0 The  weld  quality  is  improved  by  the  tight  fit of the  tube 
after  rolling. 

0 Automatic  tungsten-inert-gas  (TIG)  welding  was  determined  to 
be  the  best  welding  technique  for  the  application. 
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Figure 5-86 Condenser Tube Bundle with  Headers  Attached 



TUBE-TO- HEAOER JOINT 
[PRIOR TO WELDING 

STRESS 
POINT ‘F, TUBE 

HEADER 7 1 7 BRAZE 

HEAOER 7 

k” TUBE 

Figure 5-88 Condenser  Tube-to-Header Weld and 
Back Braze  Joint 

\ 
\ 

ROLLED 
AREA 

Figure 5-89 Condenser  Tube-to-Header 
Rolled  and Welded Joint 
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A method of g m a  radiographic  inspection of the  tube-to-tube  sheet 
welds,  employing  radioactive  Americium 241, was  developed  specifically  for 
the  inspection of the  condenser.  A  schematic of this inspection  technique  is 
shown in Figure 5-91 and  uses  a  source-to-film  distance  of  one-half  inch. 
The  method  is  superior to conventional  X-radiography  since  there  is  no  inter- 
ference from adjacent  tubes to cloud  interpretation of the  radiograph. 
Porosity  of  0.003-inch  diameter  was  detectable  as  were  cracks  in  the  weld  and 
weld  undercutting  with  representative  inspection  samples. 

Typical,  as-fabricated,  tube-to-header  welds  and  back-braze of 
tubes-to-header  for  the  condensers  fabricated  are  shown  in  Figures 5-92 and 
5-93. 

5.6.4.4 N a K  Inlet  and  Outlet  Manifolds .~ 

Both  the NaK inlet  and  outlet  manifolds  were  designed to be 
fabricated  from  a  two-piece  forging  joined by a  girth  weld.  They  were 
designed so that  they  mate  with  the  3.0-inch OD heat  rejection  loop  piping, 
and  have  a  four  degree  slope from the  horizontal  for  drainage of NaK loop 
fluid.  The  manifold  assembly  can be slid  over  the  tapered  shell  and  welded 
in  place.  Both  manifolds  were  designed  with  the  same  configuration,  except 
that  the  inlet  manifold  has  a  "flow-splitting"  vane.  The  purpose of this 
vane  is to uniformly  distribute  the  entering NaK to the  twelve  0.750-inch 
diameter  holes  in  the  shell  and  thence  along  the  tube  bundle. 

5.6.4.5 Stress  Analysis 

Criteria  for  the  stress  analysis  are  given  in  Table  5-XIX  and 5-XX. 
M a x i m u m  values  for  temperature  and  pressure  were  used  for  the  condenser 
stress  analysis  and  the  areas  of  special  consideration  are: 

0 Tube  bundle 

0 Tapered  shell 

0 NaK inlet  manifold 

0 NaK outlet  manifold 

0 Mercury  outlet  plenum 

0 Mercury  inlet  transition 

Analyses  of  the  tube  bundle  and  condenser  shell  natural  frequencies 
for  lateral  sinusoidal  excitation  were  found  to  be: 

0 Tube  bundle 110 Hz 

0 Shell 431 Hz 
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Figure 5-90 Sample  Tube-to-Header  Welds 

TO-HEADER 
WELD 

RADIOGRAPHIC 
FILM 

PROJECTED 
IMAGE  AREA 

Figure 5-91 Condenser  Table-to-Header  Weld 
Inspection  Technique 
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Figure 5-92 Condenser  Tube-to-Header  Welds 

Figure 5-93 Condenser  Back-Braze of 
Tubes to Header 
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5.695 Thermal  and  Dynamic  Design 

5.6.5.1 Preliminary  Design  Analysis 

Selecting  a SNAP-8 condenser  configuration  which  would  meet  the 
thermal  performance  requirements of Table 5-XVII required  a  knowledge of the 
mercury  condensing film coefficient,  NaK  film  coefficient,  and  stability 
criteria. A detailed  literature  review  at  the  initiation of the  design 
effort  established  the  following  information. 

Based  on the  data  of  Reference 56, an  average  mercury-side  heat 
transfer  coefficient of 2000 Btu/hr-ft*-OF  was  selected  for  use  in  the 
design  analysis.  The  NaK-side film  coefficient  for  in-line  flow  through  tube 
bundles  was  established  from  Reference 57. Preliminary  calculations  showed 
this  heat  transfer  coefficient  would  vary  from  about 3000 to 5300 Btu/hr-ft*-q. 

Two design  principles  for  stability  were: 
9 

Bo = ’Ag Dt 
L 

T < 15.3 

where  B = Bond  number 
0 

pA = liquid  density 

g = local  acceleration  of  gravity 

T = surface  tension 

D = critical  tube  internal  diameter (ai; the  interface) t 

From this  equation  the  critical  tube  internal  diameter  is Dt 5 0.24 inch. TO 
prevent  slug  flow,  the  critical  droplet  height of the  condensate, d, must be 
less  than  one-half  the  local  tube  diameter, Dt. This  condition  will  be  met 
if the  vapor  velocity is kept  above  a  minimum  value.  The  relationship 
between  the  critical  tube  diameter  and  the  minimum  vapor  velocity  is: 

d/Dt = (constant)(We)-’ = (constant) [p v ?D /o”’ < 1/2 
g g t J  

where 

d = critical  droplet  height 

D = local tube  diameter t 

We = Weber  number 
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pg 
= vapor  density 

v = vapor  velocity 
g 

u = surface  tension 

The  constant in the  equation  is  not  an  exact  term  and  must be determined 
experimentally,  but it is  estimated  to be between 1.0 and 3.0. However, 
solving  the  above  equation  for  the  vapor  velocity  and  assuming  the  constant 
t o  have  minimum  value  of 1.0 gives a minimum  vapor  velicty  to  prevent  slug 
flow  which 

A =  
g 

in  turn gives a maximum  flow  area. 

wdpg vg,  sq.  ft. 

The  requirement  to  maintain  minimum  vapor  velocity  down  the  length  of  the 
condenser  tube  to  prevent  slug  flow  (and  resultant  instability)  indicated 
the  need  to  taper  the  condensing  tubes.  Figure 5-94 shows  the  effect on 
mercury  vapor  velocity,  where  the  calculated  velocity  profiles  for a 
straight  and  tapered  tube of equal  surface  area  versus  distance  from  the 
tube  inlet  are  shown.  The  tapered  tube  configuration was selected with  the 
amount of taper  being a variable  in  the  configuration  selection  analysis. 

5.6.5.2 Configuration  Analysis  and . . _____ Selection 

With the  basic  design  information  and  principles  established, a 
parametric  study  was  made  utilizing  an IBM 7094 digital  computer.  The 
computer  program  analysis  resulted  in a number  of  condenser  designs  which 
theoretically  met  the  requirements. 

A total of 56 design  concepts  were  analyzed  in  the  computer  study, 
based on the  following  input  data: 

Tube  inside  diameter - 
0 at  mercury  inlet 0.40 0.45 0.50 in.  (start of taper) 
0 at  subcooler  inlet 0.125 0.20 0.25 in.  (end of taper) 
0 at  condenser  outlet 0.125 0.20 0.25 in. 
0 Tube  wall  thickness 0.020 0.025 in. 
0 Tube pitch*/tube OD at 

mercury  inlet 1.375 1.355 in. 
0 Tube  material  Croloy 9M 

* Pitch  is  defined  as  the  distance  between  tube  centers.  The  ratio of pitch 
to  tube  outside  diameter will  be  noted by P/D ratio. 

302 



W 
0 
W 

I 
PLOTS  BASED ON: I I  

( A )  STRAIGHT  TUBES, 292  ID., 48" LONG 
(E)  TAPER TUBE,.45 I.D. INLET, .125" I.D. 

(C) Hg  FLOW  RATE = .043 LBISEC 
300 EXIT, 48" LONG - 

AREA 
(Dl APPROX.  EQUAL  HEAT  TRANSFER 

L 
>t 
t 
0 s 
W > 
0 a. 
a 

s 

DISTANCE  FROM INLET,  INCHES 

Figure 5-94 Vapor Velocity vs Distance 
From Inlet  for Straight and 

Tapered  Condenser  Tubes 

.40 .45 

TUBE INSIDE DIAMETER AT 
MERCURY INLET, INCHES 

" J 
.40 -45 I S 0  

TUBE  INSIDE  DIAMETER AT 
MERCURY  INLET,  INCHES 

Figure 5-95 Condenser  Tube Clearance and 
Number of Tubes vs Mercury 
Tube Inlet  Inside Diameter 



The  results of the 56 computer  cases  are  plotted  in  Figure 5-95 
through 5-97 with  the  selected  design  point  designated in each of the  figures. 

Figure 5-95 shows  the  tube  clearance,  tube  diameter  and  nuniber of 
tubes  as a function of tube  inside  diameter  at  the  mercury  vapor  end  for  inlet 
velocities of 150 and 200 f’ps. The  number of tubes was increased  from  the 70 
shown  to 73 because  symmetry  was  desired  with  the  equilateral  triangular 
array  of  the  tubes  in a circular  housing. The mercury  vapor  flow  was  the 
nominal  design  condition of 11500 lb/hr. In  Figure 5-96, condenser  tapered 
tube  length  and  pressure  drop  are  plotted  versus  mercury  inlet  tube  internal 
diameter  for  condensing  mercury  heat-transfer  coefficients  of 1000, 2000, and 
3000 Btu/hr-ft2--,  inlet  vapor  velocities of 150 and 200 f p s  and  subcooler 
entrance  diameters  of 0.125, 0.20, and 0.25 inch.  Both  the  tapered  condens- 
ing  length  and  the  mercury  pressure drop are  strong  f’unctions  of  the 
condensing  film  coefficient  and  the  vapor  inlet  velocity.  Condenser  heat 
transfer  area  (mercury-side)  and  overall  conductance  as a function  of 
mercury  inlet  tube  inside  diameter  are  given  in  Figure 5-97 for  an  inlet 
velocity  of 150 fcps. The  graphs  show  that  the  condensing  heat-transfer  has 
dominance  over  tube  inside  diameter in affecting  the  conductance  and  heat 
transfer  area.  The  tapered  tube  exit  diameter had-a negligible  influence  on 
the  condensing  area  and  the  overall  unit  conductance  in  the  condenser. 

In summary,  the  final  condenser  geometry  that  was  selected  is 
given  below: 

No. of  condensing  tubes: ’ 73 

Tapered  tube  length,  in. 38.6 

Subcooler  tube  cylindrical  length, in. 12.9 

Total  tube  length,  in. 51- 5 

Tube  wall  thickness,  in. 0.030 

Tube  clearance,  in. 0.185 

Tube  pitch/diameter  ratio 1 375 

Tube  inlet  inside  diameter, in. 0.450 

Tube  outlet  inside  diameter,  in. 
(~0.24 for  conservatism) 

0.200 

Condenser  heat  transfer  area, ft 2 19.8 
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The  heat  transfer  and  dynamic  values  at  design  conditions ax: 

Mercury  condensing  film  coefficient,  Btu/hr-ft - F 2000 

NaK  film  coefficient,  Btu/hr-ft2-OF 3000 

Overall  unit  conductance, Btu/hr-ft2-'F 1044 

2 0  

NaK-side  pressure  drop,  psid 7.0 

Mercury  side  pressure  drop,  psid 3.0 

5.6.5.3 Results of~~i.ngle-Tube Tests  (MECA) 

Data  were  obtained  from  the  NASA-conducted  MECA  (Mercury 

tube of the  selected  geometry  was  tested  in 1-g and  zero-g  environments  and 
its  performance  compared  with  a  condenser  tube  of  constant  diameter.  The 
details  and  results  of  these  tests  are  reported  in  Reference 56 and 58. The  heat 
transfer  results  are  summarized  and  presented  below. 

- Evaporating  and  Condensing  Analysis)  program  where  a  single  tapered  condenser 

The  overall  heat  transfer  coefficients or conductances  varied 
from 500 to 1200 Btu/hr-ft2-'F f  r  the  constant  diameter  tube,  compared  to 
values of 1250 to 3700 Btu/hr-ft  -OF  for  the  tapered  tube  configuration. 
Increasing  the N a K  mass  flow  and  decreasing  the  condensing  length  brought 
about  an  increase  in  the  overall  heat  transfer  coefficients  for  both 
configurations . 

9 

The  local  mercury  condensing  film  coefficients  were  calculated  to 
be in  the  range  from 1200 to 22,000 Btu/hr-ft2-OF  for  the  constant  diameter 
tube.  The  condensing  coefficients  for  the  tapered  tube  were  not  computed. 

Over a condensing  length  range  of 8 to 40 inches,  the  overall 
mercury-side  static  pressure loss went  from  a 0.5 psi  pressure  rise  to  a 
pressure loss of 3.0 psi,  respectively,  for  the  tapered  tube  configuration. 
For  condensing  lengths  greater  than 40 inches,  a  choked  flow  condition  was 
observed  in  the  tapered  condensing  tube. 

When the NaK flow, NaK inlet  temperatures  and  mercury  flow  were 
kept  constant,  the  mercury  inlet  static  pressure  decreased  rapidly  as  the 
condensing  length  was  increased  to  about 25 inches,  and  then  leveled  off  as 
the  condensing  length  was  increased  further.  Depending  upon  the  combination 
of test  variables  used,  the  inlet  static  pressure  varied  from 8 to 24 psia. 

The  results  of  this  test  program  for  the  tapered  tube  were 
extrapolated  to  the  73-tube  condenser  design  and  gave  an  overall  unit 
conductan  eoof 1900 Btu/hr-ft2-OF  compared  to  a  design  value of 1044 
Btu/hr-ft - F. The  large  difference  between  the  two  values  was  attributed 5 
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to  the  value  used  for  the local  condensing  coefficient  in  the  design 
calculations  which  was 2000 Btu/hr-ft2-OF.  Extrapolation  of  the MECA 
condensing  coefficients of  a  straight  tube  to  the  tapered  tube  gave  an 
average  mercury  condensing  film  coefficient  of 147,000 Btu/hr-ft2-q. 
Consequently,  the  condensing  film  offers  relatively  no  thermal  resistance 
and  the  total  heat  transfer  conductance  is  governed  mainly by the  Nak-side 
film  coefficient  and  the  wall  resistance. 

5.6.6 Interfaces 

The  SNAP-8  system  is  expected  to  experience  the  effects  of  several 
types  of  tolerance  variations  which  include  the  particular  component  perform- 
ance  tolerances.  The  purpose  of  the  condenser  in  the  SNAP-8  system,  other 
than  to  condense  mercury  vapor,  is  to  provide  a  back  pressure on the  turbine 
and  an  adequate  net  positive  suction  head  (NPSH) for the  mercury  pump. An 
excessively  low  condensing  pressure  and  corresponding  temperature  will  result 
in  an  NPSH  value  below  the  1.0-ft  limit  and  cause  mercury  pump  cavitation. A 
condensing  pressure  higher  than  the  system  requires will  result  in  a  turbine 
power  output  reduction.  This  condition  can be caused by noncondensible gas 
buildup  in  the  condenser, by variation  of  condensing  length  due  to  condenser 
heat  transfer  degradation,  and by shifts of  mercury  inventory  to or from  the 
condenser.  Noncondensible  gases  from  other  parts of the  system  collect  in 
the  condenser  since  the  vapor-liquid  interface  separates  the  gas  from  the 
vapor;  because  of  the  low  pressure,  the  gas  occupies  a  significant  volume. 
This  can  cause  an  increase  of  the  condenser  inlet  pressure  and  a  degradation 
of  turbine  efficiency. 

5.6-7 Demonstrated  Performance 

5.6.7.1 One-g  Performance 

An  extensive  performance  mapping  of  the  condenser  was  conducted  at 
design  and  off-design  conditions  which  defined  the  condenser  operating  limits 
with  the  tapered  tube  configuration  (Reference 26). The  ranges  of  variables 
tested  are  listed  below: 

Range  of  Test  Variables 

Mercury  flow, lb/hr 8000 - 12000 
NaK flow,  lb/hr 30000 - 50000 
NaK inlet  temperature, F 0 200 - 500 

Condensing  Pressure,  psia 2.5 - 18.0 

Mercury  inlet  quality, % 90 - 98 
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Of particular  interest  were  condensing  pressure,  heat  transfer, 
mercury  pressure  drop  and  stability,  specifically  at  certain  off-design 
conditions  extending  to  choked-flow. During the  data  analysis,  it  became 
apparent  that an improvement  in  the  previous  mathematical  equations  used to 
define  condenser  performance  was  necessary  especially  at  far  off-design 
conditions of choked-flow.  Reference  contains  the  details of the new 
correlations  which  simultaneously  evaluate  changes in mercury  pressure, 
temperature,  quality,  pressure  drop, NaK temperature,  and NaK flow. The  two 
correlating  equations  that  define  the  condenser  operation  for  any  condition 
are  presented  below: 

and 

7.04 TNi 1.76 TNi 
1.0 - - + "'1 

103 105 
I- -1 

where 

= Condensing  temperature, F 0 

T~~~ 
TNi = N a K  inlet  temperature, F 

GL = Liquid  mercury  flow, lb/hr 

0 

WN = NaK  flow, lb/hr 

h = Mercury  latent  heat  of  vaporization,  Btu/lb 

X = Mercury  vapor  quality 

'PN = NaK  specific  heat,  Btu/lb-OF 

'PH = Mercury  specific  heat,  Btu/lb-OF 

UA = Heat  transfer  coefficient,  Btu/hr-OF 

0 F 
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The  effects  of  choked-flow  and/or  temperature  potential loss are  contained in 
the  equation  for UA. It is  significant  to  note  that  regardless  of  the  heat 
transfer  variation  caused by chocked-flow  and  temperature  potential loss, the. ! 

product UA remains  essentially a constant. \ 
! 

A carpet  plot of condensing  pressure  variation  with NaK flow, 
mercury  flow  and  NaK  inlet  temperature  is  shown in  Figure 5-98. The  test  data 
are  also  shown  (indicated by open  circles)  and  demonstrate  good  agreement  with 
the  correlating  equations  shown by the  dashed  lines. An interesting  feature 
of the  plot  is  that,  for  each  mercury  flow,  a  minimum  condensing  pressure  is 
reached  as  the  NaK  temperature  is  lowered,  regardless of NaK flow. Also  shown 
in  the  figure  is  the  predicted  condenser  performance  at  the  most  recent  power 
system  state  point.  Theory  predicts  that  the  condenser will  operate  with  a 
5-psia  condensing  pressure  (the  requirement  is 8 psia)  and,  therefore,  is 
satisfactory. 

The  NaK-side  temperatures  measured  at  five  different  NaK  inlet 
temperatures  with  constant NaK flow  and  mercury  flow  are  plotted  versus 
condenser  length  in  Figure 5-99. Each  lower  NaK-inlet  temperature  represents 
condenser  conditions.  approaching  choked  flow  where  the  condensing  length  is 
something  less  than  ten  inches. It is  apparent  that  a  point  is  reached  where 
the  available  condensing  length  cannot  be  used  and  the  condensing  regime  is 
confined  to  a  small  length of the  condenser. 

Figure 5-100 presents  the  derived  data for the  mercury-side  pressure 
drop  with  condenser  outlet  pressure  (mercury p w  suction  pressure)  as  a 
f’unction of  condensing  pressure,  condensing  length  and  mercury  flow.  The 
curves  are  corrected  for  the  liquid  mercury  head  and  represent  zero-gravity 
operation.  The  condenser  model,  defined by the  above  equations,  was  used  to 
derive  the  absolute  vapor  pressure  drop  data  in  conjunction with the  observed 
changes  in  vapor  pressure  drop  during  the  tests  (see  Reference ). In 
determining  the  absolute  pressure  drop  values,  liquid  hold-up on the  tube 
walls  due  to  choked-flow  was  considered  and  found  to  increase  as  operating 
conditions  approa.ched  choked-flow  conditions. 

Condenser  instability  is  attributable  to  choked-flow  operation  and 
the  resultant  liquid  holdup  that  occurs  above  the  vapor-liquid  interface. 
Velocities  in  this  area  are  inadequate  to  move  the  condensed  liquid  film  to 
the  interface.  Therefore,  accumulations of  liquid  above  the  interface  would 
result  in  slug-flow  which  would  cause  interface  instability,  especially in 
zero  graviky. 

5.6.7.2 Predicted  Zero-Gravity  Performance 

The  aforementioned  test  results  and  observations  are  now  applied 
to the  operation of the  SNAP-8  condenser  at  different  power  conversion 
system  state  points.  These  state-points  are: 
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State  Point 

l* 

2 

3 

4* 

Hg Flow 
(lb/hr 

11,000 

12 , 300 
14,000 

Condenser 
Pressure 
(psia) 

15.5 

14.0 

8.0 

2.5 

NaK Flow 
(lb/-hr) 

35 y 000 

40 , 000 

47,500 

28 , 0001 
cond. 

At each of these  state  points,  general  aspects 
ance  is  compared  to  the  one-g  operation. 

Hg Temp. (in) 
(9) 

680 

669 

616 

520 

N a K  Temp.  (in) 
(OF) 

495 

457 

417 

350 

of expected  zero-gravity  perform- 

a. State-Points 1 and 2.- The  thermal  performance  was  excellent 
as  demonstrated  over 16,274 hours  of  operation.  Figure 5-98 shows  that  the 
15.5-psia  condensing  pressure  at  a NaK flow  of  about 35,000 lb/hr  can be 
achieved  and  that  the  design  criteria  used for predicting  heat  transfer  were 
good.  The  mercury-side  pressure  drop  is  shown in Figure 5-100 and  it  shows 
that,  for  a  range of condensing  length (15 to 35 inches),  the  outlet  pressure 
ranges  from 12.0 to 15.0 psia.  Therefore,  the  mercury-side  pressure  drop 
ranges  from  a  pressure loss o f  1.5 psi  to  a  pressure  recovery of about 
0.3 psi  which is adequate  for  either  one-g or zero-g  operation.  These  values 
of  pressure  drop  indicate  that  the  condenser  has  no  excess  liquid  holdup  and 
the  interface  is  stable  in  either  gravity  of  zero-gravity  environments. 

For  state-point 2, good  thermal  performance  was  again  demonstrated 
by the  condenser.  The  mercury-side  pressure  drop  range  was  a  pressure loss 
of 1.7 psi  to  a  pressure  recovery  of 0.5 psi  which  is  acceptable  for  both  a 
one-  and  zero-gravity  operational  environment.  Operation  at  this  state  point 
indicated  that  the  vapor-liquid  interface  was  stable. 

b. State-Point 2. - A major  change was made  in  the  power  conversion 
system  state  point in order to obtain  a  net  usable  electrical  output  greater 
than  the 35-kWe at  the  old  state  point.  This  change  required  the  condenser 
to  operate with  a condensing  pressure of 8.0 psia  with  a  mercury  flaw  of 
14,000 lb/hr.  The  thermal  performance  of  the  condenser,  shown  in  Figure 5-101 
indicates  that  the  condenser  is  adequate  for  operation  at  this  new  set  of 
conditions. A considerable loss of  mercury  temperature (due to pressure  drop) 
is  quite  evident  from  the  mercury  temperature  profile,  however  there  is  some 
recovery  of  temperature  and  pressure. From the  heat  transfer  -giewpoint  the 
condenser  is  satisfactory  for  both  one-g  and  zero-g  environments. 

* Condenser  design  point 
2 condensers in  parallel  (90-kWe  SNAP-8  system) 
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NOTES : 
(I 1 MERCURY  FLOW 12,000 LWHR 
(2) NaK FLOW=40,000 Le 
(3) INTERFACE POSITION 

CONSTANT  AT 36 IN. 

FLOW  CHOKED, 350 r 
-CONDENSATION 
IN TOP 12 IN. OF 
CONDENSER 

300.F - 

IO 20 30 40 

CONDENSER  LENGTH, IN. 

HR 

Figure 5-99 Condenser  NaK-Side  Temperature vs Condenser Length 
(Mercury and NaK Flow Constant) 
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Figure 5-100 Conden'ser  Carpet  Plot - Mercury Outlet Pressure 
vs Mercury Flow at Various Condensing Lengths 

and Condensing Pressures 
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The  condenser  mercury-side  pressure  drop  at  this  operating  point  was 
1.0 psi t o  4.5 psi  for  condensing  lengths  of 15 and 35 inches,  respectively. 
This  is  a  limitation  of  zero-g  operation  since  the  condenser  cannot  provide 
the  minimum  mercury  pump  suction  pressure of 6.5 psia  unless  the  condensing 
length  is  kept  below 18 inches.  However,  the  condenser  is  acceptable for 
one-g  operation  over  the  condensing  lengths  specified. No indications  of 
choked  flow  were  observed  during  one-g  operation  at  the  8.0-psia  condensing 
pressure.  Stability  also  becomes  a  problem  due to the  necessity of maintain- 
ing  a  short  condensing  length in  zero-g operation. At about 18 inches  from 
the  inlet  tube  sheet,  the  tube  internal  diameter  is 0.35 inch  which  violates 
the  stability  criterion  of  a  maximum  diameter  of 0.24 inch. It is  concluded 
that  the  condenser  would be  unstable  in  zero-gravity  at  the 8 psia  condition. 

c. State-Point 4.- There  are  no  test  data  from  the  35-kWe  test 
system t o  indicate  that  the  condenser  can  operate  at 2.5 psia  with  a 7000 
lb/hr  mercury  flow.  This  operating  condition  coincides  with  the  90-kWe  system 
design  point  wherein  two  condensers  were  planned  to  be  placed  in  parallel 
(see  Figure 5-82). The  closest  approach  in  testing  was  a  mercury  flow of 
8000 lb/hr  which  permitted  a  minimum  condensing  pressure  of  about 8.0 psia. 
All predictions  had  to  be  based on the  mathematical  model.  The  model  predicts 
that  the  2.5-psia  condensing  pressure  is  possible  with  the  existing  corldenser 
(slight  modification  to  reduce  entrance  losses)  with  a  NaK  inlet  temperature 
of  35OoF  and  a NaK flow  of  about 28,000 lb/hr.  These N a K  conditions  are  some- 
what  arbitrary.  The  condenser  is so choked  that  lowering  the N a K  telnperature 
or raising  the NaK flow  would  have  basically  negligible  effect on the condens- 
ing  pressure;  they  represent  minimum  requirements  necessary  to  achieve the 
2.5 psia.  Thermally,  the  condenser  is  capable of 2.5 psia  in  either one-g 
or zero-g  environments. 

The  condenser  pressure  drop  is  excessive  because of the  cholced-Llow 
condition. In one-g  operation,  it  does  not  matter  because of the l . i q 1 1 i . d  head 
available;  but  in  zero-g  operation,  the  condenser  is  unsatisfactory; u~llless, 
of  course,  the  liquid  level  is  again  raised  to  the  point  that  condensation is 
restricted  to  the  top few  inches  of  the  condenser.  There  are no test, claLa 
with  which t o  predict  what  this  liquid-level  would  have  to  be. The 3!?-kWe 
system  data do indicate,  however,  that  the  condensing  length  might  have to be 
less  than 10 to 15 inches,  which  was  the  limiting  value  of  testing.  For a 
more  typical  condensing  length,  the  entire  2.5-psia  condensing  pressure 
would  most  likely  be  lost  in  pressure  drop. 

Because  of  the  choked  flow,  the  interface is assumed to  be  unstable. 
Data at 3.0 psia  and 8000 lb/hr  showed  inventory  holdup,  which  is  assumed  to 
be  a  symptom  of  possible  interface  instability.  Therefore,  the  condenser 
would  be  satisfactory  in  one-g  operation,  but  not  in  zero-g  operation. 
Because of the  pressure  drop,  the  condensing  length  would  have  to  be  small 
which  would  violate  the  basic  stability  criterion  of  maximum  tube  diameter. 

The  following  items  summarize  the  thermal  and  dynamic  capabilities 
of the  condenser  for  one-g  and  zero-g  operation: 
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0 A t  the  15-psia  design  condition,  the  condenser  is  satisfactory 
with respect  to  thermal  performance,  pressure  drop,  and  inter- 
face  stability. It is  satisfactory f o r  both  one-g  and  zero-g 
operation. It is  capable  of  condensing  pressure  adjustment by 
inventory  control. 

0 At the 8 psia  operating  condition,  the  condenser  is  thermally 
acceptable  in  both  one-g  and  zero-g.  The  pressure  drop  is 
unacceptable  in  zero-g  unless  very  high  inventory  levels  are 
used. In one-g  operation,  it  is  acceptable.  The  necessary 
short  condensing  length  to  control  pressure  drop  would  cause 
interface  instability  in  zero-g  use.  Condensing  pressure 
control  by  means  of  inventory  control  would  be  poor  in  both 
one-g  and  zero-g  operation. 

5.6.7.3 Shock  and  Vibration  Test  Results 

The  purpose of the  environmental  shock  and  vibration  tests 
(performed  at  NASA-LeRC)  was  to  evaluate  the  condenser  structural  design  at 
the  levels  that  are  expected  during  system  launch,  and  maneuvering  modes  in 
space. NASA specification 417-2, Rev.  C,  was  used  as  a  guide  in  performing 
the  tests  on  the  condenser.  Sinusoidal,  random  and  shock  tests  were  conducted 
along  the  three  mutually  perpendicular  axes.  Reference 59 describes  the 
test  procedures  and  results  pertaining  to  the  pre-  and  post-test  quality 
conformance,  mounting,  instrumentation  and  the  dynamic  responses o f  the 
condenser  structure. 

Prior  to  the  environmental  tests,  the  condenser  was  inspected  to 
establish  a  reference  as  to  its  structural  integrity,  configuration  and 
hydraulic  performance.  The  following  procedures  were  used  in  their  listed 
order. 

0 Hydraulic  flow  test  of  both NaK and  mercury  circuits 
with  water. 

0 Proof  pressure  test  at 275 psia 

0 Helium  leak  check  per  MIL-STD-271 

0 Dye penetrant  inspection of the  external  welds  per 
m-1-6866 

0 Radiographic  inspection  of  the  tube  bundle  position  per 
MIL-1-6866 

During  the  shock  and  vibration  tests,  the  condenser  would  be  in  a 
nonoperating  state  simulating  launch  conditions, i.e.  the  mercury-side  would 
be void of fluid,  while  the  NaK-side  would  be  filled.  The  fluid  used to 
simulate NaK in  the  condenser  was  an oil  whose  density  at 70- is 47.1 
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compared t o  50.1 f o r  NaK a t  60OoF. The condenser was mounted  on  an a l l -  
aluminum suppor t   f ix ture   as  shown in   F igu re  5-102  and instrumented  with 10 
uniaxial   accelerometers ,   a lso shown. Accelerometers 9 and 10 cannot be seen 
a s   t hey   a r e   l oca t ed   i n  two central   tubes   about  13.0 inches  in   f rom  the 
mercury inlet   header .   Also  indicated i n  the   f i gu re   a r e   t he   ax i s   des igna -  
t ions   for   the   sys tem to which a l l   i n p u t s  and  responses  are  referenced. 

a.   Sinusoidal  Vibration.-  The condenser was exc i ted  w i t h  
frequencies  ranging from 20 t o  2000 Hz with a 1.0-g  peak  acceleration 
amplitude  and a sweep of one octave  per  minute  along  each  of  the three 
orthogonal axes. Resonant  response  of  the  condenser  shell  occurred a t  145, 
280, 440, and 900 Hz f o r  the Y-axis  and 100, 230,  470, and 800 Hz f o r   t h e  
Z-axis. The maximum ampl i f ica t ion   occur red   a t  the two lowest  frequencies 
with a value  of 9.0 a c t i n g   a t  a po in t  27 inches  from  the  support  at  the  small 
end  of the condenser. The tube  bundle  had the same resonant  frequencies  as 
t h e   s h e l l  with maximum ampl i f ica t ion   fac tors   o f  9.0 for   the  Y-axis  and 10.0 
for   the  Z-axis   a t   f requencies   of  150 and 95 Hz, respec t ive ly .  The values 
given  above  are  for  responses  measured  in  the same d i r ec t ion   a s   t he  
exc i t a t ion .  

System  damping was estimated from the   response   a t  the lowest 
frequencies  of 100 t o  145 Hz. The f r a c t i o n   o f   c r i t i c a l  damping was between 
0.044 and 0.050 inches  at   the  half-power  point.  It was also  observed  that  
the  condenser  behaves  as a f ixed-f ixed beam o r  a fixed-hinged beam. 

b. Shock.-  Shock loading was appl ied to the  condenser  (along 
the   th ree   axes   in   bo th   d i rec t ions)   in  the form  of a ha l f - s ine   pu lse   wi th  a 
12-g peak  acceleration  amplitude  and  an  eleven  millisecond  duration. The 
maximum she l l   response  was 20-g i n   t h e  same axis   as   the   input   for   bo th   the  
Y and Z axes   ( for   bo th   d i rec t ions)   a t  a poin t  10 inches  from  the  support  at 
the l a r g e  end  of  the  condenser. The tube  bundle  responses  were  equal  to 
those measured  on t h e   s h e l l  with values of 19  to 20 g fo r   t he  Y and Z axes. 

The ca lcu la ted  dynamic l o a d   f a c t o r s   f o r   t h e   s h e l l  and tube  bundle 
were 1.67 and 1.58, respec t ive ly ,  f o r  the  data  given  above. The r e l a t i v e  
displacements  of  the  shell  and tapered  tubes were  computed  from the  peak 
responses and the  f irst  mode na tura l   f requencies .  The resu l tan t   va lues  
were  0.0176 inch   for  the Z - a x i s  and 0.010 inch  for  the  Y-axis  (response i n  
the  same d i r ec t ion   a s  the shock  load)  for  the  shell ,   and 0.010 inch   for   the  
tapered  tubes.  The value  obtained  for   the  tapered  tubes is  approximately 
1/20  of  the  tube  spacing;  therefore, i t  i s  concluded  that  there i s  no 
danger  of  the gM t u b e s   h i t t i n g  one  another. 

c. Random Vibration.-   Responses  of  the  condenser  were  to be 
determined  over a frequency  range  of 20 t o  2000 Hz t o  random vibrat ion  having 
an   ove ra l l   l eve l   o f  20-g root mean squared ( r m s ) .  The acce lera t ion   dens i ty  
was distributed  over  the  frequency  range  as  follows: 
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Figure 5-102 Condenser Mounted in   Vibrat ion Test Fixture  



20 to 100 HZ - 3.0 dB/octave,  increase 

100 to 600 Hz - 0.4 g /Hz, constant 2 

600 to 2000 Hz - 6.0 dB/octave,  decrease 

This  procedure  was  followed  for  each  perpendicular  axis.  The  tolerances  for 
acceleration  density  were +lo0 and -5% for  the  0.4g2/Hz  level.  The  frequency 
analyzers  used  had  a  bandwidth of 25 Hz. 

Most of the maximum responses  occurred  between 100 and 150 Hz with 
the  remaining  responses  scattered  between 160 and 195 Hz. Values of the 
shell  acceleration  density  responses in the same axis  as  the  input  varied 
from 0.8 to 1.70 g2/Hz  for  the  Y-axis  and 1.3 to 2.20 g2/Hz  for  the Z axis 
at  frequencies of 100 to 120 Hz. Responses  recorded  for  the 9M tubing  were 
1.0 to 1.20 Z/Hz for  the Y and Z axes  and  at 100 to 105 Hz, respectively. 

The  computed  relative-mean  squared  (Yms)  displacement  value  in  the 
Y direction  for  the  maximum  response of the  tube  bundle was 0.023 inch  at 
lo5 Hz, if  it  is  assumed  that  the  instantaneous  acceleration  of  the  input  is 
Gaussian.  That  is, 0.3% of  the  time  the  instantaneous  peak  acceleration  is 
greater or equal to three  times  the rms value.  Then  the  maximum  relative 
displacement  would  be 3 (0.023) = 0.069 inch. If the  tube  clearance  is 
0.192 inch  as  specified,  then  the  minimum  clearance for  a  condition  where any 
two  adjacent  tubes  were  displaced  in  opposite  directions  would  be: 

minimum  clearance = 0 .l92 - 2.0( .069) = 0.054 inch 

Hence,  it  is  predicted  that,  unless  the  tubes  were  bent  during  fabrication 
to  the  point  where  the  clearance  is  reduced to less  than 0.138 inch,  the 
possibility of two  adjacent  tubes  colliding  is  remote. 

Subsequent  to  the  shock  and  vibration  tests,  the  condenser was 
again  subjected  to  the  quality  conformance  inspection  outlined  previously. 
The  results  of  this  inspection  verified  that  the  condenser  had  withstood 
the  imposed  environmental  conditions  without  detrimental  effects.  Other 
conclusions  that  were  reached  from  the  results  of  these  tests  were: 

0 The  present  condenser  design  is  acceptable  for  use  in a 
system  and  is  capable of withstanding  the  vibrational 
loading  specified. 

0 From a  structural  aspect,  the  materials  and  fabrication 
procedures  are  adequate  for  the  application. 

0 The  fluid  dynamics of the  condenser  would  not be appreciably 
changed by vibrations  and  shocks  imposed on it  during  launch 
conditions. 
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0 Maximum responses of the condenser, both  shell  and tube  bundle, 
are  experienced between 100 and 150 Hz. 

0 Filling  the  NaK-side of 'the "eondenser prior  to  launch and/or ' 

maneuver phases of the system  adds to the  inherent  structural 
damping and serves to  reduce the  condenser  responses. 

. .  
I !.. 
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5.7 OTHER MECHANICAL COMPONENTS 

The mechanical components d e s c r i b e d   i n   t h i s   s e c t i o n  of the   r epor t  
were i n  var ious  s tages  of development when t h e  SNAP-8 program was terminated. 
The components  and  development s t a t u s   a r e  summarized  below. 

Intermediate  Loop Heat  Exchanger.- A conceptual  design was 
prepared  and  design  requirements were formulated. No 
hardware was bu i l t  or tested. 

Auxiliary  Heat  &changer .- A heat  exchanger was designed, 
b u i l t ,  and t e s t e d   f o r   t h e  35-kWe system. However, f a i l u r e s  
i n   t h e  s h e l l  and the new requirement  for a dua l   hea t   re jec-  
t ion  loop  and  double-containment  dictated a new heat  exchanger 
design which was bui l t   bu t   never   t es ted .  No concept  or  design 
parameters were formulated  for   the 90-kWe system. 

Mercury  Flow Control  Valve.- A valve was designed, bu i l t  and 
tested fo r   t he  35-kWe system. This  valve  operated  throughout 
t he  program,  from 1966 through  midyear 1970. The basic   design 
is considered  acceptable  for t h e  90-kWe system w i t h  some 
modif ica t ions   to   the   va lve   o r i f ice   shape  and  changes i n  t h e  
speed  of  opening  and  closing. 

Heat  Rejection Flow Control  Valve.-  Conceptual  designs  and 
design  parameters  were  formulated, but no u n i t s  were b u i l t  
or t e s t ed   fo r   t he  90-kWe system. A design used i n   t h e   s i n g l e   s t a r t  
35-kWe system was control led by temperature  and  not  flow, 
so i ts  test experience was n o t   a p p l i c a b l e   t o   t h e  new concept. 

NaK Diverter  Valves .- This valve was designed  and bu i l t  
f o r  the  35-kWe system  but was never  tested.  The valve for 
t he  90-kWe system would have  been  of  the same design  except 
s l i g h t l y   l a r g e r  t o  accommodate t h e  higher NaK flows. 

Solenoid  Valves.- The valves  designed, bu i l t ,  and tested during 
the  SNAP-8 35-kWe system  development prosam were s i m i l a r   t o  
the  valves  planned for t he  90-kWe system  except   that   the  method 
of la tch ing  was s l i g h t l y   d i f f e r e n t   a n d   t h e   s i z e  of the  solenoids  
was g r e a t e r   f o r   t h e   l a t t e r   v a l v e s .  The design  requirements  and 
conceptual  designs of the   va lves   for   the  90-kWe system were 
formulated  but no  hardware was built  or   t es ted .  

Ekpansion  Reservoirs.-  Conceptual  designs and design  parameters 
f o r   t h r e e  of the   e ight   expans ion   reservoi rs  required f o r   t h e  
90-kWe system were mmpleted. However,  no hardware was b u i l t  
o r   t e s t ed .  
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(8) Mercury I n j e c t i o n  System.- A system was designed,   bui l t   and 
t e s t e d   f o r   t h e  35-kWe s i n g l e - s t a r t  SNAP-8 system. This test  
experience was appl ied  to   the  conceptual   design  and  formula-  
t ion   o f   the   des ign   parameters   for   the  90-kWe system. The 
mercury i n j e c t i o n  system f o r   t h e  90-kWe system was not  b u i l t  
or t e s t e d .  

The above  components are  considered  undeveloped  only i n  the   sense  
t h a t   t h e y  were n e v e r   b u i l t   f o r  or t e s t e d   i n  a 90-kWe system. A s  can  be  seen, 
components ( 2 ) ,  ( 3 ) ,  (6) and (8) above were t e s t e d  i n  t he  35-kWe system 
and the results were app l i cab le   t o   l a t e r   des igns   fo r   t he  90-kWe system t o  
varying  degrees. 

5.7.1- Intermediate  and A u x i l i a r y  Heat  Exchangers 

5.7.1.1 Intermediate  Heat  Exchanger 

The function  of  the  intermediate  heat  exchanger (IHX) i n  t h e  90-kWe 
system, as shown i n   F i g u r e  5-103, i s  t o  provide   the   capabi l i ty  of s epa ra t ing  
the  power conversion system f rom  the   reac tor   p r imary   loop ,   ye t   t ransfer   hea t  
from t h e   r e a c t o r   t o   t h e   b o i l e r   w i t h   t h e  minimum heat  loss .  The IHX a l s o  
serves   the   func t ion  of s epa ra t ing   t he   r ad ioac t ive  NaK i n  the   reac tor   p r imary  
loop  from  the NaK in   the   in te rmedia te   loop  which  allows  the  development t es t -  
ing  of the  power conversion system and r ep lac lng  of power conversion system 
components  without  the need for   radioact ive  decontaminat ion.  

a.  Preliminary  Design  Concepts. - I n i t i a l   d e s i g n   a n a l y s e s  were 
conducted to   de t e rmine   t he   f eas ib i l i t y  of f i t t i n g  a tube-in-shell   configura- 
t i o n  IHX i n   t h e   g a l l e r y   s e c t i o n  of the 90-kWe system. Reactor  primary  loop 
Nay  flows  through  the  shell  of  the  heat  exchanger  and  intermediate  loop NaK 
flows  through  the  tubes.  Design maps were generated  for  tube  pitch-t .0- 
d iameter   ra t ios   (and   an   equi la te ra l   t r iangular   a r ray  of tubes)  of 1.20, 1.35, 
and 1.50. These r a t i o s  were chosen  because  they compared with a pi tch- to-  
diameter of 1.375 for t h e  SNAP-8 condenser. A typ ica l   des ign  map is shown i n  
Figure 5-104 which presents  minimum she l l   d i ame te r   a s  a funct ion of t h e  number 
of 1 tubes  with  the  tube I D  as   an  independent   var iable .  Lines of constant  tube 
length  and  constant  tube-side  pressure  drop  are  also  cross-plotted.  The  maps 
permi t ted   the   se lec t ion  of  a heat  exchanger  size  that  would 'best-fit " i n  t h e  
90-kWe system  gal lery.  The requirement  for a 10 F terminal   temperature   dif-  
f e r ence   d i c t a t ed  a heat  exchanger  with  an  effectiveness of 0.95. The 
required UA was 1.95 x lo5 Btu/hr OF. 

- 

0 

Consideration was a l s o   g i v e n   t o  compact heat  exchanger  concepts  and 
to  separable  heat  exchangers.   Separable  heat  exchangers  are  desirable for 
incorporat ion  in   long-term  space  mission  appl icat ions where  hardware  replace- 
ment can  extend  mission l i f e .  A typical  design  concept of  a separable  heat 
exchanger is shown i n   F i g u r e  5-105. A t radeoff   s tudy was performed t o  permit 
a s e l e c t i o n  between a compact  and a tube-in-shel l  IHX. A preliminary  design 
for  each  concept was prepared  and,  based on th i s   e f fo r t ,   t he   t ube - in - she l l  
approach was recommended.  The reasons  for   select ing  the  tube-in-shel l   approach 
were as   fo l lows  : 
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0 Tube-in-shell  heat  exchanger  technology is  s t a t e  of t h e   a r t .  
The compact (intermeshing  panels)  design  required a sepa ra t e  
development e f f o r t .  The advantages  of a compact u n i t  were 
not   suf f ic ien t ly   compel l ing   to  justify the   requi red  R&D e f f o r t .  

0 The  compact design was nonseparable.  Since a separable  design 
was considered t o  be a requirement   for   mission  appl icat ions,  
t h e  development  of t h i s   con f igu ra t ion  was no t   j u s t i f i ed .  

0 The compact u n i t  had t o  be fabr ica ted   f rom  h igh   s t rength   n icke l  
a l loy  (because of design stresses) which  had  long  lead times 
and were expensive. 

0 Fabricat ion  of   the  intermeshing  panels   associated  with  the 
compact heat  exchanger  design was judged t o  be not   feas ib le .  

Fur ther   des ign   e f for t  was conducted for   the   tube- in-she l l   conf igura-  
t i o n  and a preliminary component s p e c i f i c a t i o n  was wr i t t en .  However, t h e  SNAP-8 
program was terminated  before  aqy  further work could be  done  on t h i s  component. 

b.  Physical  Description.- The development of the  intermediate   heat  
exchanger  progressed t o   t h e   p o i n t  where f e a s i b i l i t y  and t radeoff   s tudies   and a 
conceptual  design were completed. The  recommended tube-in-shel l   configurat ion 
r e su l t i ng   f rom  these   e f fo r t s  i s  shown i n   F i g u r e s  5-106  and 5-107. The heat  
exchanger is a double  contained,  tube-in-shell, 600-kWt design. An eccen t r i c  
toroidal   manifold i s  used to   p rovide  equal f l o w   r a d i a l l y   i n t o   t h e   s h e l l   f r o m  
t h e   r e a c t o r  power l o o p   i n l e t   l i n e   a n d   o u t l e t   l i n e .  The manifold  design i s  
s i m i l a r   t o   t h a t  used on the  mercury  condenser. The in te rmedia te   loop   in le t  
and ou t l e t   man i fo lds   a r e   a l so   s imi l a r   i n   con f igu ra t ion   t o   t he   condense r  mani- 
f o l d  which  never  experienced a f a i l u r e   i n  t es t .  The s t a t i c  NaK tubes  separat-  
i ng   t he   r eac to r   l oop   f rom  the   i n t e rmed ia t e   l oop   a r e   b razed   t o   an   i nne r   s t a t i c  
NaK header. The basic   design i s  s imi la r   to   the   conf igura t ion   used   for   the  
SNAP-8 NaK-to-mercury b o i l e r .  

A t o t a l  of 121 intermediate  loop  tubes  (l/2-inch OD) a re   encased   in  
a toroidal  9.88-inch OD s h e l l .  The material  used  throughout  the  heat  exchang- 
er i s  Ty-pe 316 s t a i n l e s s  s tee l .  Fu r the r   de t a i l s  of the  conceptual  design 
conf igura t ion   a re  shown i n  Table 5-XXI. 

c. Design  Parameters.- The design  parameters   for   the  intermediate  
heat   exchanger   are   presented  in   Table  5-XXII. 

5.7.1.2 Auxiliary Heat  Exchanger 

a .   Funct ional   Descr ipt ion.-  The funct ion of t he   aux i l i a ry   l oop  
heat  exchanger is t o   t r a n s f e r   h e a t  f rom  the  reactor   pr imary  loop  to   the  heat  
r e j ec t ion   l oop  of t h e  90-kWe system, a s  shown i n  Figure 5-103, t o   p r e h e a t  
the  condenser  and  radiator.  The hea t   re jec t ion   loop   f low i s  s tar ted and 
maintained  by  the  heat   re ject ion  loop NaK pump.  The reactor  primary  loop 
flow is  s t a r t e d  and  maintained  by  the  electromagnetic (EM) pmps. 
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ENVELOPE MANIFDLDS 

Figure 5-106 Recommended Tube-in-Shell  Configuration 
f o r  Intermediate  Heat  Exchanger 

ECCENTRIC RFL MANIFOLD 

EVENLY  SPACED - STATIC k K  LINE 

HEAT EXCHANGER MANIFOLD  END 

SECTION 1.1 

STATIC 

HEADER 

Figure 5-107 Rec.mmended  Manif old  Configuration for 
Intermediate  Heat  Exchanger 
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TABLE 5-XXr INTERMEDIATE HEAT EXCHANGER CONCEFTUClL  DES IGN RESULTS SUMMARY 

She l l  
Number  of Tubes 
I L  Tube ( Inne r )  

S t a t i c  N a K  Tube (Outer) 
Pitch/Diameter  Ratio 
Tube Length (Heat Transfer) 
Velocity i n  Tubes 
Velocity i n  She l l  
Tube-Side Pressure Drop 

Shell  Side  Pressure Drop 
I L  In le t  (Sudden Expansion) 
I L  Outlet  (Gradual  Contraction) 
Weight of Empty IHX 
Weight of RPL N a K  @ l125'F 
Weight  of RPL N a K  @ 75OF 
Weight of I L  NaK @ 1125OF 
Weight  of IL NaK 6' 75OF 
Weight  of S t a t i c  NaK @ lQ5OF 

Weight of S t a t i c  N a K  6' 7 5 O ~  
T o t a l  Weight of F u l l  IHX @ lIZ'5'F 
Total  Weight of F u l l  IMC @ 75OF 
Volume of RPL N a K  

Volume of I L  NaK 

Volume of S ta t i c  N a K  

9.88 i n .  OD x 0.188 i n .  wall 

121 

1/2 i n .  x 0.035 i n .  wall 
5/8 in. x 0.35 i n .  wall 

1.252 

3.43 fps 

103.5 i n .  

1.70 fps 

0.286 psid 
0.0066 ps i d  

K = 0.04 LIP = 0.355 psid 

K = 0.04 @I? = 0.018 psid 

635.19 lb  
102.70 lb 
122.45 lb 
56.13 lb  
67.01 lb 
17.29 lb 

19.84 lb  
811.36 lb 
844.49 l b  

NOTE: The above resu l t s  do not  include  pressure drop through  the RPL eccentric 
mnifolds  and holes i n t o  t he   she l l  or pressure  drop  through  tne I L  manifolds 
into  the  tubes.  Also not  included  are  the  design  configurations  for  the 
internal  tube  supports and she l l   ba f f l e s  and t h e i r  corresponding  weights. 
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TABLE 5-XXII TNTERMEDIATE HEAT EXCHANGER CONCEPTUAL DESIGN 
REQUlREMENTS 

Heat Load 

Flow (RPL and IL)  

Reac tor   Pr imry   bop  (RPL) Fluid 

Intermediate b o p  (IL)  Fluid 

Sta.t i c  Fluid 

RPL In l e t  Temperature 

Log  Mean Temperature  Difference . .  
h t e r i a l  

Inlet and Outlet Lines (RPL and .IL) 

Structural  Design Temperature 

Structural  Design Pressure 

Shell   Side Mimum Pressure Drop (max. ) 

Tube Side M i m u m  Pressure Drop (max. ) 

600 kW 

65,000 lb/hr 

NaK : 

NaK . 

NaK 

12 OO'F 

2 O°F 

316 s t a i n l e s s   s t e e l  

3 i n .  x 0.120 i n .  w a l l  tubing 

1400'F 

75 ps i  

1 psid 

3 psid 
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Flow through  the  heat   re ject ion  loop side of   the   auxi l ia ry   hea t  
exchanger i s  main ta ined   dur ing   reac tor   p r imary   loop   hea tup   pr ior   to  mercury 
in j ec t ion .  When the  proper  temperature i n  the   hea t   re jec t ion   loop  i s  reached 
and  the SNAP-8 is  s t a r t e d  (by i n j e c t i n g  m e r c u r y  i n to   t he   bo i l e r ) ,   t he   "on -o f f "  
va lve   i n   t he   aux i l i a ry   hea t   exchange r   1 ine . i s   shu t ,   t hus   i so l a t ing   t he   r eac to r  
primary  loop  from  the  heat  rejection  loop for the  remainder of the   s teady-  
s t a t e   ope ra t ion .  

The auxi l iary  heat   exchanger  performs two major functions  during 
t h e   s t a r t u p  and  shutdown  phases of t h e  SNAP-8 nuclear power systems operation. 
F i r s t ,   d u r i n g  system s ta r tup   the   auxi l ia ry   hea t   exchanger   p rovides   an   in i t ia l  
hea t   l oad   fo r   t he   r eac to r  s o  tha t   the   reac tor   can  more readi ly   fo l low  the  
t r a n s i e n t s  imposed during  the  mercury  injection  phase of the  Rankine-cycle 
loop  s tar tup.  The NaK leaving  the  auxi l iary  heat   exchanger  on t h e   a u x i l i a r y  
loop  s ide  preheats   the  boi ler ' - to- turbine  vapor   l ine  and  must   be  maintained 
above some  minimum temperature.  Second,  during system shutdown, t h e   a u x i l i a r y  
heat  exchanger  removes  heat from the   p r imry   l oop   du r ing   r eac to r  shutdown  and 
decay  heat   removal   per iods,   ensuring  that   the   reactor  i s  not   subjected t o  
high  tempera tures fo r  long  per iods of time. 

Although the  auxi l iary  heat   exchanger   funct ions  during  several  
phases of s t a r t u p  and shutdown, the   s ign i f i can t   ope ra t ing   po in t ,  as f a r   a s  
heat  exchanger  design i s  concerned,  occurs  during  the  startup  phase just 
p r i o r   t o  mercury  injection when t h e  NaK pumps a re   ope ra t ing  a t  the  220-Hz 
plateau.  

Three u n i t s  were f ab r i ca t ed  by the   Genera l   E lec t r ic  Co. t o   t h e  
configurat ion shown in   F igure  5-108 for the 35-kWe system. No u n i t s  were 
designed or bu i l t  for t h e  90-kWe system. 

The design  parameters for t he  35-kWe system are l i s ted  i n  Tables 
5-mII through 5-xxVII for various  operating  conditions.  

TABLE 5-XXIII AUXILIARY HEAT EXCHANGER DESIGN  OPERATING  CONDITIONS 

I Parameter I Quant i ty  1 
Thermal  Energy  Transfer  Capability, kWt 

*Primary Loop Side Pressure Loss (Maximum), psid 

*Auxiliary Loop Side Pressure Loss (Maximum), ps id  

NaK Outlet Temperatg-e,  Auxiliary Loop 
Side (Minimm), F 

70 - 100 

0.15 
1.0 

1100 

* Measured  between i n l e t   a n d  outlet system/component i n t e r f ace .  
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TABLF: 5-XXIV SYSTEM CONDITIONS  AT AUXILIARY KEAT EXCHANGER I.NTERF'ACE 

Flow Rate, Primary Loop Side, lb/hr 27,000 

Flow  Rate,  Auxiliary Loop Side,   lb /hr  1,150 
NaK I n l e t  Temperature,  Primary Loop Side, F 
NaK I n l e t  Temperature,  Auxiliary Loop Side,  F 

0 
1,300 

110 0 

TABU 5-XXV AUXILIARY HEAT EXCHANGER  LONG-TERM  NONOPERATING  CONDITIONS 

- ~ ~ .- ~ ~~ 

Parameter Va 1 ue 
-. . . ___-_=~ . . .  . . . . .  . . -  

Flow  Rate,  Primary Loop Side 49,000 l b  /hr 

Flow Rate,  Auxiliary Loop Side 0 

NaK I n l e t  Temperature,  Primary Loop Side 11-60O~ 
. . ~ ~~ .. . ." . - 

b.  Physical  Description.- The f .ollowing  describes  the  heat 
exchanger shown in   F igu re  5-108: 

0 Shell:  5.00-inch OD x 0.120-inch  wall, Ty-pe 316 SS, formed 
i n   h e l i x   w i t h  a  6.00-inch  pitch  and  approximately  44-inch 
coi l   d iameter .  

0 Heat re jec t ion   tubes :  Two i n   p a r a l l e l ,  1.25-inch OD x 0.049- 
inch  wall ,  Ty-pe 316 SS running  the  length of and  within  the 
s h e l l .  

0 Double-containment  tubes: Two, one each  surrounding  the  heat 
re ject ion  tubes,   1 .50-inch OD x  0.049-inch wall, Type 316 SS 
running  the  length of the  'heat  exchanger. 

0 Heat   re jec t ion  i n l e t  ba f f l e   t ubes :  Two, one each  inside HR 
tubes  for  10.0-inch  distance,  0.625-inch OD x 0.035-inch 
wa l l ,  Type 316 SS. Their  purpose i s  t o  reduce  the  high  thermal 
grad ien t   be tween  the   hea t   re jec t ion   loop   in le t  NaK and  the 
pr imary  out le t  NaK. 

0 Swirl wire: On i n s i d e   s u r f a c e   o f   o u t e r   s h e l l   t o  mix primary 
NaK flowing  through  auxiliary  heat  exchanger.  



TABLE 5-m1 AUXILIARY HEAT EXCHANGER CONDITIONS DURING STARTUP 
FOR 35 KWE SYSTEM 
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(1) Phase Description 

I. 0- t o  95-82 inverter  output,   reactor 
o u t l e t  temperat- increased to 1)OO.F. 

220-82 o p r a t i o n .  

s y e t w   t r a n s i e n t   s t a b i l i z a t i o n   p r i o d .  

w p  a c c e l e r a t i o n   t o   r a t e d   s p e d .  

tubrine and punps a t  r a t e d   s p e d .  

11. AaK pumps accelerated irm 95- t o  

III. AaK p m p  a t  220-82 o p r a t i o n ,  

Iv. Mercury inject ion,   turbine and 

V. k r c u r y  flaw a t   w p m x l m a t e l y  54% r a t e d ,  

VI. Mercury flaw increased  to   ra ted  condi t ioa.  

VII. System at   ra ted  conbi t ion.  

(2) During Phase I, the  temperature  rate of 
change w i l l  be approximstely l'F/sec  for 
approximate& a 6-minute pericd. 

value. 
(3) R'amients  occur after flow rcachrs final 

Rot applicable. 
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TABLE 5-lorv11 AUXILIARY HEAT EXCHANGER CONDITIONS DURING SHUTDOWN 
FOR 35 KWE SYSTEM 

7- I " I n. , 
i '>-I- 1 

-1 

(1) m e  Description 

I. Elacuy ilov at approldmstcly 54% =tad, turbine and pmpa at  rated 
sped (time period t o  permit 
rtabi l lzat ioa  of the condition). 

II. Mercury flov raduced to zero, tur-  
bine decelerated, pmpa  switched 
t o  inverter a t  EO-Hz, reactor 
pwer reduced by fas t  setback. 

m. A s K  prmps a t  220-Hz operation. 
"he period for system stabil izetim. 

N. Dcc4 h a t  repDval period. NaK 
pqe decelerated t o  and remain 
a t  9542 opration. 



5.7.2 Mercury Flow Control  Valve 

The mercury  f low  control  valve is located i n  the  Rankine-cycle  loop 
between t h e  mercury pump discharge  and  boi ler  i n l e t  (Figure 5-1-09). This 
valve meters the  f low  of  mercury t o   t h e   b . 2 i l e r   d u r i n g  system s t a r t u p  and shut-  
down cyc les .  The valve  and  drive  motor  assembly are shown i n  Figure 5-110. 
During s t a r t u p  and  shutdown,  flow i s  metered t o   t h e   b o i l e r   a c c o r d i n g   t o  pre- 
scr ibed   ra tes   o f   increase  or decrease  by  the movement of a s h e a r   p l a t e   a t  
constant  speed  over a s h a p e d   o r i f i c e   p l a t e   f o r  set periods  of time. The r a t e  
of t r a v e l  of t h e   s h e a r   p l a t e ,   a n d   t h e r e f o r e   r a t e  of change  of  flow,  can  be 
varied  by  changing  the  voltage  supplied to   t he   va lve   d r ive   mo to r .  A secondary 
funct ion of the  valve i s  t o  provide a means f o r  trimming system power output 
by adjusting  mercury  f low. 

Tests i n   t h e   A e r o j e t  35-kWe tes t  f a c i l i t y  and t h e  NASA-LeRC W - 1  
f a c i l i t y  were conducted  from 1966 through  midyear of 1970  using  these  valves.  

Changes in   va lve   requi rements   as  a r e s u l t  of SNAP-8 system s t a t e -  
point   changes  for   the 90-kWe system, including  the  low-pressure  mercury  injec- 
t i on   s t a r tup ,   necess i t a t ed   mod i f i ca t ions   t o   t he   cu r ren t ly   ex i s t ing   va lves .  
The modifications  included  changes i n  flow  rate,  pressure  drop,  and  speed  of 
opening  and  closing  the  valve.  However, the   ex is t ing   va lve   can  meet the  
requirements  by  merely  changing  the  shaped  orifice  to meet t h e  new requirements. 
Speed  changes  can  be  obtained by increasing or decreas ing   the   vo l tage   input   to  
the  valve  motor. 

5.7.2.1 Physical  Description 

The design employs the  s l iding-gate  valve p r inc ip l e .  The ac tua t ing  
arm i s  p i v o t e d   i n  a b a l l  and socket  which i s  driven  through a screw mechanism 
and gearing  by a de   e lec t r ic   motor .  The motor i s  a standard'  commercial  unit. 
Bellows  provide  the  primary  seal  between  the  valve body c a v i t y  and t h e   b a l l  
p ivo t ,   wh i l e   t he   ba l l   and   socke t   ac t  as a secondary   sea l   to   p rec lude   the  
escape  of  mercury t o   t h e  environment. Seal. d i sks   a re   forced   aga ins t   the   va lve  
sea t   w i th  a sp r ing  which effect ively  minimizes   leakage  and  ensures   that   the  
sea l ing   su r f aces   a r e  wiped c l ean  as the  valve  opens  and  closes. 

The o r i f i c e   p l a t e  was c u t   i n  a shape t o   r e s u l t   i n  a mercury  flow 
ramp rate prescr ibed  for   producing  acceptable  system s t a r t u p   t r a n s i e n t s .  

Two microswitches  are  provided, one t o   s t o p   t h e  motor when t h e  
valve  approaches  the  full-open  posit ion,   and one t o   s t o p   t h e  motor when t h e  
valve is fu l ly   c losed .  

A posit ion-sensing  potentiometer was a t tached   to   the   sc rew mechanism 
a t   t h e   t o p  of   the  valve.  The measurements of va lve   pos i t ion  versus flow a t  
var ious  motor   vol tage  set t ings were obtained  during  valve  and  system  testing 
t o  determine  the  best   valve  opening  rates  and  required motor input   vo l tages   to  
produce  the flow ramp requ i r ed   fo r   t he  power conversion  system  startup. 
Table 5-XXVIII l is ts  the  requirements   and  parameters   for   the  valve  used  in   the 
35-kWe system. 
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TABLE 5-xxvr11 DESIGN PARAMETERS FOR THE ~ C U R Y  FLOW CONTROL VALVE 

Description of Requirements 
. .. - - . . ~ .  .. 

Mot or 
Motor type 

Nominal vol tage,  Vdc 

Rated  current,  amp 

Wattage 

Rated  torque,  lb-in.  

Output shaft   speed, rpm 

Operating  temperature  range, F 0 

Motor gear   reduct ion I 
Gearing 

Number of tee th   (dr iven   gear )  

Number of tee th   (dr iv ing   gear  ) 
Gear r a t i o  

Worm Gear 

T o t a l   l i n e a r   t r a v e l ,  i n .  

P i t ch  of gear ,   in .  

Linear  speed,  in./minute 

Valve 

Operating  pressure,   psia 

Operating  temperature, F 

Flow r a t e ,   l b / h r  

Full flow  pressure  drop,  psid 

Tota 1 time t o  open valve 

Ekternal  leakage 

In te rna l   l eakage  

Lubrication 

Power requi red   to   main ta in   va lve  

0 

i n  open or c losed  posi t ion 

Valve  type 

Design  Parameters 
~ . - .  . . . . . .. "_ . . . . 

. .. . ~ . .~ . . . 
." . 

- . . . - . - 

Permanent  magnet 

27 
0.10 

2.70 

25.0 
1.0 

-65 t o  +250 (continuous), +400 

3763 t o  1 (Gear  Train Eff .  = 5%) 
( in t e rmi t .  ) 

66 
30 

2.2:l 

0.437 
0.0416 

0.0916 

500 

515 
0 t o  11,200 

10 

286 sec. @ Nominal Voltage 

zero 

100 cc/hr max. 

Self   Lubricat ing 

None 

Throt t l ing ,  power operated 
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The ma te r i a l s  of   construct ion  are  l is ted i n  Table 5". No bas ic  
materials  problems were encountered  during tests. However,  on occasion, mass 
t r a n s f e r  from the   mercury   loop   depos i ted   in   the   va lve   and   caused   leakage   in  
excess  of  design  requirements. 

5.7.2.2 Demonstrated  Performance 

The demonstrated  performance  characterist ics  of  the  f low  control 
v a l v e   f o r   t h e  35-kWe system a r e  shown in   F igu res  5-111 and 5-112. Included 
are   va lve   res i s tance   coef f ic ien ts  and va lve   ac tua tor   charac te r i s t ics .   Trave l  
time varies   l inear ly   with  the  valve  opening  for   any  constant  power input.  
The p l o t s  were  based on experimental   data   ut i l iz ing mercury a s   t h e  working 
f l u i d  . 

An evaluat ion of the  mercury  flow  control  valve  performance  during 
35-kWe system t e s t s   r e s u l t e d   i n   t h e   g e n e r a t i o n  of s t a r t u p   t r a n s i e n t s   s h a m  
i n  Figure 5-113. 

Test ing of the  valve  during  the 35-kWe system t e s t  program was con- 
cerned wi th  t h e   r e l a t i o n s h i p  between pressure  drop and flow rate a s  a func t ion  
of valve  posit ion.   These  data  are shown i n  Figure 5-114. The data   are   not  
cor re la ted   as  a func t ion  of valve  percentage-open, but r a the r   a s  a funct ion of 
t he   pos i t i on  of t he   va lve   t r ave l  mechanism between the   va lve  limit switches. 
This method  was used  because t h e  valve limit switches  were  not  necessarily a t  
the   fu l l -c losed  or ful l -open  posi t ions  and  the  cal ibrat ion  of  the valve  posi- 
t i on   i nd ica to r  was  made between t h e  1Nit switches. The data  of Figure 5-114, 
t h e r e f o r e ,   p e r t a i n e d   t o   t h e   s p e c i f i c  limit switch  set t ings.  

The mercury  flow  control  valve was operated  over a wide v a r i e t y  of 
condi t ions  as  shown i n  Table 5-XXX. L i s t e d  are  the  approximate  hours  of  opera- 
t ion  within  var ious  temperature   ranges,   the  number of  temperature  changes and 
t h e  nmber of valve  position  changes. The valve  performance was good and no 
problems  were  experienced. 

Other tests, conducted a s   p a r t  of t h e  35-kWe system operation, 
es tab l i shed   the   capabi l i ty  of the  valve  under many conditions  and  operational 
modes. The basic  valve  design i s  considered t o  be  capable of meeting  the 
requirements   for   properly  control l ing  mercury  f low  during  s tar tup and  shutdown 
for the  90-kWe system w i t h  modi f ica t ions   to   the   shape  of t h e   o r i f i c e  and 
changes i n  the  speed of opening  and  closing  the  valve. 

5.7.3 Heat  Rejection Flow Control  Valve 

The r e s t a r t  system f o r   t h e  9-kWe SNAF"8 system requi res   the  use of 
a f low  cont ro l   va lve   for  t h e  hea t   re jec t ion   loop  fluw through t h e  condenser. 
I ts  l o c a t i o n   i n   t h e  mM-8 90-kWe system is shown i n   F i g u r e  5-115. The posi- 
t ions  and movement  of the   va lve   a re   cont ro l led   by   e lec t r ica l   s igna ls  from t h e  
programmer. 
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TABLE 5-xXrX MATERIALS OF CONSTRUCTION, MERCURY FLOW C O m O L  VALVE 

Item Description 
~ ~~ 

Valve Body 

Seal  Seat 

Seal Disk 

Guide Disk 

Spring,  Seal Disk 

Bellows 

Ball Socket 

Valve Stemand Bal l  

Screw - Actuating 

Nut - Actuating 

T h r u s t  Race 

Thrust  Bearing 

Roller  Bearing 

Roller  Bearing 

Gear , Mot or 

Gear , Valve 

Actuator,  Electric Motor 

Switch, High-Temp. , Subminiature 

Potentiometer 

Receptacle,  Electric 

Material 

Haynes 25 Alloy (M-5759B) 

S t e l l i t e  6B 

S t e l l i t e  6B 

S t e l l i t e  6B 

Type  302 SS ("5688) 

~ y p e  321 ss 

Type 347 SS 

S t e l l i t e  6B 

S t e l l i t e  6B 

Type  410 SS 

Torrington Co.  P/N TBR-815 

Torrington Co.  P/N mA-815 

Torrington Co.  P/N J-88 

Thumpson  Co.  P/N  A-61014-SS 

Type 303 SS 

Brass 

Barber-Colman, EYLC 9353-1 

Minark Elec t r ic  Co., Unimax 

Bourns Inc, Model 157, 1.000'' 
Type  FC-2 

Travel, SK-+ 576, Type 5, 
P/N 15725-9-1.00-502 

MS -3102~-16s - 8 ~  
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P r i o r   t o   t h e  SNAP-8 system s t a r tup ,   t he   hea t   r e j ec t ion   f l ow  con t ro l  
valve i s  s i g n a l l e d   t o  move t o   t h e   z e r o   p e r c e n t  open (c losed)   pos i t ion .  The 
valve  remains  in   this   posi t ion  throughout  t h e  reactor   s tar tup  and  mercury 
in jec t ion   per iods   un t i l   the   condenser   p ressure   reaches  a predetermined  upper 
limit value. A t  t h i s  t ime  the  valve i s  s i g n a l l e d   t o  move, a t  a cons t an t   r a t e ,  
(1) i n  a d i r e c t i o n   t o   i n c r e a s e  the flow  through  the  condenser if t h e  condens- 
ing  pressure  exceeds  the  predetermined  upper limit va lue ,   (2 )   i n  a d i r ec t ion  
to   dec rease  t h e  flow through  the  condenser if the  condensing  pressure is below 
a predetermined  lower  limit  value, or (3) t o  remain  s ta t ionary i f  the  condens - 
er pressure   s tays   wi th in  t h e  upper.and lower limit values .  

After t h e   s t a r t u p  has proceeded t o  t h e  point  where rated  mercury 
flow is a t t a ined ,   t he   va lve  is s i g n a l l e d   t o  move t o  a predetermined  posit ion 
which w i l l  e s t a b l i s h  rated f low  in  t h e  heat re jec t ion   loop .  

During  shutdown, t h e  valve w i l l  be s i g n a l l e d   t o  move i n  a manner t o  
maintain  condensing  pressure a t  a predetermined  level.   Generally,  t h e  valve 
w i l l  be s igna l l ed  t o  move i n  a d i rec t ion   to   decrease   the   f low  through  the  
condenser. 

The valve  design  parameters   are   l is ted i n  Table 5-XXXI. 

5.7.3.1 Physical  Description 

The three  conceptual   designs  proposed  to  meet the  requirements of 
t he  90-kWe system a l l  employed. t h e  use of a dc  motor t o   d r ive   each   r e spec t ive  
valve.  One design was f o r  a plug v a l v e   s e t   a t  a 145 degree  angle   to   the  f low 
path and dr iven by t h e  motor  through a ball-screw.  Another  design included a 
spring-loaded  shear  plate  driven  by  the  motor  through a screw. The t h i r d  
design  included a s p r i n g - l a d e d  shear p l a t e  on a pivoted  shaft   and  driven  by 
the  motor  through spur gears  and  screws. This design was a ln ios t   i den t i ca l   t o  
the  mercury  f low  control  valve.  

5.7.3.2  Design  Parameters 

The design  parameters   for   the  heat   re ject ion  f low  control   valve 
planned for the  90-kWe system a r e   l i s t e d   i n   T a b l e  5-laarr. Many changes t o  
the  requirements  were  considered, one  of  which was the  bypass  flow  of NaK 
through t h e  valve when t h e  valve was ful ly  closed. T h i s  was incorpora ted   in  
the  three  conceptual  designs  described  above,  as was a requirement   that  the  
dc  motor  be  capable  of  operation i n  a 6 0 0 ~ ~  environment. The l a t e s t   r e v i s i o n s  
t o   t h e  sys t e m  however , deletged the  need f o r  bypass  flow  and reduced the  motor 
temperature  from  600 t o  450 F. 

Figure 5-116 is a p lo t  of  pressure  drop and f low  ra te   versus   percent  
valve  opening  for  the new valve,  and Figure 5-117 i s  a p l o t  of o r i f i ce   e f f ec -  
t ive  area  versus  percent  valve  opening.  These  plots and the  design  parameters 
of Table 5-XXXI essent ia l ly   descr ibe   the   bas ic   requi rements   o f  t h e  valve. 
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TABLE' 5-Xxxr DESIGN PARAMEZERS - HEAT F G X K T I O N  FLOW CONTROL VALVE 

Description of Requirement 

Operating  Temperature, F 

Flow Rate, lb/hr 

Working Pressure,  psig 
Valve Response 

0 

Leakage, In te rna l  

Pressure Drop, F u l l  Open, psid 
Operating L i f e ,  hours 
Power Requirements 

Design Parameters 

50 - 450 

0 - 59,000 
o - 85 
S t a r t  Open Within 

100 milliseconds. 
Open or Close a t  
0.35% of Ful l  Travel 
per Second . 
S h a l l  not  lkceed 
1000 cc/hr . 
3 
1000 Cycle, 40,000 

28 + 2 Vdc, 
10 amps  max. 
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5.7.4 NaK Diverter  Valves 

The need for a NaK diver te r   va lve  became apparent w i t h  t he   dec i s ion  
t h a t  two primary-loop NaK  pump assemblies  should  be  used i n  p a r a l l e l   w i t h   t h e  
35-kWe system. This was based on the  redundant-system  concept  wherein one 
NaK  pump would operate  and,  in  the  event of fa i lure ,   the   second pump could  be 
put on l i n e .  I n  such a n  opera t iona l  mode, it was ev ident   tha t   f low from d i s -  
charge t o   s u c t i o n  of the  nonoperating pump should  be  reduced t o  a point  where 
only  preheating  of  the  nonoperating  pmp  should be allowed. 

NaK d i v e r t e r   v a l v e s   a r e   r e q u i r e d   a t   t h e   o u t l e t  of the  redundant NaK 
pumps in   the   in te rmedia te   loop   and   hea t   re jec t ion   loop  of t h e  90-kWe system, 
a s  shown i n   F i g u r e  5-118, and a t   t h e   o u t l e t  of the  redundant NaK pumps i n   t h e  
primary  loop of the  35-kWe system  as shown in   F igu re  5-119. 

5.7.4.1 Physical  Description 

The cross-sectional  drawing  of  the  valve  can be seen   in   F igure  5-120. 
The valve is i n  a "Y" configuration w i t h  a l l  three  ports   having a 2.5-inch  out- 
side  diameter  and a 0.083-inch wal l   th ickness .  

There  are two i n l e t   p o r t s  and one o u t l e t   p o r t .  Each i n l e t  is con- 
nec ted   to  its respec t ive  NaK pwnp discharge  l ine.  The o u t l e t   p o r t  is  common 
t o  both   in le t s .  The hinged  poppet  assembly i s  s i t u a t e d  i n  the  valve body  such 
t h a t  i t  w i l l  swing away from  the  f lowing NaK port   and  into  the  other   port .  
This effect ively  a l lows  f low  to   proceed  f rom  the  act ive  port ,   through  the 
valve,  and  out  the  valve  discharge  port .   Recirculatory  f low from t h e   a c t i v e  
pump, through  the  inact ive pump, and  back t o   t h e   a c t i v e  pump suc t ion  is thus 
prevented. However, an   o r i f ice   p laced   in   the   poppet   p la te  is designed t o  
allow 200 lb /hr  of NaK t o  f low  th r  uugh t h e   i d l e  pump t o   m a i n t a i n  it a t  proper 
standby  temperature. 

The bracket shown between t h e  two i n l e t s  was added to   p revent   the  
t r a n s m i t t a l  of any  system  l ine  loads  into  the  valve  proper .  

5.7.4.2  Design  Parameters 

The opera t iona l  mode design  parameters  for  the  delivered  valve  are 
summarized i n  Table  5-xxXrI. The other  design  parameters  are summarized. i n  
Table  5-xxXrII.  These  were  based on the 35-kWe system. The value would  have 
t o  be inc reased   i n   s i ze  from a 2.5-inch  port  diameter t o  3.0 inches t o  accom- 
modate the   i nc rease  i n  NaK flow  from  49,000  lb/hr t o  58,000 lb/hr  for t he  
90-kWe system. T h i s  change was not  incorporated however,  due t o   t h e   t e r m i n a -  
t i o n  of t h e  SNAP-8 program. 

5.7.4.3 Mechanical  and  Thermal Design 

A f l e x u r e   j o i n t  was chosen  over a pivoted  joint   because of the  poor 
l u b r i c i t y  of NaK and  the   poss ib le   ga l l ing   o f   the   p ivot .   Mater ia l s   had   to   be  
se lec ted   carefu l ly   because  of the  high NaK temperature   and  the  suscept ibi l i ty  
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TABLE 5-xxXrI NaK DIVERTER VALVE OPERATIONAL  DESIGN PARAMETERS 

Operational 
Mode 

NaK Flow Rate 
( /hr 1 

Pump Suet  ion Pwnp Discharge  Valve I n l e t  
NaK Temp. Pres sure  , Min. Pressure, Min. Pressure, Min. 

0 F (PS ia  1 (psis 1 (Psis 1 

Star tup  and 
Shutdown 

S ta r tup  and 
Shutdown 

Steady   S ta te  

9,800 - 12,200 

, 000 27 

49 

50 - 1300 

- 1250 
,000 1110 - 1160 

25.0 

21.3 

10.3 

- 26.6 

- 28.1 
- 33.4 

- 26.2 
- 26.2 



TABLE XXXIII NaK DIVERTER VALVE DESIGN P A W E E I S  

Description  Design  Parameter 

1. Pressure ~ o p  ( In l e t  Port  0.1 p s i d   a t  12,000 lb /hr  NaK a t  I 2 O O Z F  
t o   O u t l e t   P o r t )  1.0 p s i d   a t  29,000 lb/hr  NaK a t  I200 F 

2. Backflow ( I n l e t   P o r t   t o  Backflow  Orifice - Size  Equivalentoto a 
I n l e t  Port ) flow of 200 lb /hr  NaK a t  1110-1160 F and 

a AP of 25 psid.  
Sea l  Leakage - 10% of backflow max. 

3. Flowrate 

4. Temperature 

5. Pressure 

6. External  Leakage 

7. Operating  Life 

49,000 lb/hr of 120OoF NaK a t   a n   i n l e t  
pressure of 50 ps ia .  

Operating: +50°F $0 1350°F 
Nonoperating: -65 F t o  +165OF. 

Operating: 75 ps ia   ax. ) 
Proof: 122 ps ia  (Min. ) a t  Roam Temp. 
B u r s t :  530 p s i a  (Min.) a t  Room Temp. 

1 x LOm7 standard  cubic  centimeters  per 
second (SCCS)  Helium (Max. ) a t  15 ps id  

5 years  unattended a t  a f luid  temperature  
of QOOOF including a minimum of 1000 
full operat ing  cycles   during  the  service 
period. 

8. Reversals i n  Direct ion of 10,000 minimum 
Movement 

9. Valve  Posit ion,  
Nonoperating 

Normally open 

10. Transient  Temperatures 50°g t o  13OO0F a t   a n   a v e r a g e   r a t e  of 
15O0F/minute  and a maximum r a t e  of 
600 F i n  15 seconds. 
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of many m a t e r i a l s   t o  NaK corrosion. Table 5-xxXnr  lists the  materials  chosen. 
"he S t e l l i t e  6-B va lve   s ea t  was incorporated t o  resist corrosion  and  erosion 
as  well a s   t o  minimize  the  possib-ility of "cold  welding"  between  the  poppet 
and sea t .  

TABLE 5-XXXrV NaK DIYERTER VALVE MATERIALS OF CONSTBUCTION 

Description 

1. Valve Body 

2. Bracket 

3. Poppet S h e l l  

4. Poppet  Seal  Ring 

5. Poppet  Orifice  Plate 

6. Hinge 

7. Hinge Retainer 

8. Poppet & Hinge  Assy 
Braze Mater ia l  

9. Valve Seat  

Materia 1 
~~ 

me 316 S t a i n l e s s   S t e e l  

Ty-pe 316 S t a i n l e s s   S t e e l  

Type 304 Sta in l e s s   S t ee l  

Inconel  718 
1 ncone 1 718 
Inconel  718 
Inconel  600 

The poppet was shaped i n  the  manner shown i n   F i g u r e .   5 - 2 0  t o  assure  
quick  c losing and a minimal res i s tance   to   f low.  A s  it moves toward the  closed 
pos i t i on ,   t he   s ide  of the  poppet  begins  to 'block t h e  por t ,  t h u s  increasing t h e  
pressure   d i f fe ren t ia l   across   the   poppet ,  which in   tu rn   causes  it t o  move more 
r ap id ly   t o   t he   fu l l - c losed   pos i t i on .  

An extensive  and  detailed stress ana lys is  was performed by the  
suppl ie r  and  reviewed by Aerojet .  The stress l eve l s  were well wi th in   the  
y i e ld   s t r eng th  of the  materials  used, and i n  most cases  they were we l l  below 
the  proport ional  limit of the   mater ia l s .  

5.7.4.4 Demonstrated  Performance 

A prototype  valve  acceptance test  was performed w i t h  water as  the 
tes t   f lu id ;   the   va lve   responded well under a l l  conditions.  Test resul ts   agreed 
wi th   the   ana ly t ica l   p red ic t ions .  The t e s t s   r ep resen ted   t he  minimum checkout 
tes t ing   conducted   to   ver i fy   cor rec t   fabr ica t ion  and  assembly  of  the  valve, and 
were not  intended a s  a complete  development t e s t  program. The unit   success-  
f u l l y  completed the  development  checkout t e s t s   w i th   r e su l t s   t ha t   were   w i th in  
specified  requirements.  
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5.7.5 Solenoid  Valves 

Two-position,  latching,  double-solenoid  valves  are used throughout 
the SNAP-8 system with poly-ghenyl e the r ,  mercury, and NaK a s  service f l u i d s .  
The va lves   a re   used   pr imar i ly   to   a l low or prevent   f low  of   the  par t icular  
s e r v i c e   f l u i d   i n  a given  portion of t h e  system. A l l  but one  of the  valves  
a r e  two-way valves   of   the  same basic  design  with  the  remaining one a four-way 
valve. The loca t ion  of each  valve  in   the 90-kWe SNAP-8 system is shown 
s c h e m t i c a l l y   i n   F i g u r e  5-121. Operation of the  valves  is cont ro l led  by the  
programmer dur ing   s ta r tup   and  shutdown cycles. During  steady-state system 
operation, a l l  valves  remain i n  a f ixed   pos i t ion .  

A t o t a l  of t h i r t een   so l eno id   va lves   a r e  required i n   t h e  90-kWe 
system i n  t h e  fol lowing  locat ions:  

e !t'urbine-Alternator.- One a t   t h e   i n l e t  and  one a t   t h e   o u t l e t  of 
t he   bea r ing   l ub r i can t   c i r cu i t s   fo r   each  side of t he  dual  path 
turb ine-a l te rna tor ;  a t o t a l  of four valves.  The purpose  of 
the   va lves  i s  t o  prevent   the   f low  of   the   lubr icant   f lu id   in to  
the   bear ing   cav i t ies  when. t h e  tu rb ine-a l te rna tor  is not  operat-  
ing,  or when operat ing  a t :   reduced  speeds  during  s tar tup  and 
shutdown transients .   Flooding of t he   bea r ing   cav i t i e s   p r io r  
t o  a s t a r tup   can   r e su l t  i n  excess ive   r e s i s t ance   t o   ro t a t ion  
and long   acce lera t ion   per iods   dur ing   the   s ta r tup   t rans ien t .  

! 8 .  

e Mercury Pump.-  One a t  the;   inlet   and one a t  t h e   o u t l e t  of the  
bear ing   lubr icant   c i rcu i t ! .  ne pvp0s.e of these  valves  i s  
t h e  same as  stated f o r  ' t h e  twb ine -a l t e rna to r .  

e Auxil iary NaK koolank, 'Loop. - One i n   t h e   a u x i l i a r y  NaK loop 
l i n e  between  the  branch  point '   from  the  heat  rejection  loop  and 
t h e  i n l e t   t o   t h e   a q i . l i a r y   h e a t   e x c h a n g e r .  Flow through t h i s  
branch  c i rcui t  i s  required  only  during  s tar tup  and shutdown 
cycles.  If flow were permitted  through t h i s  b ranch   c i rcu i t  ' 

during  normal  system  operation, a la rge  loss of reac tor   hea t  
would occur   resu l t ing   in   poor  system performance. 

0 Mercury I n j e c t i o n  System.- Six solenoid  valves are assoc ia ted  , 

w i t h  the  operat ion  of   the  mercury  inject ion system during 
s t a r t u p  and  shutdown cycles.   Five of the  valves  have  mercury 
as the se rv ice  f lu id  and   the   s ix th  valve .is. loca ted   i n   t he  
lubricant-coolant  loop with poly-phenyl e the r  a s  t h e   s e r v i c e  
fluid. The loca t ion  and funct ion of the   ind iv idua l   va lves  i s  . 
as   fol lows : 

- Mercury  condenser  isolation  valve.- One of these  valves  is ' 

l oca t ed   i n   t he   mercu ry   l i ne   a t   t he   ou t l e t  of each  condenser; 
a t o t a l  of  two  valves. The purpose of these  valves  is t o  
prevent   the  back-f la t  of mercury into  the  condenser   during 
s t a r t u p  when mercury is be ing   in jec ted   in to  t h e  Rankine- 
cycle  loop. When the   i n j ec t ion   cyc le  is completed,  the valves 
a r e  opened  and  remain  open  during  normal  steady-state system 
operation. 

353 



7 
MBlV 

A 

1 

H gFCV 
I 

1 L/C SYSTEM L/C SYSTEM 

1 

i '  

MERCURY 
INJECTION 
RESERVOIR 

L/C 
SYSTEM 

No K 
TO AUXILIARY 
HEAT EXCHANGERS .ALSv ,, PUMPS 

. 
TAA BEARING INLET  VALVES 

I 
TO 

PMA COOLANT 

A 
FROM 

SHIELD COOLANT 
HEAT EXCHANGER 

sv-3 TAA  BEARING  OUTLET VALVES 

SV-5 HgPMA BEARING INLET  VALVE 
SV-6  HgPMA  BEARING  OUTLET  VALVE 
ALSV  AUXILIARY ux)P SHUTOFF VALVE 
HgFCV  MERCURY  FLOW CONTROL VALVE 
HRFCV  HEAT REJECTION LOOP FLOW  CONTROL  VALVE 
M E N  MERCURY BOILER  ISOLATION  VALVE 
MClV MERCURY  CONDENSER ISOLATION  VALVE 
MIV MERCURY INJECTION  VALVE 
MRAV MERCURY RESERVOIR ACTUATOR VALVE 
MRRV  MERCURY RESERVOIR RECHARGE VALVE 

sv-4 HEAT EXCHANGERS 

Figure 5-121 90-kWe System Schematic Showing Location of Solenoid Valves 

354 



- Mercury  boiler  isolation  valve.-  One  of  these  valves  is 
located  in  the  mercury  line  at  the  inlet  to  the  boiler. 
The  purpose of this  valve  is  twofold;  first, t o  permit  a 
solid fill of liquid  mercury  in  the  loop  as  close  to  the 
boiler  inlet  as  possible  prior to injection o f  mercury 
into  the  boiler  during  startup;  and,  second,  to  rapidly 
stop  the  flow of mercury  to  the  boiler  during an emergency 
shutdown. 

- Mercury  injection  valve.-  One of these  valves  is  located  at 
the  outlet of the  mercury  reservoir  to  permit  the flow of 
mercury  into  the  Rankine-cycle  loop  during  system  startup; 
it will also permit  mercury  to  flow  into or out of the  loop 
during  mercury  inventory  trim  periods. 

- Mercury  reservoir  recharge  valve.-  One  of  these  valves  is 
located  in  a  line  between  the  mercury punrp discharge  and 
the  mercury  reservoir  outlet  port.  During  system  shutdown 
with  the  mercury  pump  continuing  to  operate,  this  valve  is 
opened  to  permit  the  mercury  loop  inventory  to be pumped 
back  into  the  mercury  reservoir. 

- Mercury  reservoir  actuator  valve.- A four-way  valve  is 
located  Tn  the  lubricant-coolant  loop  to  act  as  a  flow- 
direction  device for operating  the  mercury  reservoir 
actuating  piston. When'the valve  is  in  the  ''inject"  position, 
pressure  and  flow  from  the  lubricant  coolant  pump  is 
directed  through  the  valve  to  one  side  of  the  mercury 
reservoir  actuator  to  inject  fluid  in  the  mercury  loop. 
When the  valve  is  moved  to  the  "dump"  position,  the  mercury 
reservoir  actuator  moves  to  permit  the  rapid  return of 
mercury  from  the  loop  to  the  reservoir. 

A total of ten  solenoid  valves  are  required  in  the  35-kWe  system. 
All of the  ty-pes  and  functions  described for the  90-kWe  system  are  required; 
but,  since  only  one  condenser is used  in  the  35-kWe  system, o n l y  one  mercury 
condenser  isolation  valve  is  required  and,  since  a  single-path  turbine- 
alternator  is  used  in  the  35-kWe  system, only  one  inlet  and  one  outlet  valve 
are  required in the  bearing  lubricant  circuit. 

A photograph of the  latching  double-solenoid  valve  is  shown in 
Figure 5-122. Each  valve  has  an  opening  and  a  closing  solenoid.  The  valve 
is  held  open or closed by  ball detents on the  valve  plunger, so that no 
electrical  power  is  required  to  hold  the  valve  in  either  position. 

Figure 5-123 shows  the  typical  current  required to attain  a  pull ; 
force  in  the  solenoid for  various  plunger-to-solenoid  gaps.  Curves of pres- r 

sure  drop  vs.  flow  through  the  valve  and  differential  pressure  across  the , 
valve  versus  minimum  volts to actuate  the  valve  open or closed  at  various 
solenoid  temperatures  are  shown  in  Figure 5-124 for  a  typical  valve. 



Figure 5-122 Two-Position,  Latching,  Double-Solenoid Valve 
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5.7.6 Ekmnsion  Reservoirs 

Eight  expansion  reservoirs were required i n  t h e  90-kWe system; 

0 Intermediate   loop  reservoir .  - l o c a t e d   i n   t h e  NaK loop  between 
the  intermediate   loop  heat   exchanger   and  the  boi ler .  I ts  pur- 
poses   a re   to   main ta in  a void-free  loop,  compensate  for a loop 
volume increase due t o  a temperature  increase,  and t o   e n s u r e  a 
n e t   p o s i t i v e   s u c t i o n  head f o r  t he  pump. 

0 Hea t   r e j ec t ion   l oop   r e se rvo i r . -   l oca t ed   i n   t he   hea t   r e j ec t ion  
loop  between  the  condenser  and  the  radiator.  I t s  purposes 
a r e   t h e  same as   those for the   in te rmedia te   loop   reservoi r .  

0 Boi le r   reservoi r .  - p a r t  of t h e   s t a t i c  NaK system of t h e   b o i l e r .  
I ts  purposes  are t o   m a i n t a i n  a v o i d - f r e e   s t a t i c  NaK system t o  
a s su re  good hea t   t ransfer ,   espec ia l ly   in   zero-grav+ty ,  and t o  
compensate for a volume increase due t o  a temperature  increase.  

0 Lubr icant -coolan t   reservoi r . -   loca ted   in   the   lubr icant -coolan t  
loop. I ts  purposes   are   the same as   those   for   the   in te rmedia te  
loop   reservoi r .  

0 Reactor power loop   reservoi r .  - l oca t ed   i n   t he  NaK loop  between 
t h e   r e a c t o r  and the  intermediate  loop  heat  exchanger.  I t s  pur- 
poses   are   the same as   those  for the   in te rmedia te   loop   reservoi r .  

0 Intermediate   heat   exchanger   reservoir . -   par t  of t h e   s t a t i c  NaK 
system of the  heat  exchanger. I ts  purposes   are   the same a s  
t h o s e   f o r   t h e   b o i l e r   r e s e r v o i r .  

. . .  

0 Shield  coolant  heat  exchanger  reservoir.-   part  of t h e   s t a t i c  
NaK system of the  heat  exchanger. I ts  purposes  are  the same 
as   t hose   fo r   t he   bo i l e r   r e se rvo i r .  

0 Auxil iary  heat   exchanger   reservoir . -   par t  of t h e   s t a t i c  NaK 
system of the  heat  exchanger. I t s  purposes are t h e  same a s  
those   fo r   t he   bo i l e r   r e se rvo i r .  

Figure 5-I25 is  a schematic of t h e  90-kWe system,  showing the  loca-  
t i o n  of the  expansion  reservoirs  described  above. 

Analyses were performed t o   s i z e   t h e   r e s e r v o i r s  for t h e  90-kWe system 
configuration  using S-shaped boi lers ,   an  intermediate   loop,   and a p a r a l l e l e -  
piped  frame. A review of t h e   r e s e r v o i r   s p e c i f i c a t i o n s  and  design  cr i ter ia  was 
conducted. 

A s  a resu l t ,  new or r e v i s e d   s p e c i f i c a t i o n s ,   i n c o r p o r a t i n g   a l l   t h e  
changes  required  to meet cond i t ions   fo r   t he  90-kWe system, were  prepared  for 
the  intermediate,   heat  rejection,  and  lubricant-coolant  loop  expansion reser- 
v o i r s  and for   the   bo i le r   expans ion   reservoi r .  
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Other spec i f ica t ions   p lanned   for   the  90-kWe system,  but   not   wri t ten 
due t o  program termination, were f o r   t h e   r e a c t o r  power loop,   the   intermediate  
heat  exchanger, and t h e  auxi l iary  heat   exchanger .  It was planned t o  make t h e  
in te rmedia te   loop   and   the   hea t   re jec t ion   loop   reservoi rs   ident ica l   in   d iameter  
(18.5 inches)  and length (34 inches) .  The lubr icant -coolan t   reservoi r  was 
planned t o  be the  same diameter, but s h o r t e r  (26 inches).   This would permit 
t h e   t h r e e   r e s e r v o i r s   t o   b e  made from  the same bellows  forming  dies  and  tool-  
ing,   permit t ing a subs tan t ia l   cos t   sav ing .  

A l l  r e se rvo i r s  were  planned t o  be of the  same design, namely: 

A tandem-bellows  configuration w i t h  encapsula ted   se rv ice   f lu id  
between t h e  outside  of  the  bellows and t h e  i n s i d e  of t h e  r e s e r -  
v o i r  s h e l l  t o   r educe  the  p re s su re   d i f f e ren t i a l   ac ross  t h e  be l -  
lows t o  a reasonable   value  for   long l i f e .  

A captured  diatomic  gas   as   the  pressurant   to  be precharged  and 
contained w i t h i n  one  of t h e  bellows. 

A small gas  vent  l ine  in  the  be,l lows  containing t h e  se rv ice  
f lu id  t o  remove any  gases  trapped or genera ted   in   the   par t icu-  
l a r   l o o p  t h a t  t he   r e se rvo i r   s e rv i ces .  

The bellows  configuration was t o  be  of  the  "nesting  r ipple" 
design,  welded a t  each  convolute  outside and inside  diameter .  
The "nest ing  r ipple"   design would al luw for the  maximum bel- 
lows s t r o k e   f o r - t h g  min%imm overa l l   l ength .  Th i s  was an  
important  factor.5.n.the 90-kWe system. , - .  

3 : ,  
A sketch of the  basic   expansion  reservoir   design .can be. s e e n   i n  

Figure 5-126. The s p l i t   p l a t e  shown between  the two bellows  was.designed t o  
compensate f o r  volume changes i n  the encapsulated  service  f luid  as   the  temper-  
a ture   increased .   In  t h l s  way the  bellows  convolutes would  not  be  subjected 
t o  s t resses   resul t ing  f rom  the  expanding  encapsulated  service f lu id .  

Inconels   and   s ta in less   s tee l s  were used a s   m a t e r i a l s  of construct ion.  
The Inconels were  chosen for  the  high-temperature  applications,   whereas the 
Ty-pe 300 s t a i n l e s s   s t e e l s  were chosen f o r  the lower-temperature  applications. 

A l l  r e se rvo i r s  were c y l i n d r i c a l  : w i t h  t h e  intermediate  loop, r eac to r  
loop, h e a t   r e j e c t i o n  loop, and  lubricant-coolant   loop  reservoirs   being of t h e  
same diameter . 

Table 5-XXXV shows a t y p i c a l  l i s t  of expansion  reservoir  design 
parameters when a welded  bellows is used  for  a 14OO0F  NaK appl ica t ion .  
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TABLE 5-XXXV TYPICAL  DESIGN PARAMETERS - PRIMARY NAK LOOP  EXPANSION  RESEEVOIR 

Design  Parameter 

1. Bellows OD and I D ,  i n .  

2.  

3 .  
4. 
5. 
6. 
7. 
8 .  

9. 
10. 

11. 

12. 
13 
14. 
15  
16. 
1-7. 
18. 
1-9. 
20. 

21. 

22. 

Bel lows  effect ive  area,   in .  

Maximum volume, i n .  

Bellows  materia Is 
Material   th ickness ,  i n .  

Number of convolutes 

Bellows f r ee   l eng th  

Active  bellows  stroke,  i n .  

Stroke  per   convolute ,   in .  

Bel lows  spr ing  ra te ,  l b / i n .  

P re s su re   t o   s t roke ,   p s id  

Bellows  nested  length,   in.  

AP allowable - bellows , psid 

Al lowable   s t ress ,   lb / in .  

Expuls ion  eff ic iency,  % 
S h e l l   m a t e r i a l  

P i t ch ,  i n .  

P i t ch - to - span   r a t io  

Total   es t imated  dry  weight ,   lb .  

Proof  pressure,  psid 

B u r s t  pressure,   ps id  

Life   cycles  - min. a t  117OoF 

2 

3 

2 

Va l u e  
~ ~ .~ ~~~ ~. 

21.0 X 19.0 
31-4 
NaK = 4715, Gas = 8200 

Inconel  625 

0.010 

NaK = 56, Gas = 56 
16.79 i n .  a t  0.300 i n .  p i t ch  

15.0 

0.27 

NaK = 22.5, Gas = 22.5 

1.10 f o r  15.0 i n .   s t roke  

1.79 
2 3 . 7   i n t e r n a l   t o   e x t e r n a l   a t  7O0F 

17, 300 a t  14OO0F 

Greater  than 98 
Inconel  718 
0.300 max.,  0.032 min. 

0.3 DBX. 

212 
200 f o r   s h e l l  

450 f o r  s h e l l  

I n f i n i t e  
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5.7.7 Mercury I n j e c t i o n  System 

The funct ions of the  mercury  injection  system are: 

0 Sto re   l i qu id  mercury  during  launch  and  system  heatup  prior t o  
power conversion  system. 

0 I n j e c t  mercury i n t o   t h e  low pressure   ( suc t ion)   s ide  of t he  
mercury pump at  a programed rate t o  assure a smooth s t a r t u p  
without   subject ing  the  reactor   to   thermal   shock.  

0 Control  mercury  loop  inventory a t  t h e   b e s t   l e v e l   f o r   e f f i c i e n t  
system  operation. Mercury  would be removed or added t o  the  
mercury  loop as required.  

0 Add mercury to t he   l oop   t o  make up any  losses  through pump or 
turbine  seals- to-space.  

0 Accept  the  mercury  inventory pumped i n t o   t h e  mercury r e se rvo i r  
by the  mercury pump during a system shutdown  such t h a t  a r e -  
s t a r t  can  be in i t i a t ed   w i th  no ex te rna l   a s s i s t ance .  

The loca t ion  of the  mercury  injection  system  in  the SNAP-8 90-kWe 
system i s  shown schemat ica l ly   in   F igure  5-l.27, and a photograph  of  the  mercury 
inject ion  system f o r  a s i n g l e   s t a r t  35-kWe system  shipped  to NASA-LeRC i s  shown i n  
Figure 5-128. This   uni t   contains  a single  bellows  and is  pressure   ac tua ted  
using a ni t rogen  gas   bot t le ,   regulator ,   and  valves   as  shown. However, t he  
design  planned  for   the 90-kWe system a t  the   terminat ion of the  program  can  be 
seen   i n   F igu re  5-129. This  design  incorporated  redundant  bellows , an  actua- 
tor pis ton ,  and a four-way  valve  with  the  lubricant-coolant  f luid  supplying 
the   ac tua t ing   force .  No  u n i t s  were  procured  nor was the  design  developed 
beyond the  conceptual   s tage.  

Ten concepts  analyzed were a l l  low-pressure  systems. A l l  concepts 
were  analyzed , 

0 

0 

0 

0 

based on the  following  operational  requirements and l i m i t a t i o n s :  

Operate i n  a z e r o   t o  one gravi ty .  

Perform a minimum of .20 s ta r tups   and  shutdowns without   adjust-  
ment or serv ic ing .  

Mul t ip le   s ta r tup   a t tempts  (at  l e a s t  two). 

T r i m  the   i nven to ry   i n   t he  mercury  loop t o   e s t a b l i s h   v a l i d  
s t eady- s t a t e   cond i t ions   i n   t he  conde.nser . 
Accept  mercury  inventory  during a normal  shutdown. 

Accept  mercury  inventory  during  an  emergency  shutdown. 

Respond t o   a n  emergency  shutdown s igna l   any  time a f t e r  
i n i t i a t i o n  of i n j ec t ion .  
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0 

0 

The 

Stop i n j e c t i n g  mercury when  a s p e c i f i c  minimum quan t i ty  has 
been  injected  and a minimum pressure  in  the  condenser  has  been 
reached. 

When the  mercury pump is  operat ing,   the  pump in le t   condi t ions  
must be  maintained  above minimum NPSH for   the   par t icu lar   speed  
and  flow,  and  below  the  pressure  capability of t he   v i sco   s ea l .  

Maintain  predictable  and r e p e t i t i v e  pressure-versus-time p r o f i l e  
a t   t h e  mercury flow control   valve i n l e t  dur ing   the   in jec t ion  
phase. 

Make up f o r  nominal   leakage  past   the   turbine-al ternator  and 
mercury  pmp  seals .  

Not r equ i r ed   t o  overcome loss of  mercury  loop  integrity. 

system s e l e c t e d   f o r   t h e  90-kWe system was a low-pressure  injec- 
t ion  reservoir  with  redundant  bellows, powered by a p i s ton  which was  moved by 
the  pumped lubricant-coolant   f luid.   Port ing t o  i n j e c t  or ext rac t   mercury   to  
or from  the  main  loop was controlled  by a four-way  valve i n   t h e   l u b r i c a n t -  
coolant  loop  such  that  discharge  pressure  from  the  lubricant-coolant  pmp 
could  be  directed t o   e i t h e r  s i d e  of the   ac tua t ing   p i s ton .  

A p re l iminary   spec i f ica t ion  was prepared and vendors were being 
contacted  to   formulate  a workable,   fabricable  design  of  the  mercury  injection 
r e se rvo i r  a t  program  termination. 

A mercury  injection system f o r  a s i n g l e - s t a r t  35-kWe system include 
a mercury  inject ion  reservoir  which consis ts  of a l.20 convolute,  nesting 
r i p p l e ,  0.012-inch th i ck ,  Type 347 SS bellows, a bal l -end  safety  shutoff  
valve, a hold-down b o l t ,  a pressure gate,  and a can i s t e r .  The shutoff  valve 
is  a double  solenoid,   latching,  spring-loaded  shear  plate  design. The n i t r o -  
gen p res su r i za t ion  system consis ts  of a 3000-psig  pressure vessel, a  two-way 
solenoid  valve, a pressure   regula tor ,  a charge  valve and a check  valve.  This 
system i s  mounted on a p l a t e   t h a t  is  welded t o   t h e  bottom of the   r e se rvo i r .  

The design  parameters of the  exis t ing  mercury  inject ion systems f o r  
a s i n g l e - s t a r t  35-kWe system are itemized  in  Table 5-XXXVI. The design 
parameters for the  low-pressure  mercury  injection system for t he  90-kWe system 
ut i l iz ing   the   lubr icant -coolan t   pmp  d ischarge  pressure f o r   a c t u a t i o n   a r e  
i temized  in  Table 5-XXXVII. 
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TABLE 5-xxxv1 DESIGN PARAMETERS - MERCURY INJECTION SYSTEM 
FOR  SINGLE-START  SNAP-8  35-kWe  SYSTEM 

Parameter  Design  Description 
~~. ~ . -~ ~ 

Reservoir Assembly 

Number of convolutes 

Diaphragm thickness  & type 

Materia 1 

Bellows OD & I D  

Ef fec t ive   a rea  

Spr ing   r a t e  

Volume displacement 

Operating  pressure 

In te rna l   to   be l lows  

External  to  bellows 
Bellows & top  plate   weight  

S t resses   ( inc ludes   p ressure  
s t r e s s   a t  10 p s i  A P  and 
d e f l e c t i o n   s t r e s s )  

ID j o i n t  (room temp.) 
Mean s t r e s s  

A l t e rna t ing   s t r e s s  

L i f e  

OD j o i n t  (room  temp.) 

Mean s t r e s s  

Stroke 

Fundamental  longitudinal 
accordion  vibrat ion mode 

Shell   requirements 

Operating  pressure 

Fr oof 

B u r s t  

Bellows  acceptance test  f l u i d  

She l l   ma te r i a l  

120 

0.012 i n . ,   n e s t i n g   r i p p l e  

Type 347 ss 
8.00 x 6.50 i n .  
41.4 i n .  2 

20  lb/ in .  

335 in .3  m i n .  with 10 ps id  Max. 

600 psi-max.  with AP i n t e r n a l   t o   e x t e r n a l  

600 psi-max.  with AP e x t e r n a l   t o   i n t e r n a l  
19.27 l b  

10 p s l  max. 

30 p s l  max. 

23,000  lb/in.  

16,000 l b / in .  

I n f i n i t e  

2 

2 

21,000 l b / i n .  

16,500 l b  / i n .  

I n f i n i t e  

8.75 i n .  

10 Hz 

2 

2 

1800 ps ig  

2250 ps ig  

2500 p s i g  

Freon TF -22 

Type 410 SS 
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TABLE 5-rowrVI (continued) 

Parameter Design Description 

Nitropen  Pressurization System 

Pressure vessel  volume 
Solenoid  valve 
Operating  pressure 

Proof pressure 
B u r s t  pressure 
Flow r a t ing  

Current  drain 

Pressure regulator 
Outlet  pressure 

Flow ra t ing  

Lockup 

Startup & Shutoff Double-Solenoid  Valve 

Current  Drain 

Minimum pu l l   vo l t age   a t  VoF. 
Normal operating  pressure 
Maximum solenoid  temperature 
Flow capacity 

150 in.3 min. 

3000 psig 

4500 psig 
6660 psig 
With inlet  press.  range of 3000 psig 
t o  TOO psig & an  increasing flow from 
zero t o  5 SCFM, the   ou t le t  pressure 
is  t o  be  maintained a t  600 2 15  psig. 
1.4 amps max. a t  18 - 30 Vdc, 
Continuous duty 

600 2 15 psig 
Zero t o  5 SCFM (increasing  flow  only) 
a t  600 2 15 psig. 
650 psig (Max. ) regulated  pressure 

3.0 amps max. a t  28 Vdc., intermit tent  
duty. 

1 5  Vdc a t  zero psid, 28 Vdc a t  350 psid 
350 psid 

4OO0F (soak), 275 F (operating) 
600 lb/hr  (pglyphenyl  ether) a t  0.25 
psid and 250 F. 

0 
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TABU 5 - m 1  DESIGN P-S - MERCURY INJECTION SYSTEM 
FOR SNAP-8 90-kWe SYSTEM 

Parameter 
- 

Reservoir Assembly 

Large  Bellows OD & I D  

No. convolutes  ( large  bellows) 

Small bellows OD & I D  

No. convolutes (small bellows ) 
Diaphragm thickness & type 
(large  bellows ) 
Diaphragm thickness  & type 
(small bellows ) 
Stroke  ( large  bellows) 

Nested  height  (large  bellows ) 
Effect ive  area  ( large  bel lows)  

Tota l  volume (large  bellows) 

Press .   req ' t s   ( la rge   be l lows)  

Operating 

Proof 

B u r s t  

Temp. Req'ts   ( large  bellows) 

Operating 

Maximum 

Press .   r eq ' t s  (small bellows) 

Operating 

Proof 

B u r s t  

Temp. r e q ' t s .  (small bellows) 

Operating 

S e r v i c e   l i f e  

We igh t 
S h e l l  & p la t e s   ma t ' l .  

Design  Description 
. .  ~ " . ~~ 

17.00 in .  OD x 16.00 i n .  I D  

15 
1.062 i n .  OD x 0.562 i n .  I D .  

68 
0.008 i n .  th ick ,  AMs 5507 (316 L )  

0.005 in .   t h i ck ,  AMS 5507 (316 L )  

3.360 i n .  

0.390 in .  

213.8 i n .  
690 i n .  

2 

3 

80  psia max. 

150 psia  

250 psia  

50°F t o  463OF 
600'~ 

100 p s i a  max . 
188 ps ia  

313 psia  

50°F t o  2 50°F 
5 years  

130 l b  

AMs 5507 (316 L )  
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6.0 ELECTRICAL CONTROL SYSTEM 

6.1 CONTROL SYSTEM  DESIGN 

6.1.1 In t roduct ion  

The SNAP-8 e l e t r i ca l   con t ro l   sys t em  p rov ides   t he   con t ro l  and regula-  
t ing   func t ions   necessary   for   s ta r tup ,   s teady-s ta te   opera t ion ,   and  shutdown  of 
the  power plant.   These  functions  include: 

0 Regulation of the   tu rb ine-a l te rna tor   speed   to   p rovide   cons tan t  
output power f requency   to   the   load .  

0 Regula t ion   of   the   a l te rna tor   ou tput   vo l tage .  

0 Control of t he   s t a r tup  and shutdown  sequencing. 

0 Provid ing   s ta r tup  and shutdown power. 

0 Protec t ion  of t h e  power system and connected  load. 

The components  which  perform  these  functions  and  their  interconnections 
a re  shown d iagrmat ica l ly  on Figure 6-1. The major  control  system components are:  

6.1.1.2  Speed  Control  System. - The speed  of   the  turbine-al ternator  i s  regulated 
by  matching  the  output power t o  t he   ava i l ab le   t u rb ine  power. This i s  accomplished 
by means of  a parasit ic  load  which  absorbs  any power in   excess  of  the   vehic le  
load  requirements. The speed  control module regulates   the  output  power frequency 
by  control l ing  the power f low  th rough   t he   s a tu rab le   r eac to r   t o   t he   pa ra s i t i c  
load. 

0 P a r a s i t i c  Load Resistor.-   Absorbs  the power output  from  the  speed 
cont ro l   sa turab le   reac tor .  

0 Programmer.- Controls a l l   f u n c t i o n s   o f   t h e  power conversion 
system  including  sequencing a t  s t a r t u p  and shutdown, and pro- 
v ides   i n t e rna l  and e x t e r n a l   f a u l t   p r o t e c t i o n   i n   c o n j u n c t i o n  
with  the  protective  system. 

0 Protective  System.-  Detects  internal and e x t e r n a l   f a u l t s   i n   t h e  
e l ec t r i ca l   sys t em and in i t i a t e s   t he   necessa ry   co r rec t ive   ac t ion .  

0 Inverter . -   Converts   de  bat tery power to   ad jus tab le   f requency ,  
ad jus tab le   vo l tage   ac  power a s   r equ i r ed   t o   ope ra t e   t he  pump 
motors  during  startup and shutdown  of the power conversion 
system. 
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Figure 6-1 Electrical Control System Block Diagram - 35-kWe SNAP-8 System 



0 Direct  -Current Power Supply. - Provides a power sou rce   fo r   s t a r tup  
and  shutdown of t h e  power conversion system. It includes means 
of   recharging  and  maintaining  the  bat ter ies   during  per iods  which 
t h e  power conversion  system i s  operat ing.  

0 Vehicle Load Breaker. - Connects  the  vehicle  load t o  the power 
conversion  system. 

0 Motor Transfer  Contactors.-   Transfer  the pump motors  from s t a r t -  
up  and  shutdown i n v e r t e r  power t o   a l t e r n a t o r  power for   s teady  
s ta te   opera t ion .  

6.1.2 90-kWe System 

The e l e c t r i c a l  system  block  diagram  for  the 90 kWe system i s  shown 
i n  Figure  6-2. The sys t em  des ign   u t i l i ze s   ex i s t ing  SNAP-8 components wi th  a 
minimum of  modifications.  

Two SNAP-8 a l t e rna to r s   a r e   r equ i r ed   t o   gene ra t e  120-kW of  e l e c t r i c a l  
power t o  supply 90-kW of   useful   output  i n  a d d i t i o n   t o   t h e  power sys tem  auxi l ia r ies .  
They w i l l  be dr iven  by a single  turbine  assembly and o p e r a t e   i n   p a r a l l e l .  The 
sha r ing   o f   t he   e l ec t r i ca l  power (kW) w i l l  be accomplished  by  proper  alignment 
of t h e   s t a t o r s  and r o t o r s  of the  two a l t e r n a t o r s .  Once the  re la t ionship  between 
the  two  machines i s  se t   the   load   shar ing  i s  establ ished  by  the machine e l e c t r i c a l  
c h a r a c t e r i s t i c s .  The power output o f  an a l t e r n a t o r  i s  a funct ion  of   the  angle  
between  the  internal   vol tage and the   t e rmina l   vo l tage  commonly r e f e r r e d   t o   a s  
the  displacement  angle,  or power angle. 

The te rmina l   vo l tage  of two a l t e rna to r s   connec ted   i n   pa ra l l e l  i s  
iden t i ca l ;   t he re fo re ,   t he   l oad   d iv i s ion  i s  a funct ion  of   the power angle  of 
each  machine. When machines  are  coupled  mechanically  to a common prime  mover, 
the  power angle i s  determined  by  the  alignment  between  the two machines. To 
determine  the  effect  of angular  differences  between  the two machines  on t h e i r  
load  sharing,  the kW output vs power angle was ca lcu la ted   for   the  SNAP-8 
a l te rna tor .   F igure  6-3 shows t h a t ,   f o r  60 kW output   a t  1.0 PF, the  power 
angle i s  28.3 degrees.  Allowing a maximum unbalance  load  of 10% between  two 
p a r a l l e l e d   a l t e r n a t o r s ,   t h e  maximum angular  al ignment  error may be  determined 
f r o m t h e  power vs  power angle  curve. If one a l t e r n a t o r  i s  supplying 57 kW 
while   the  other  i s  supplying 63 kW, the  power angles  are  26.6  degrees and 
30.2 degrees,   respectively.  The d i f fe rence  of 3.6 e l e c t r i c a l   d e g r e e s  o r  1.8 
mechanical  degrees i s  the  angular  tolerance  allowed  between  alternators  to 
d iv ide   the   load   wi th in  10% of  each  other. 

The angular   def lec t ion  of t h e   a l t e r n a t o r   q u i l l   s h a f t  w i l l  have l i t t l e  
e f f e c t  on the  load  sharing  between  machines. The ca l cu la t ed   de f l ec t ion   a t  
60 kW load i s  only  0.21  degrees.  Inasmuch  as  the  load  sharing i s  affected  by 
the  difference  between  the two q u i l l   s h a f t s ,   t h e   n e t   e f f e c t  w i l l  be neg l ig ib l e ,  

372 



W 
4 
W 

SCPT  SATURABLE  CURRENT POTENTIALTRANSFORMER 
PMA  PUMP  MOTOR  ASSEMBLY 
IL INTERMEDATE LOOP, 
L/C LUBRICANT/COOLANT 
HR HEAT  REJECTION 
EMP  ELECTROMAGNETIC  PUMP 

45 KW LOAD 

Figure  6-2 E l e c t r i c a l  System Block  Diagram  for  90-kWe SNAP-8 System 



The reac t ive   load   d iv is ion   be tween  a l te rna tors  may be  accomplished 
by  supplying  the same f i e l d   e x c i t a t i o n   t o   e a c h  machine. For a p a r t i c u l a r  
machine operating at a cons tan t   ou tput   vo l tage   the   f ie ld   cur ren t ,  power output 
(kW) and power f ac to r s   a r e   i n t e r r e l a t ed .   The re fo re ,  i f  t h e  power output  and, 
f ie ld   cur ren t   a re   p rede termined   then   the  power f a c t o r  i s  a l s o  predeter$ined. ’ 
For  example, i f  t he   f i e ld   cu r ren t   o f   t he  two a l t e r n a t o r s  i s  made identYca1  by 
connecting  the two f i e l d   c o i l s   i n   s e r i e s ,  and t h e  power i s  divided  eqkal ly   by 
proper  alignment as previously  discussed,   then  the power fac tor   o f   each  machine 
w i l l  be  the same w i t h i n   t h e   l i m i t a t i o n s  imposed by  machine  manufacturing 
var ia t ions .   F igure  6-4 shows the   re la t ionship   be tween power f a c t o r , .   f i e l d  
cur ren t  and power output  of  the- SNAP-8 a l t e r n a t o r .  For a  power f a c t o r  change 
from 1.0 t o  0.95  lagging  at  60 kW output ,   the   f ie ld   cur ren t  change i s  from 
12.2 t o  14.3 amperes. This d i f fe rence  3.s an   i nd ica t ion   o f   t he   s t rong   i n f lu -  
ence  of  the power f a c t o r  upon t h e   f i e l d   c u r r e n t  of the   a l te rna tor .   Cons ider ing  
t h a t   t h e   v a r i a t i o n   i n   r a t e d   l o a d   f i e l d   c u r r e n t  of t h e   f i v e   p r o t o t y p e   a l t e r n a t o r s  
was l e s s   t h a n  one ampere, it can  be  expected  that   the  power f ac to r   d i f f e rence  
between  paral le led  a l ternators  would  be l e s s   t h a n  0.05 u n i t s .  

A s ing le   vo l t age   r egu la to r - exc i t e r  w i l l  supply   exc i ta t ion  and con t ro l  
the  voltage  of two a l t e r n a t o r s .  The sa tu ra t ing   cu r ren t   po ten t i a l   t r ans fo rmer  
(SCPT) w i l l  r equ i r e   mod i f i ca t ion   t o  meet the  modified  requirements  of  the  higher 
rated  system. The t o t a l   e x c i t a t i o n  power of   the two a l te rna tors   each   opera t ing  
a t  60 kW, 1.0 PF, i s  lower  than one a l te rna tor   opera t ing  a t  i t s  o r ig ina l   des ign  
r a t i n g  of 60 kW, 0.75 PF, as shown by  the  fol lowing  table .  

Alternator   Exci ta t ion  Required 

35-kWe System 90-kWe System 

Al te rna tor   ra t ing ,  kW 

Al te rna tor  PF 
Al te rna to r   f i e ld   cu r ren t ,  amp 

Al t e rna to r   f i e ld   vo l t age  

A l t e r n a t o r   f i e l d  power, watts 

Alternator   output   current ,  amp 

SCPT current ,  amp 

Exc i t a t ion  power requi red ,   wat t s  

60 
0.75 1% 

19 
48 

9 u  
222 

222 

9 2  

60 (2 Req’d) 

0.975 1% 
13 (each) 

31 (each) 

403 (each)  

171 (each) 

342 ( t o t a l )  

806 ( t o t a l )  

The pr imary  winding  of   the  s ta t ic   exci ter   would  require   fewer  turns  
capable of a higher  current  capacity  while  the  output  winding would  need more 
turns of a lower  current   capaci ty   to  meet the  requirements  of  the combined 
a,l ternator  system. The overa l l   s ize   o f   the   un i t   should  be t h e  same s ince   t he  
power output i s  similar. 

A s  a n   a l t e r n a t i v e   t o   s u p p l y i n g   e q u a l   e x c i t a t i o n   t o   b o t h   a l t e r n a t o r s  
from a s ingle   vo l tage   regula tor -exc i te r ,  two voltage :regulstol”exc:i.ke r s  m3y 
be uszd w i t h   c r o s s - c u r r e n t   c o r q a s a t i m .  I’hi:; w x L 1  fo rce  :?qual di.visiono of 
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r eac t ive  kVa by   sens ing   cur ren t   o f   each   a l te rna tor   and   ad jus t ing   the   f ie ld  
e x c i t a t i o n   t o  minimize  the  c i rculat ing  currents .  

The speed   cont ro l   for   the  90-kWe system  would  require a c a p a b i l i t y  
of diss ipat ing  approximately 100 kW o f   e l e c t r i c a l  power. This  can  be accom- 
pl ished  by  using two of   the  present  SNAP-8 speed   cont ro l   un i t s  and p a r a s i t i c  
load r e s i s t o r s   r a t e d  50 kW each. For bes t   r e su l t s ,   t he   f r equency   s e t t i ngs  
should  be  staggered so t h a t   t h e  puwer t o  one u n i t  w i l l  approach minimum before 
the  second  uni t  i s  unloaded. This w i l l  decrease  the  speed  regulation  accuracy 
s l i g h t l y   b u t  w i l l  r e s u l t   i n   l e s s   s y s t e m   v o l t a g e   d i s t o r t i o n  due to   non l inea r  
currents   to   the  speed  control .  

The th i rd   cons ide ra t ion   fo r   pa ra l l e l   ope ra t ion  o f  a l t e r n a t o r s  is 
s t a b i l i t y .   I n s t a b i l i t y  can r e su l t   f rom  va r i a t ion   i n   d r iv ing   t o rque ,   l oad ,  and 
f i e l d   e x c i t a t i o n .  The relationship  between  torque  and power angle  along  with 
the   mechanica l   iner t ia   o f   the   ro ta t ing   par t s  and t h e  damping torque   resu l t ing  
from  the  ra te  of  change of t he  power angle  could  provide  the  elements  of  an 
o s c i l l a t o r y  system. 

The conditions imposed  by  the  proposed  paral le l   operat ion  of   a l terna-  
t o r s   e l imina te  most of t he   va r i ab le s  that  could  cause  instabi l i ty .   Variat ions 
i n   f i e l d   e x c i t a t i o n  may be  e l iminated  by  ser ies   connect ion  of   the  a l ternator  
f i e l d s  and  the  relationship  between  torque and power angle i s  t h e  same f o r   b o t h  
a l te rna tors   s ince   they   a re   d r iven   f rom a comon  prime mover. 

The power factor   correct ion  requirements  of t h e  90-kWe system  are 
approximately  double  that  of the  35-kWe system as Shawn on the  fol lowing  table .  

Power Factor  Correction  Requirements 

35 -kWe System 90 -kWe Sys tem 

Pump  -mot or 18.4 18.4 

Speed con t ro l  16.1 32.2 

Vehicle  load 21.6 - 55 
Tot a1 56.1 105.6 

This  requirement may be met by  use  of two power f ac to r   co r rec t ion  
assemblies. 

The vehicle   load i s  90-kWe a t  0.85 PF r e s u l t i n g   i n  a load  current  of 
294 amperes. The present   vehicle   load  breaker  is r a t ed  175 amperes. To use 
ava i l ab le  hardware,  the  vehicle  load may be  divided  into two 45 kW sec t ions ,  
each  controlled  by a separate   vehicle   load  breaker .  
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The requi rements   for   o ther   e lec t r ica l   sys tem components are  expected 
t o  be   app l i cab le   t o   t he  90-kWe s y s t e m   w i t h   l i t t l e  or no change.  These  include: 

0 System  programmer 

0 Elec t r i ca l   p ro t ec t ive   sys t em 

0 Pump-motor 

0 Motor t r ans fe r   con tac to r s  

6.1.3 35-kWe System 

The  35-kWe sys t em  e l ec t r i ca l  system i s  shown i n  the  block  diagram 
Figure 6-1. The major components shown were  developed  and  tested as p a r t  of 
t h e   o v e r a l l  power conversion  system. A b r i e f   d e s c r i p t i o n  of t h e i r   f u n c t i o n s  
i s  given i n  the  introduct ion  of   this   sect ion  fol lowed  by  detai led  discussion 
of  each  major component in   the   fo l lowing   sec t ions .  A major e f f o r t  of   the  
SNAP-8 Program was devoted t o   t h e  development  of t hese  components. Many of 
the  components  developed a r e   s u i t a b l e   w i t h   l i t t l e  o r  no change for   h igher -  
power systems,  including  the 90-kWe system, 

6.1.4 Design  Approach f o r  E lec t r i ca l   Con t ro l  Components 

The mhjor  design  objective of t h e  SNAP-8 e l ec t r i ca l   con t ro l   sys t em 
is  t o  provide a system  with good  performance and the   h ighes t   poss ib l e   r e l i ab i l i t y .  
A t  the   t ime of t he   e l ec t r i ca l   sys t em  deve lopmen t ,   t he   r e l i ab i l i t y   goa l  of t h e  
SNAP-8 power conversion  system w a s  99.9% f o r  10,000 hours of continuous  opera- 
t i o n   i n  a space  and  nuclear  radiation  environment. Whereas an  increase i n  
component weight  could  be  tolerated t o  improve r .e , l i ab i l i ty ,  a f a i l u r e  would 
r ende r   t he   t o t a l   sys t em  use l e s s .  

The design  techniques employed to  assure  reliable  performance  were: 

0 Use of components of proven r e l i a b i l i t y  

0 Circu i t   s imp l i c i ty  

0 Electr ical   connect ions of  p o s i t i v e   r e l i a b i l i t y  

0 Redundancy of  vulnerable components 

0 Component dera t ing  

0 I s o l a t i o n  of  circuit   elements  from  environmental   hazards 

0 Performance t e s t i n g  

The s e l e c t i o n  of  components  was s t rongly   in f luenced   by   the i r  reli- 
a b i l i t y  under  the imposed environmental  conditions.  Magnetic  control  components 
were  favored  over  semiconductors  since  they  are  less  susceptable  to  nuclear 
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r a d i a t i o n  damage. Similar ly ,   s i l icon  diodes  were  favored  over   t ransis tors   and 
s i l i c o n   c o n t r o l l e d   r e c t i f i e r s .  

Where r ec t i f i e r s   a r e   r equ i r ed ,   t he   d iodes  were  connected , i n   s e r i e s -  
parallel   combinations  (quads).  B y  use  of  this  redundant  configuration, a 
s ing le   d iode   f a i lu re  may be   t o l e ra t ed   w i thou t   a f f ec t ing   t he   func t ion   o f   t he  
r e c t i f i e r .  The use  of   the   quad  a lso  effect ively  derates   each  diode 50% i n  
both  voltage  and  current,  under  normal  operation.  Figure 6-5 i l l u s t r a t e s  how 
t h e   f a i l u r e   r a t e  i s  reduced  by  redundancy.  For  example, a s ingle   d iode   fa i lure  
r a t e   o f  0.01% i s  decreased t o  0.00001 % when the  diode i s  replaced by a 
quad. 

R e s i s t o r s   a r e   s e l e c t e d   f o r   t h e i r   r e s i s t a n c e   t o   f a i l u r e   b y   s h o r t  
c i r c u i t i n g  and then  connected  in   paral le l   combinat ions  to   minimize  the  effect  
of a s ing le   open-c i r cu i t   f a i lu re .  

Major emphasis  has  been  placed  on  the  integrity  of  electrical   connec- 
t i o n s   t o  minimize t h i s  common cause  of e l e c t r i c a l   f a i l u r e .  Welded connections 
are   used  wherever   possible   throughout   the  e lectr ical   equipment .   Electr ical  
connections  which  depend upon spr ing  pressure  to   maintain  contact   are   avoided.  

The e l e c t r i c a l  components a re   des igned   for   opera t ion   in  a space 
environment  and  high  nuclear  radiation  in  addition t o  environments  of  terres- 
t r i a l   o r i g i n   r e s u l t i n g  from  packaging,  handling,  transportation,  and  storage. 
Factors  such as opera t ion   in   hard  vacuum have resu l ted   in   the   use   o f   conduct ion  
as t h e  major means of component cooling.  Heat  generated  within  the ccmponent 
i s  removed by  conduction t o  cooled  heat  sinks upon  which the  components a re  
mounted. Component placement was i n  many cases   governed  by  the  avai labi l i ty  
of good heat   conduct ion  paths   to   the  cooled  surfaces .  

The nuc lea r   r ad ia t ion   l eve l  t o  wh ich   t he   e l ec t r i ca l  components  were 
t o  be  exposed was an  important  factor  in  determining  the component se lec t ion .  
The e l e c t r i c a l  components a re   r equ i r ed   t o   w i ths t and   t he   fo l lowing   t o t a l   i n t e -  
gra ted   rad ia t ion   dose :  

1 x NVT fas t   neut rons  

1 x 10 r a d s   ( e )  gamma 6 

6.2 VOLTAGE  REGULATOR-EXCITER 

6.2.1 In t roduct ion  

The vol tage  regulator-exci ter   provides  -+ 3% regulation  over a load 
range  of 3.5 t o  35 kW a t  a power f a c t o r  of 0.85 lagging  under a l l  spec i f ied  
environmental   conditions.   Required  reliabil i ty was 99.9% f o r  10,000 hours of 
continuous  operat  ion. 

To meet these  system  requirements   the  vol tage  regulator-exci ter  was 
designed  to   regulate   the  a l ternator   vol tage  to   the  fol lowing  requirements:  
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0 208 v o l t s   l i n e - t o - l i n e  k 3% 

0 0 t o  60 kW a l t e r n a t o r   l o a d  

0.75 lagging t o  1.0 power f ac to r  

0 400 Hz k 1% frequency  range 

If the   a l t e rna to r   f r equency   dev ia t e s  from 400 Hz, the  vol tage i s  maintained 
proport ional   to   f requency  to   avoid  saturat ion  of   magnet ic   devices .  The regula-  
t o r  i s  designed t o   s u p p l y   s p e c i f i e d   c u r r e n t s   u n d e r   s h o r t   c i r c u i t   c o n d i t i o n s   t o  
a l low  p ro tec t ive   dev ices   i n   t he   l oad   t o   func t ion ,  and t o  recover  to  normal 
operating  conditions when t h e   f a u l t  i s  removed, 

The a l t e rna to r   vo l t age  i s  regulated  by  automatical ly   adjust ing  the 
a l t e r n a t o r   f i e l d   c u r r e n t   t o  compensate f o r  changes in   l oad  and f i e l d - c o i l  
temperature.  Regulation i s  provided  by  the  vol tage  regulator  and the   sa turab le  
cur ren t   po ten t ia l   t ransformer .  The vol tage   regula tor  module r e u s e s   t h e   a l t e r -  
nator  output  voltage  and  compares it t o  a reference  which i s  p r o p o r t i o n a l   t o  
frequency. The output   o f   the   vo l tage   regula tor   cont ro ls   the   sa tura t ion   leve l  
of the  saturable   current   potent ia l   t ransformer  which  suppl ies   the  required 
f i e ld   cu r ren t   t o   ma in ta in   t he   a l t e rna to r   vo l t age   w i th in   spec i f i ed  limits. 

A s  i n  a l l  SNAP-8 components, the  primary  design  considerations  are 
r e J i a b i l i t y  and  performance. The vol tage   regula tor -exc i te r  i s  a sea led   un i t  
designed  for  conduction  cooling t o  the   hea t   s inks  upon  which it i s  mounted. 

It i s  designed  to   avoid  mult iple   amplif ier   s tages ,   regulated power 
suppl ies ,  and o ther   compl ica t ing   c i rcu i t s .  A schematic of  t h e   u n i t   i s  shown 
i n   F i g u r e  6-6. To reduce  complication  and  eliminate a f a i l u r e  mode, an   ex ter -  
nal   vol tage  adjustment  i s  omit ted.   Circui ts   requir ing  the 
semiconductors and no capaci tors   are   used  because  of   the  vulnerabi l i ty  
of   these components t o   n u c l e a r   r a d i a t i o n  and  high  temperature, A b a s i c   c i r c u i t  
was chosen  which  uses  magnetically  active components  and excludes  the  use of 
t r a n s i s t o r s  and s i l i c o n   c o n t r o l l e d   r e c t i f i e r s .  The system i s  s t ab i l i zed   by  
means of a  damping t r ans fo rmer   i n   p re fe rence   t o  a resistance-capacitance  network. 

The diodes  are  controlled  avalanche  si l icon  types.  Only wire-wound 
or f i lm-type  res is tors   are   used  because  the  possibi l i ty  of s h o r t   c i r c u i t   f a i l u r e  
of these  types i s  very low. The cores of the  magnetic components a r e   b u i l t  up 
of laminat ions,   and  coi ls   are   layer  wound t o  minimize  the  possibil i ty  of  turn- 
t o - tu rn   sho r t s .  To minimize  breakage, no wire  smaller  than Number 30 i s  used 
i n  any  of the wire-wound  components. 

During  operat ion  a t  no load, a l l  t h e   a l t e r n a t o r   f i e l d   e x c i t a t i o n  i s  
suppl ied  by  the  vol tage  winding  of   the  saturable   current   potent ia l   t ransformer.  
When load i s  app l i ed   t o   t he   a l t e rna to r ,   t he   l oad   cu r ren t   pas s ing   t h rough   t he  
current   winding  of   the  saturable   current   potent ia l   t ransformer  suppl ies  addi- 
t i o n a l   e x c i t a t i o n   t o   t h e   a l t e r n a t o r   f i e l d  t o  compensate fo r   t he   add i t iona l  
vol tage  drop  in   the  a l ternator   produced  by  such a load  current.  Lagging power 
factor  current  produces more exci ta t ion  than  in-phase or leading  current,   and 
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since  lagging power f ac to r   l oads   r equ i r e  more exci ta t ion  than  in-phase or 
l ead ing   loads ,   the   increased   exc i ta t ion   suppl ied   by   the   load   cur ren t   t ends   to  
compensate for  changing  power-factor  loads.  Compensation i s  not   p rec ise ,  s o  
a r egu la to r   con t ro l - c i r cu i t  i s  provided t o   a d j u s t   t h e   o u t p u t   o f   t h e  saturable 
current   potent ia l   t ransformer.  When a load change  occurs, and t h e  compensa- 
t i o n  i s  too   g rea t  or too   l i t t l e ,   t he   vo l t age   ou tpu t   o f   t he   a l t e rna to r   r i s e s  
or falls  accordingly. The vo l t age   r egu la to r   s enses   t h i s  change and suppl ies  
cont ro l   cur ren t  f'rom the   magnet ic   ampl i f ie r   to   the   sa turab le   cur ren t   po ten t ia l  
t ransformer.   This   changes  the  output   of   the   saturable   current   potent ia l   t rans-  
former i n   t h e   c o r r e c t   d i r e c t i o n   t o   r e t u r n   t h e   a l t e r n a t o r   v o l t a g e   t o   t h e   r a t e d  
leve 1. 

The vol tage   regula tor -exc i te r  is  capable  of  regulating  the  output 
vol tage  of   the SNAP-8 a l t e r n a t o r  from 0 t o  80 kVa over a  power factor   range 
from l e s s   t h a n  0.75 l a g g i n g   t o  0.9 leading. The  minimum lagging power f a c t o r  
i s  determined  by  the  f ie ld   current   requirements   of   the   a l ternator .  The  maximum 
cont inuous   f ie ld   cur ren t   capabi l i ty  of t he   vo l t age   r egu la to r - exc i t e r  is 
24  amperes. The a l t e rna to r   f i e ld   cu r ren t   r equ i r emen t  a t  80 kVa 0.75 power 
fac tor   l agging  i s  approximately 20 amperes. 

The vol tage   regula tor -exc i te r  w i l l  provide  exci ta t ion  under  fault 
conditions t o   d e l i v e r   t h e   f o l l o w i n g   f a u l t   c u r r e n t s .  

0 Three-Phase  Short  Circuit - 2.8 pu 

0 Single-Phase L-N Short   Circui t  - 4.2 Pu 

0 Single-phase L-L Short   Circui t  - 3.0 Pu 

The vol tage   regula tor -exc i te r  and a l t e r n a t o r  must be protected  from 
overheating  which would r e s u l t  f rom  short   c i rcui ts   of   extended  durat ion  (greater  
than  15 seconds). This p ro tec t ion  i s  provided   by   the   e lec t r ica l   p ro tec t ion  
system  which w i l l  open the  vehicle  load  breaker  and/or  shut down the power con- 
vers ion   sys tem  in   the   event   o f   the   resu l t ing  low or unbalanced  voltages. 

The r a t i n g  summary of t he   vo l t age   r egu la to r - exc i t e r  i s  as follows: 

Rated  voltage 120/208, * 3% 

Rated  frequency, Hz 400, * 1% 
Rated  current, amp 200 

Power Factor  

Rated  output, kVa 
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Maximum continuous  current , amp 222 

Maximum cont inuous   f ie ld   cur ren t ,  amp 24 

Voltage  regulator  heat  sink  temperature,  F 170 

Reactor-transformer  heat sink temperature, OF 240 

0 

Voltage  regulator loss, watts 110 

Reactor-transformer loss, watts 80 

Voltage  regulator   weight ,   lb  72 

Reactor-transformer  weight,   lb 72 

6.2.2  Physical  Descriptions 

The vol tage   regula tor  module and sa tu rab le   cu r ren t   po ten t i a l  trans- 
former module are   hermetical ly   sealed  packages  to   protect   the  components, 
wir ing,  and i n s u l a t i o n  from e a r t h  and  space  environments. The enclosures   are  
s o  constructed  the  heat   developed  within  the module i s  t ransfer red   th rough 
t h e   b a s e   t o  a l iquid-cooled  heat   s ink.   Electr ical   connect ions  are  made i n t o  
the  modules  through  hermetically  sealed  feed-through  terminals  with  ceramic 
in su la to r s .  The vol tage  regulator  module i s  ‘shown in   F igu re  6-7, and t h e  
sa turab le   cur ren t   po ten t ia l   t ransformer  module is shown i n  Figure 6-8. 

Included i n  the   vo l tage   regula tor  module a re   t he   s a tu ra t ing   t r ans -  
former  reference,   the  voltage  sensing  and  comparison  circuit ,   the  magnetic 
amplif ier ,   and  the damping transformer.  The exc i te r   un i t   inc ludes   the   sa tu-  
ra t ing  current   potent ia l   t ransformer,   and  the  l inear   reactor .  

6.2.3 Demonstrated  Performance 

During  acceptance t e s t s   w i t h   t h e  SNAP-8 a l te rna tor ,   four   vo l tage  
regula tor -exc i te rs   were   t es ted .  The load was va r i ed  from no l o a d   t o  full 
load, 60 kW a t  0.75 F’F with  the  f requency  held i n  cons t an t   a t  400 * 1 Hz. 
All fou r   un i t s   he ld   t he   vo l t age   w i th in  k 0.6%. The recovery  time of the   four  
u n i t s  on  sudden  load  application (60 kW at  0.75 F’F) var ied  from 0.35 t o  0.27 
seconds; on removai  of  the same load,  the  recovery  time  varied  from  0.27 t o  
0.20 seconds. A l l  systems  were  stable d u r i n g  t h e s e   t e s t s  and showed  no 
tendency t o   o s c i l l a t e .  On sudden  application  and  removal of two-per-unit 
impedance load,   the   vol tage  dip and r ise  was  approximately 15%; when var ious 
short-circui t   tes ts   were  conducted,   the  minimum current  value was  demonstrated 
t o  be  2.85  per  unit  on a th ree -phase   l i ne - to - l ine   sho r t   c i r cu i t .  

One vol tage   regula tor -exc i te r  was operated i n  an  endurance t e s t  
regula t ing   the   vo l tage   o f   an   a l te rna tor   d r iven   by   the   tu rb ine .  The unit 
performed  successfully i n  t h i s   t e s t   f o r  12,996 hours   without   fa i lure   and 
wi th  no adjustments. 
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Figure 6-7 Voltage  Regulator Module 

. . .  

Figure 6-8 Saturable  Current  Potential   Transformer Module 
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Another unit o p e r a t e d   s u c c e s s f u l l y   i n   t h e   e l e c t r i c a l   t e s t   f a c i l i t y ,  
durir& an endurance t e s t ,   f o r  23,130 hours.  During  these  tests,  the  voltage 
regula tor  module  was  mounted on a heat  sink which was  maintained a t  a  tempera- 
t u r e  of 170 t o  180°F to  simulate  the  expected  temperature  of  the  low-temperature 
. l iquid-cooled  heat s:i.nk. The saturable   current   potent ia l   t ransformer was  mounted 
on a heat   s ink  held at approximately 240%, the  expected'temperature of the  high- 
temperature  heat  sink.  During  this  period  of  operation,  the  voltage  held  within 
5 2.5% of   the   se t   po in t   inc luding   the   e f fec ts  of load,  temperature, and time 
changes . 

Suddenly  applied and  removed l o a d   t e s t s  were  conducted  during t h e  
turbine-al ternator   tes ts   with  the  speed  control   system  regulat ing  the  turbine-  
a l ternator   speed and the   vo l tage   regula tor -exc i te r   regula t ing   the   a l te rna tor  
voltage.  When a load of 36 kW at 0.83 lagging power f ac to r  was suddenly  applied, 
t h e  i n i t i a l  vol tage  dip was 14% and the   recovery  t o  546 occurred i n  0.2 seconds. 
When t h e  same load was suddenly removed, t h e   i n i t i a l   v o l t a g e   r i s e  was 9.3% and 
the   recovery   to  _+ 5% occurred  in  0.15 seconds  (see  Figure 6-9). 

Detailed  information on the  design and  performance  of the  vol tage 
regula tor   -exc i te r  may be  found i n  Reference 60. 

6.3.1 Introduct ion 

The speed  control  regulates  the  speed  of  the  turbine-alternator  to 
maintain  the  frequency of t he   ou tpu t   e l ec t r i ca l  power wi th in   spec i f ied  limits 
of 400 Hz k 1%. The speed  of  the  turbine-alternator i s  controlled  by  matching 
the  output power t o   t h e   a v a i l a b l e   t u r b i n e  power. This i s  accomplished  by means 
of  a  parasit ic  load  which  absorbs any surplus  parer  over  the  requirements of 
the  vehicle  load. The speed  control  system  accomplishes  this  function  by 
sensing  the  alternator  output  frequency and controll ing  the  current  f low  through 

' an  adjustable  impedance sa tu rab le   r eac to r   t o   t he   pa ra s i t i c   l oad .  

The se l ec t ion  of the   sa turab le   reac tor  as the  parer  control  element 
of  the  speed  control  system was based on r e l i a b i l i t y .  Compared t o   s i l i c o n  
c o n t r o l l e d   r e c t i f i e r s  and self-saturat ing  magnet ic   amplif iers ,   the   saturable  
r eac to r  wzs considered  the most r e l i a b l e  and leas t   susceptab le  t o  damage o r  
degradation due t o  nuclear   radiat ion.  It a l s o   p r o v i d e d   l e s s   d i s t o r t i o n   t o  
the   a l te rna tor   ou tput  and larer  radio  frequency  interference  because of i t s  
s lower  turn-on  character is t ic .  Its disadvantages  of  increased  size and weight 
and higher   control  power requirements  were  considered  of  lesser  consequence 
i n  view  of t h e   r e l i a b i l i t y   g o a l  of t he  system. 

6.3.2 Des ign and Deve  lopme n t  

The s inrpl ic i ty  of the   speed   cont ro l   bas ic   c i rcu i t ry  is shown i n   t h e  
schematic  diagram,  Figure 6-10. Seven rec t i f ie rs   a re   requi red ,   a l though  the  
redundancy  of  parts  used  to improve r e l i a b i l i t y   r e s u l t s   i n   t h e  use Of 28 
diodes. No bias  supply,   regulated or unregulated, i s  necessary  for  normal 
s teadyTstate   operat ion of t he  system. The ac t ive  components a re  wound magnetic 
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TIME: I SEWLINE VOLTAGE: I.85%/LINE 

205 VOLTS 
PHASE TO PHASE 

Load, 36 kw, 1.0 PF Suddenly Applied and Removed 
I >  

I 2 0 5  VOLTS 
PHASE TO PHASE 

Load, 36 kw, ,83 PF Suddenly Applied and Removed 

Figure 6-9 Voltage  Regulator  Exciter  Response t o  Suddenly 
Applied and Removed Loads 
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Figure 6-11 Speed Control Module 
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Figure 6 - ~ 2  Speed Control Power Transformer 
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Figure 6-13 Saturable  Reactor 
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36 KW STEP VEHCLE LOA0 CHANOES 

Figure 6-15 speed Control Load  Change Transients 



I n   t h e  power conversion  system tests, t h e  stabil i ty of t h e  speed 
control  system  has  been  completely  'satisfactory  for a l l   t h e   l o a d  and test  
loop conditions  experienced. No i n s t a b i l i t y  has been  experienced  since  the 
s t a b i l i z i n g   c i r c u i t  was optimized  and  installed.  

The speed  control   has   demonstrated  long-l i fe   capabi l i ty   by  operat ing 
f o r   n e a r l y  13,000 h o u r s   i n   t h e  35 kWe system tests and for over 23,000 hours in 
t h e   e l e c t r i c a l  component tes t  f a c i l i t y   w i t h  no failures experienced  and no 
adjustments  required.  

Detailed  information on the  design and  performance of the  speed 
control  system may be  found i n  Reference 61. 

6.4 PARASITIC LOAD RESISTOR 

6.4.1 Introduct ion 

The p a r a s i t i c  load r e s i s t o r  i s  a component  of the  speed  control  
system. I ts  purpose i s  t o   a b s o r b   a l t e r n a t o r  power i n  t he  amount necessary t o  
control   the   speed of t he   t u rb ine -a l t e rna to r .  The speed of the   tu rb ine  is con- 
t r o l l e d  by  maintaining a load on the power conversion  system  equal  to  the 
system  load  capabili ty.  The speed  control  accomplishes t h i s  by  sensing  the 
a l te rna tor   f requency   and   cont ro l l ing  the  power d e l i v e r e d   t o  t h e  pa ras i t i c   l oad  
r e s i s t o r .  The pa ras i t i c   l oad   r e s i s to r   conve r t s  t he  surplus e l e c t r i c a l  power 
developed  by t h e  power conversion  system  into  heat  and  dissipates  this  energy 
i n t o   t h e   h e a t   r e j e c t i o n  NaK system, from  which it is f i n a l l y   d i s s i p a t e d   i n t o  
space by t h e   r a d i a t o r .  

Detaj.1  design  information on the  P a r a s i t i c  Load Res is tor  may be 
found in   Reference 62. 
6.4.2  Design  and  Development 

The design is shown i n  Figure 6-16 and cons i s t s  of   e ighteen  s t ra ight  
tubular res i s tance   hea te r   e lements ,  six per   phase ,   ins ta l led   in  a Ty-pe 316 
s t a i n l e s s   s t e e l   c y l i n d r i c a l   t a n k .  

The t e rmina l s   a r e   p ro t ec t ed  by extensions  of   the  cyl indrical  
s t ruc ture ;   the   hea te r   e lements   a re   connec ted   in  wye, and three   t e rmina ls   a re  
provided  for  connection  to  the  three-phase  output  of  the  saturable  reactor.  

The heater   e lements   are  made up  of  two c o i l s  of Nichrome V r e s i s t -  
ance  wire wound i n  p a r a l l e l  and embedded i n  compressed magnesium oxide w i t h  
a sealed  terminal  on each  end.  There  are no  bends i n  t he   hea t e r  tube s o  t h e  
p o s s i b i l i t y  of cracks  and  voids  in  the magnesium oxide i s  minimized making 
t h e   p o s s i b i l i t y  of f a i l u r e  due to  hot-spot  burnout  minimal.  The diameter of 
t h e  heater  wire is  0.030 inch ,   l a rge  enough s o  t h e   p o s s i b i l i t y  of breakage i s  
minimized. The eighteen-heater  elements are connected i n  wye, s i x  units per 
phase. The three-phase  connections  are made a t  one  end  of the  unit (Figure 
6-17), and a l l  o f   the   un i t s   a re   connec ted   toge ther   a t   the   oppos i te  end t o  form 
the  neu t r a l  of t he  wye (Figure 6-17). A l l  of the   e l ec t r i ca l   connec t ions  to 
t he  p a r a s i t i c   l o a d   r e s i s t o r   a r e  welded t o   e l i m i n a t e   t h e   p o s s i b i l i t y  of f a i l u r e  
due to   the   loose-connect ion   ox ida t ion  syndrome. 
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I n   t h e   c y l i n d r i c a l   h o u s i n g  of t h e   p a r a s i t i c   l o a d   r e s i s t o r ,   t h e  NaK 
flows i n  one  end,  around  the  heater  elements,  and  out  the  other  end. The 
operating  temperature  of  the Nichrome V wire in   t he   hea t e r   e l emen t s  i s  the  
most impor tan t   fac tor   in   de te rmining   the   opera t ing  l i f e  of t h e  unit. 
Figure 6-18 shows t h e  wire temperature  as a func t ion  of sheath power dens i ty .  

Data. obtained  f rom  industry  sources   indicate   that   the   res is tance 
elements will have a l i f e  of  hundreds  of  thousands  of  hours a t  a temperature 
of  1500°F,  and a much longe r   l i f e   a t   t he   t empera tu re   expec ted  when t h e   p a r a s i t i c  
l o a d  r e s i s t o r   o p e r a t z s   i n   t h e   h e a t   r e j e c t i o n  NaK loop where t h e  wire  temperature 
w i l l  be 1000 t o  I200 F . 

The connection of the   hea te r  elements in to   t he   enc losu re  end p l a t e  
is shown i n   F i g u r e  6-19. This was done using a brazed and  welded  double s e a l  
t o   e n s u r e   p o s i t i v e  NaK containment. The tubular   extensions of t h e  end p l a t e  
and heater  elements were made i n  two lengths   to   a l low  c learance   for  X-ray 
inspect ion of a l l  weld j o i n t s .  

All fabrication  procedures  and  inspection tests f o r   t h e   h e a t e r   u n i t s  
were s a t i s f a c t o r i l y  comple ted   except   for   the   insu la t ion   res i s tance   t es t s .  The 
magnesium oxide  insulat ion is hygroscopic  and  absorbs  moisture  from  the  atmos- 
phere  which r e su l t s   i n   t he   fo rma t ion  of hydrates and  consequent low insu la t ion  
r e s i s t ance .  The hydrates must be removed  by h e a t i g g   t o  a temperature  above 
the  hydrate  decomposition  temperature of about 800 F.  Heating  of  the  elements 
i n  t h i s  manner ra ised  the  insulat ion  res is tance  and  e l iminated  the  problem. 

The r a t i n g  of t h e   p a r a s i t i c   l o a d   r e s i s t o r  is  as   fo l lows:  

Power r a t i n g  

Voltage a t  f u l l  power, L-L 

Current 

47 kW 
182 v o l t s  

1-50  amps 

Power f a c t o r  0.99 minimum 

Power density  (heater  element ) 75 wat ts / in .  

NaK f low  ra te   40,000  lb/hr  

NaK in le t   t empera ture  65OoF 

NaK in l e t   p re s su re  72 P s i  

2 

6.4.3 Physical  Description 

The p a r a s i t i c   l o a d   r e s i s t o r  is shown i n   F i g u r e  6-16. The connec- 
t i o n s   t o   t h e   s a t u r a b l e   r e a c t o r  are made to   t he   t h ree   i n su la t ed   t e rmina l s  
shown in   F igu re  6-17. 

The connection t o   t h e   h e a t   r e j e c t i o n  NaK system i s  made a t   t h e  
cones shown i n   F i g u r e  6-16. The maximum tubing  loads  allowed a t   t h e  PLB- 
tub ing   i n t e r f ace  are : 
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Force   ax ia l  t o  NaK tubing 100 l b  

F o r c e   r a d i a l   t o  NaK tubing 141 l b  

Torsional  moment 100 f t - l b  

Bending moment 141 f t - l b  

6.4.4 Demonstrated  Performance 

Three u n i t s  of the  o r ig ina l   des ign  were tes ted.  One u n i t   f a i l e d  
a f t e r   ope ra t ing  a t  p a r t i a l   l o a d   f o r   a b o u t  600 hours  and a f t e r   b e i n g   i n  a loop 
f o r  more than 3500 hours. The f a i l u r e  was caused by a defect ive  c i rcumferent ia l  
weld between the heater element  and  the  end-plate  assembly. A s  a result of t h e  
weld f a i l u r e ,  NaK seeped in to   t he   hea t e r   e l emen t ,  saturated t h e  magnesium oxide, 
and shorted t h e  heater  element to   the  case.   Ekaminat ion of t he   de fec t ive  weld 
j o i n t  showed t h a t  a complete  burn-through i n  t h e  element  sheath  had  occurred 
dur ing   fabr ica t ion ,   and   tha t  two weld passes had been  used to   c i r cumfe ren t i a l ly  
weld t h e  end of t he  outer  doubler tube t o  the  sheath. The second weld pass 
formed a th in   me ta l  bubble over  the  void.  The t h i n   s e c t i o n  fa i led  during test  
i n  the  NaK loop  and  allowed  the NaK t o   s h o r t   t h e   e l e m e n t .  

A second un i t   f a i l ed   a f t e r   297   hour s  of operation. It was established.- 
t h a t  the basic   cause of the f a i lu re  was a defect i n  the  weld, the  result of a 
burn-through  of t h e  weld and  formation of a bubb le   ve ry   s imi l a r   t o   t he  defect 
which  caused the  e a r l i e r   f a i l u r e .  The t h i r d   u n i t  was o r i g i n a l l y   i n s t a l l e d   i n  
the  primary NaK l o o p   o p e r a t i n g   a t  1200°F. It func t ioned   i n  t h i s  l o c a t i o n  for 
302 hours  and was then moved t o   t h e   h e a t   r e j e c t i o n  loop o p e r a t i n g   a t  605%. 
I n  t h i s  loca t ion ,  it operated fo r  12,993  hours u n t i l  the  loop was shu t  down. 
No fa i lures   occur red   in   any  of the  welds  of t h i s  u n i t  and  no problems were 
experienced wi th  it. 

Two fa i lures  were caused by de fec t s  i n  t h e  doubler  tube-to-sheath 
weld. This  de fec t  would have been  detected i f  t h e  welds had  been  X-rayed a f t e r  
f a b r i c a t i o n  of the   res i s tance   e lements .  T h i s  f a i l u r e  mode was eliminated  from 
new units by r equ i r ing  t h a t  a l l  welds be X-rayed. 

The present  design ref lects  t h i s  improvement i n  which a l l  welds may 
be X-rayed. Since there is  a d o u b l e   s e a l   a t   t h i s   p o i n t  - a welded s e a l  which 
can be X-rayed and a brazed sea l  - the p o s s i b i l i t y  of NaK leaks i n t o   t h e  
magnesium oxide i s  very unlikely. 
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6.5.1 In t roduct ion  

The purpose of t h e  SNAP-8 programmer i s  t o  provide   the   s igna ls  i n  
the  required  sequence t o  per form  the   s ta r t ing  and  shutdown funct ions  of   the 
power conversion system. I n i t i a l l y ,  t h e  SNAP-8 system was conceived  as  an 
instrument-rated system which  would be s t a r t e d  once,  then  shut down only  as  
t h e   r e s u l t  of t h e  f a i l u r e  of a v i t a l  par t .   Later ,   the   concept  of a man-rated 
system requi red   tha t   the  programmer be a b l e   t o   s t a r t   t h e  system, shut  it down 
i n  a control led manner,  and r e s t a r t  it as   required.  

6.5.2  Design 

The funct ions which  were  provided  by  the s t a r t  programmer include 
the  fol lowing:  

0 Star t   - the  pump inve r t e r  

0 S t a r t  pumps on i n v e r t e r   a t  95 Hz 

0 Accelerate   the pmps from 95 Hz t o  220 Hz 

0 Inject   mercury 

0 Open mercury  flow  control  valve  along  prescribed ramps 

0 Transfer pumps from  inverter  power t o   a l t e r n a t o r  power a t  220 Hz 

0 Activate   lubricant-coolant   valves  and s t a r t u p   s e a l s  on the  
tu rb ine -a l t e rna to r  and  mercury  pmp 

0 F l a s h   a l t e r n a t o r   f i e l d  

0 Apply and remove speed  control   b ias  power 

0 Close  vehicle  load  breaker 

The s t a r t  programmer e l e c t r i c a l  components cons is t  o f :  re lays,   d iodes,  
r e s i s to r s ,   t imer s ,   f r equency   s ens ing   c i r cu i t s ,   and   s i l i con   con t ro l l ed   r ec t i f i e r s .  

The t imers   a re   capable   o f   sa t i s fac tory   opera t ion   a t   an   input   vo l tage  
of 28 5 4 Vdc and the  contacts   are   capable  of handling two amperes  inductive 
load a t  28 Vdc.  The t imers  reset immediately a t  t he  end of the i r   t iming   cyc le .  
Upon removal  of  dc  power,  the  timer  returns t o  i t s  s t a r t i ng   cond i t ion .  
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F l e x i b i l i t y  was b u i l t   i n t o  the  s t a r t  programmer so t h a t  changes  can 
be e a s i l y  made i n  the  operation of the  system  as   required.  The t imers a r e  
designed to   a l low  fo r   ad jus tmen t  of operating time over  a wide range;  spare 
contacts  are  provided on the r e l a y s   t o  accamnodate addi t iona l   func t ions ,  and 
provision was made for  adjustment of the  pickup  frequency of the  frequency 
d e t e c t i n g   c i r c u i t s .  It was designed  with  spare  relays,   diodes,   and  terminal 
boards  instal led so t h a t  changes  can be made. The u n i t  would be fu l ly   access -  
i b l e   a s  mounted i n  t h e  t e s t   con t ro l   conso le   fo r  power conversion system tests, 
so required changes  can be made. 

The frequency  sensing  assemblies  which  operate  the  motor t r a n s f e r  
contactors ,  t h e  lubricant-coolant  valves,   and t h e  bias  c i r c u i t s  have  been 
completed and t e s t ed .  The a l t e r n a t o r  speed  protective  assembly  has  also been 
completed and t e s t ed .  This assembly  senses the a l te rna tor   vo l tage   bu i ldup  
dur ing  s t a r tup .  If vol tage  has   not   s tar ted t o  rise when the turb ine-a l te rna tor  
reaches a predetermined  speed,  the programmer then  terminates   the  s tar tup 
sequence and shuts  down the  system. 

6.5.3 Phys ica 1 Description 

The s t a r t  programmer is designed  for  ground system tes t ing  only, 
and r equ i r e s   a i r   coo l ing .  A l l  controls   are   accessible   for   easy  adjustments .  
The uni t   requires   input  power a t  28 4 Vdc and one-phase  input  from the  
a l t e r n a t o r  , l20 vo l t   l i ne - to -neu t r a l ,  400 Hz. 

6.5.4 Demonstrated Performance 

The programmer  designed f o r   s t a r t i n g   o n l y ,  was successfu l ly  used t o  
s t a r t  both  the 35-kWe system a t  Aerojet ,  and t o  perform  a series of s t a r t u p  
t e s t s  i n  the sNAp-8 ground t e s t   f a c i l i t y   a t  NASA-LeRC. 

The automatic  system  startup was successfu l  and  proceeded  through 
a l l  of the  startup  sequences  as  referenced i n  section  6.5.2. 

6.6 ELJZCTRICAL PRCTrETIVE SYSTEM 

6.6.1 Introduct ion 

I n  an  e l e c t r i c a l  power system,  the  most common e l ec t r i ca l   haza rd  
f o r  which pro tec t ion  is required is the   sho r t   c i r cu i t .   O the r   poss ib l e   f au l t s  
include open circuits,   overvoltage,   undervoltage,   overfrequency,  underfre- 
quency,  overload, and unbalanced  voltages. 

The SNAP-8 system is bas ica l ly   d i f fe ren t   f rom most power systems 
because  speed is regulated by maintaining a controlled  load on the  system and 
the  voltage i s  r egu la t ed   t o  a   value  proport ional   to   f requency  ra ther   than 
being independent of frequency.  These  unique  characterist ics have  an  impor- 
tan t   in f luence  on the  protective  system  requirements.  
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For  example,  an overload beyond t h e   a b i l i t y  of  the system w i l l  
result i n  a drop  in  speed  and  voltage,  so tha t   over loads  need  not  be sensed 
d i r e c t l y  but can be de tec ted  by an  undervoltage  sensor. 

Also, a s u b s t a n t i a l  loss of  load  caused by an  open circuit, o r   f o r  
other  reasons,  w i l l  result i n  overspeed of the turb ine-a l te rna tor ,  so a 
means m u s t  be provided  for   sensing  overspeed  and  shut t ing down the  system. 
Since  voltage  output is p ropor t iona l   t o   speed ,   t he   vo l t age  rises when over- 
speed  occurs; so, overspeed may be  detected  as  overvoltage.  

The sMP-8   a l te rna tor   and   exc i ta t ion  system are  capable  of produc- 
ing  a shor t -c i rcu i t   cur ren t   as   h igh   as   four  times ra t ed .  The temperature 
produced by such  overcurrents w i l l  damage t h e  a l t e r n a t o r   i n s u l a t i o n  i n  a 
s h o r t  time, i f  pro tec t ion  is not   provided.   Short-   c i rcui ts .   a lso  produce  vol t -  
age  dis turbance;  so that  an  over-under  voltage  sensing system w i l l  de t ec t  
s h o r t - c i r c u i t   f a u l t s .  

The current  concept of the SNAP-8 power conversion system is t h a t  
of a man-rated  system  having  personnel  available t o  monitor  performance, make 
adjustments,  diagnose  troubles,  and make r e p a i r s .  The purpose of a protec- 
t i v e  system f o r  such a manned space power system is two-fold: (1) the equip- 
ment t h a t  is repa i rab le  or rep laceable   in   space  m u s t  be protected s o  t h a t  it 
sus ta ins   on ly  minimum  damage  when a f a u l t  or f a i lu re   occu r s ,  (2) t h e  power 
conversion system must  be  maintained in   ope ra t ion  a s  long   as   poss ib le  w i t h  no 
false   opening of t h e  vehicle  load  breaker  and no f a l s e  shutdowns. 

Fau l t s   i n   t he   veh ic l e   l oad  which a re   no t   c leared  by loca l   p ro t ec t ive  
equipment m u s t  be sensed and the  vehicle  load  breaker opened. Power conversion 
system faul ts   cannot  be cleared  by  opening a p r o t e c t i v e   b r e a k e r   t o   i s o l a t e  t h e  
f a i l u r e  from t h e   r e s t  of the system,  because if t h i s  is done a v i t a l  f’unction 
will be l o s t  and  the system will stop  operat ing,  w i th  t h e  p o s s i b i l i t y   t h a t  
damage w i l l  r e s u l t .  When a n   e l e c t r i c a l   f a u l t  w i t h i n  the system is detected,  
t h e  only  act ion t h a t  can  be  taken is t o  shut the  system down i n  a way t h a t  
w i l l  minimize damage. 

6.6.2 Design 

The e l e c t r i c a l   p r o t e c t i v e  system module  has the  pr imary  funct ion of 
protec t ing   the   e lec t r ica l   genera t ing   sys tem  f rom damage caused  by: 

. i  

0 S h o r t   c i r c u i t s   i n  t h e  e l e c t r i c a l  pgwer d is t r ibu t ion   sys tem 

0 Badly  unbalanced  vehicle  loads 

0 Excessively  high  turbine-alternator  speeds.  

The protect ive  system  has  a secondary  function o f  minimizing  pos- 
s i b l e  damage to   o the r   e l ec t r i ca l   gene ra t ing   sys t em components by shu t t ing  
d m  t h e  sys tem  as   sa fe ly  as possible  should  any of the above l i s t e d  malfunc- 
t i on   cond i t ions  be de tec t ed   w i th in   t he   e l ec t r i ca l   gene ra t ing  system. 
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To meet these  requirements  the  functions  performed by t h e  
e l e c t r i c a l   p r o t e c t i v e  system module a re   a s   fo l lows :  

Open the  Vehicle  Load Breake r   p r io r   t o  mercury i n j e c t i o n .  

Sense  l ine- to-neutral   vol tage of each  phase  of t h e   a l t e r n a t o r  
voltage,  and  once two or. more  of these  voltages  reach a pre- 
determined minimum value,  provide a s i g n a l   t o   e n a b l e   t h e  
programmer t o   c l o s e   t h e   v e h i c l e   l o a d   b r e a k e r   a t   t h e   p r o p e r  
time dur ing   the   s ta r tup   sequence .  

After the  a l ternator   vol tages   reach  the  predetermined minimum 
value,  provide a s i g n a l  i f  two or more phases of the   vo l tage  
vary below 108 V or above 132 V. This   s ignal .   shal l  immedi- 
a t e l y   d o  two th ings .  

a .  Open the  vehicle   load  breaker  

b. b t a r t  a 0.5-second timer. 

With the  vehicle   load  breaker  open, i f  t h e   f a u l t  i s  on the   load  
s i d e  of the   b reaker ,   the   a l te rna tor   vo l tages  w i l l  r e t u r n   t o  normal i n  less 
than 0.5 seconds. If t h i s   o c c u r s   t h e   e l e c t r i c a l   p r o t e c t i v e  system w i l l  s t o p  
t h e  timer, reset  it, and reclose  the  load  breaker .  If t h e   f a u l t  s t i l l  e x i s t s ,  
t he   a l t e rna to r   vo l t ages  w i l l  again  vary  outside  the  normal  band,  and  the 
e l ec t r i ca l   p ro t ec t ive   sys t em w i l l  r e -open   the   b reaker   and   res ta r t   the  timer. 
This  cycling of the  vehicle   load  breaker  and timer w i l l  continue until one  of 
the  fol lowing  events   occur:  

(1) The l o a d   f a u l t   c o r r e c t s  i t se l f  by burning open or by  t r ipp ing  
i t s  own individual   protect ive  device.  If t h e   f a u l t   c o r r e c t s  
i t s e l f ,  t he   a l t e rna to r   vo l t age  w i l l  r e t u r n   t o  normal,  the 
veh ic l e  load. breaker w i l l  r ec lose  and  remain  closed,  and  the 
0.5-second  timer will be   r e se t .  

(2)  The 0.5-second timer times out  sending a s i g n a l   t o   t h e  program- 
m e r  t o   s t a r t   a n   a u t o m a t i c  shutdown  of t h e  power conversion 
sys tem. 

(3) An e x t e r n a l  command s i g n a l  i s  s e n t   t o  hold  the  vehicle   load 
breaker open  and s top   the   cyc l ing .  I7tt.h the  breaker   held 
open, t h e   a l t e r n a t o r   v o l t a g e  w i l l  r e t u r n   t o  normal  and t h e  
0.5-second. timer w i l l  be r e s e t .  

If t h e   f a u l t  i s  i n   t h e  power conversion system, t h e   a l t e r n a t o r  
vol tages  w i l l  no t   re turn  t o  normal when the   b reaker  i s  opened, t he  0.5-second 
timer w i l l  time out  and s t a r t   an   au tomat i c  shutdown of t h e  power conversion 
sys tem. 

The e l e c t r i c a l   p r o t e c t i v e  system cons i s t s  of t h r e e   i d e n t i c a l  
c i r c u i t s ,  one mon i to r ing   t he   l i ne   t o   neu t r a l   vo l t age   i n   each  of t h e   t h r e e  
phases of the  a l ternator   output   vol tage  as  shown in   F igu re  6-20. Each 
c i r c u i t   c o n s i s t s  of a s ingle-phase  bis table   magnet ic   amplif ier  whose output 
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energizes  two four-pole  double-throw  relays, a Preset  d.ua-voltage  Sensing :’ 
c i r c u i t ,  a t iming   c i r cu i t ,  and r e l a y   l o g i c   o u t p u t   c i r c u i t r y .  Two high- I / 
r e l i ab i l i t y   10 -wa t t   s i l i con   zene r   d iodes  i n  e a c h   c i r c u i t   a r e   t h e   b a s i c  /’ 

reference  s tandards,  one for   the  under-vol tage limit and the  second  for  $he 
over-voltage limit. i 

All heat  i s  considered  to   be  t ransferred  only  by  conduct ion t o  an 
ac t ive ly   cooled   hea t   s ink ,  none  by r a d i a t i o n  or cmvect ion .  The protectiTre 
system  housing i s  cast   f rom aluminum  which el iminates   possible   thermal   inter-  
f a c e   b a r r i e r s  where the   wal l s  of the  housing  join  the  base  plate .  

The e l ec t r i ca l   p ro t ec t ive   sys t em  des ign   ach ieves   h igh   r e l i ab i l i t y  
by s impl i c i ty  of concept and c i r c u i t r y ,   d e r a t i n g  of  components,  redundancy 
of t h e  most vulnerable   par ts ,   use  of h i g h l y   r e l i a b l e  components, s p e c i a l  
consideration  and  design of a l l  e l ec t r i ca l   connec t ions ,   p ro t ec t ion  of p a r t s  
from  environmental  hazards, and a thermal  design which a s su res   t ha t  each 
component w i l l  operate  well  below i t s  rated  temperature .  

The protective  system is composed  of wound components, r e s i s t o r s ,  
r e l ays  and diodes; no t r a n s i s t o r s ,   c o n t r o l l e d   r e c t i f i e r s ,  or capac i to r s   a r e  
required  assur ing  that   th is   system  can  operate   in  a re la t ively  high-tempera-  
t u r e  and  nuclear-radiation  environment. 

All e lec t r i ca l   connec t ions   a r e  welded  assuring  that  high  tempera- 
ture ,   v ibrat ion,   and  shock  cannot   cause  fa i lure  of the  protect ive  system 
because of loss of an   e lec t r ica l   connec t ion .  To p reven t   f a i lu re s  due t o  d u s t ,  
moisture ,   sa l t ,   e tc . ,   the   complete   assembly is  p o t t e d   i n  a high-temperature 
r e s i n  which i s o l a t e s  a l l  t h e  parts,   connections  and  connecting  wires  from 
environmenta 1 hazards . 

Two-out-of-three  logic  circuitry i s  used t o  minimize  the  possibi l i ty  
of a f a l s e  shutdown signal   causing shutdown  of t h e  power conversion system. 
Operation of a t   l e a s t  two of the  three  under-over   vol tage  sensors   are   required 
t o  produce  protect ive  act ion.  

Detai l   design  information on the   e l ec t r i ca l   p ro t ec t ive   sys t em may 
be found i n  Reference 63. 

6.6.3 Physical  Description 

Fabr ica t ion  of t h e   e l e c t r i c a l   p r o t e c t i v e   s y s t e m  was p a r t i a l l y  
completed a t   t h e   t i m e   t h e  program was terminated. 

All of t h e  components  of t h i s   des ign   a r e  mounted  on t h e   c a s t  aluminum 
housing t o   f a c i l i t a t e   h e a t   t r a n s f e r   i n t o   t h e  aluminum base  from  which  the  heat 
i s  t r a n s f e r r e d   t o  a l iquid-cooled  heat   s ink.   This   uni t  i s  designed  for  opera- 
t i o n   i n  a space  environment. 

This   un i t  requires a three-phase and neut ra l   input   f rom  the   a l te r -  
nator  and  an  uninterrupted  source of 28 5 4 Vdc. I t s  output must be  connected 
t o   t h e   c l o s e  and  open c i r c u i t s  of the  vehicle   load  breaker   and  to   the  automatic  
shutdown c i r c u i t  of t h e  power conversion  system  programmer. 

v 
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6.7 POWER FACTOR COFUUXTION ASSEMBLY 

6.74 In t roduct ion  
\,! 

',' There are seve ra l   bene f i t s  which may be  derived  from  increasing  the 
opera+$ng power f a c t o r  of t h e  SNAP-8 alternator.   These  include: 

\ 
\ 0 Inc reased   a l t e rna to r   e f f i c i ency .  A t  ra ted   vehic le   load  of 

i s  0.7 lagging. By inc reas ing   t he   a l t e rna to r  power f a c t o r  
from 0.7 t o  1.0, i t s  e f f i c i e n c y  i s  increased  from 87.1 t o  

'1 35 kW 0.85 lagging power f a c t o r   t h e   a l t e r n a t o r  power f a c t o r  

91% 

0 Increased   a l te rna tor  l i f e  and r e l i a b i l i t y .  An i n c r e a s e   i n  
a l t e r n a t o r  power factor   reduces  the  winding  currents   and 
consequently  winding  temperatures  which  increase  the  insula- 
t i o n  system l i f e .  

0 ' Increased   a l te rna tor  power capaci ty .  An i n c r e a s e   i n   a l t e r n a t o r  
power f a c t o r  frm 0.7 t o  1.0 would a l l o w   a n   i n c r e a s e   i n   a l t e r -  
nator  power r a t i n g  of 43% while   maintaining  the same output 
cur ren t .  

Power f ac to r   co r rec t ion  may be accomplished by s e v e r a l  means; 
improving  the power f a c t o r  of the  connected  loads,   the  use of leading power 
factor   devices   such as synchronous  motors, or t h e  use of  power fac tor   cor rec-  
t i o n  equipment  such a s  synchronous  condenser or s t a t i c   c a p a c i t o r s .  The use 
of s t a t i c   c a p a c i t o r s  was se lec ted   as   be ing   the  most re l iab le ,   having   the  
l e a s t   e f f e c t  on t h e  system des ign ,   and   t he   ea s i e s t   t o  implement. 

Capacitors  using Kapton  (polyimide) film d i e l e c t r i c  were se l ec t ed  
as   offer ing  the  best   combinat ion of f e a t u r e s   s u i t a b l e   f o r   t h e  h1Ap-8 appl ica-  
t i on .  These include: 

0 Law d i s s ipa t ion  

0 High d i e l e c t r i c   s t r e n g t h  

0 High-temperature  capability 

0 High nuclear   rad ia t ion   to le rance  

Among the   o the r   d i e l ec t r i c   ma te r i a l s   cons ide red   i n  making t h e  
s e l e c t i o n   f o r   t h e  SNAP-8 app l i ca t ion  were: 

0 Glass  ceramic  and mica materials.-   Rejected  because of t he  
l a r g e  volume required.  

0 Elec t ro ly t ic   capac i tors . -  Rejected because of high  losses  and 
low r e l i a b i l i t y .  
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0 Impregnated  paper.-  These  are commonly used f o r  commercial / 
power f ac to r   co r rec t ion   s e rv i ce   bu t   r e j ec t ed  for  SNAP-8 ,' 
because  of   higher   losses ,   larger   s ize ,   and lmer ,nuclear  / 
r ad ia t ion   t o l e rance .  ii 

0 Teflon  Film. - Rejected  because of low nuc lea r   r ad ia t ion '  
to le rance  . / 

i 

0 m l a r   f i l m .  - Rejected  because of h igh   d i ss ipa t ion   fa&or .  

0 Polycarbonate  f i lm. - This  f i l m  has low losses   and good nuclear  
r a d i a t i o n   r e s i s t a n c e  making it second  choice  only  to  the 
poly imide   f i lm  f ina l ly   se lec ted .  

A t  the  t ime of the power factor   correct ion  capaci tor   development ,  
no su i t ab le   capac i to r s  were avai lable   using  polyimide film r e q u i r i n g   t h a t  
such a capaci tor  be  developed for the   appl ica t ion .  

Detai l   information on the  design of the  Power Factor  Correction 
Assembly is included  in   Reference 64. 

6.7.2 Design and  Developnent 

The r a t i n g  of t h e  power fac tor   cor rec t ion   assembly  was s e l e c t e d   t o  
inc rease   t he   a l t e rna to r  power f a c t o r   t o  unity a t   r a t ed   sys t em  load .  A t  t h i s  
ope ra t ing   po in t ,   t he   a l t e rna to r  w i l l  ope ra t ea t  minimum cur ren t  and  near 
maximum e f f i c i ency .  A maximum v a r i a t i o n   i n   r e a c t i v e  load may be t o l e r a t e d  
w i t h  a minimum e f f e c t  on a l t e rna to r   e f f i c i ency .  

The c a p a c i t o r s   a r e   c o n n e c t e d   l i n e   t o   l i n e   a t  208 V to   a l low  the   use  
of minimum capac i tance   for   the   requi red  kvar.  A t o t a l   capac i t ance  of 175 
microfarads per phase was r e q u i r e d   t o   c o r r e c t   t h e  power f a c t o r   t o   u n i t y .  A 
un i t   capac i to r  of 17.5 microfarads was se lec ted   as   p rovid ing  a convenient 
s ize   for   the   assembly .  It was small enough t h a t  a s i n g l e  f a i l u r e  per phase 
would be  acceptable  without  badly  unbalancing  the  load  and would not  decrease 
the  system power f a c t o r   t o  a s ign i f icant   degree .  

Because  of the  unique  requirements of t h e  SNAP-8 system  and  recent 
a v a i l a b i l i t y  of polyimide  f i lm, it was necessa ry   t o   deve lop   spec ia l   capac i to r s  
Same of t he   spec ia l   f ea tu re s   i nco rpora t ed   i n to   t he   des ign  of t h e  SNAP-8 parer  
f a c t o r   c o r r e c t i o n   c a p a c i t o r s   t o  enhance t h e i r   r e l i a b i l i t y  were: 

0 Hermetically  sealed  welded  enclosures 

High-temperature   radiat ion  res is tant   polyimide film d i e l e c t r i c  

0 Sulfur  hexafluoride  gas f i l l  

0 Helium t r a c e   f o r   l e a k   d e t e c t i o n  
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The capac i tor   spec i f ica t ions   inc lude  a burn-in test  a t  270 V, 
415 Hz, f o r  168 hour s ,   and   r equ i r e   t ha t   t he   vo ids   i n   t he   capac i to r  be f i l l e d  
with a .mixture of sulfur hexafluoride  and 10% helium. The sulfur hexa- 
f luor ide   has  a d ie lec t r ic   cons tan t   about   2 .3  times t h a t  of a i r ,   i nc reas ing  
coroya s t a r t   v o l t a g e   s u b s t a n t i a l l y .  The sniall amount  of helium was added 
for   the   purpose  of de t ec t ing   l eaks   i n   t he   s ea l ed   cans .  

\. 
' , The use of a fuse t o  remuve a f a i l ed   capac i to r   f rom  the   c i r cu i t  

was necessary t o  prevent damage to   o the r   capac i to r s  and t o   t h e  power system. 
Figure 6-21 i s  a photograph of the  fuse  developed  and  the components  which 
make up the  fuse. The fuse wire i s  20-gage  copper  welded t o   t h e   b a s e  and 
to   t he   t e rmina l   a t   t he   oppos i t e   end .  Two =-gage in su la t ion  1ea.d wires 
welded t o   t h e  termiml provide  connections t o  two capaci tors .  The fuse wire 
i s  supported and protected by the   f i be rg la s s   r e in fo rced  epoxy  tube  cemented 
to   t he   me ta l   ends  of t he   fu se .  

TO p revent   fa i lures  due t o  connections, a l l  e lec t r ica l   connec t ions  
a r e  welded. The assembly is  designed to   t r ans fe r   t he   capac i to r   hea t   t h rough  
the  bottom of the  can  into a l iquid-cooled  heat  sink. A s t r e s s   a n a l y s i s  
performed on th i s   conf igura t ion   ind ica ted   pos i t ive   margins  of s a f e t y   f o r   a l l  
components  of the  assembly. 

A thermal   analysis  shows a temperature r ise wi th in   the   capac i tors  
of approximately 5OoF. The resul t ing  hot-spot   temperature   within  the 
capacitors  does  not  exceed  approximately 22OoF. The poly imide   d ie lec t r ic  
f i lm   u sed   i n   t he   capac i to r  i s  a b l e   t o   o p e r a t e   a t   t e m p e r a t u r e s  above 500°F. 
The s 'o lder   within  the  capaci tor 'has   the  lowest   operat ing  temperature   capabi l -  
i t y  of a l l   t h e   m a t e r i a l s   b e i n g  l imi t ed  t o  approximately 40OoF. The l a rge  
temperature   difference  between  the  actual   and  permissible   temperature   values  
and the  low-temperature  gradients  within  the components con t r ibu te s   t o   h igh  
r e l i a b i l i t y  and l o n g   l i f e .  

6.7.3 Physical   Descr ipt ion 

The capacitor  developed i s  shown in   F igu re  6-22. I ts  envelope is 
3 x 2.75 x 5.5 inches  over  the  terminals.  It i s  r a t e d   a t  17.5 microfarads, 
208 V, 400 Hz, nominal.  Each capaci tor  when connected t o  a 208 V, 400 Hz 
source w i l l  supply a leading load of 1.9 kvar. Thi r ty  of   these  capaci tors  
(10 per  phase)  are used to   p rov ide   t he  57 kvar   requi red   to   cor rec t   the  
a l t e r n a t o r  power f a c t o r   t o  1.0. 

The assembly i s  shown i n  Figure 6-23. The capac i to r s   a r e  mounted 
on  an aluminum base  with a s i l i cone   hea t - t r ans fe r  compound applied  between 
the  bottom of each  capacitor  and  the  base.  The capaci tors   are   connected  to  
three  overhead  bus  bars   through  special   h igh-rel iabi l i ty   protect ive fuses. 

The power factor  c 'orrection  assembly, is des igned  t o  be  mounted on 
a l iquid-cooled  heat   s ink  with a surface  temperature  of 17OoF or  lower. The 
u n i t  is capable of o p e r a t i n g   i n  a vacuum environment  with  conduction t o   t h e  
hea t   s ink   as   the   on ly  means  of h e a t   t r a n s f e r .  



Figure 6-21 Fuse Cmponents  and Weld Sample 
Figure 6-22 Power Factor  Correction  Capacitor 



Figure 6-23 Power Factor Correction Assembly 



/ 
6.7.4 Ikmonstrated  Performance 

Endurance t e s t i n g  of a preprototype power factor   correct ion  assembly 
containing 21 capaci tors  was conducted i n   t h e   e l e c t r i c a l  component t e s t , f a c i l -  
i t y  along  with  other SNAP-8 e l e c t r i c a l  components. Power was supplied.  by t h e  
SNAP-8 a l t e r n a t o r   o p e r a t i n g   a t  60 kW load  and  control led by t h e  s~Ap-8 speed 
con t ro l  and vol tage   regula tor -exc i te r .  

During 12,329 hours of test  operation, two c a p a c i t o r s   f a i l e d   a f t e r  
223 hours of t e s t   t ime .  A t h i r d   u n i t   f a i l e d   a t  4843 hours  due t o  a t e s t  
f ac i l i t y   ma l func t ion  which resul ted  in   abnormally  high  vol tage  being  appl ied 
to   the  capaci tor   assembly.  The remaining  capaci tors   were  operat ing  sat isfac-  
t o r i l y   a t   t h e   t i m e   t h e   f a c i l i t y  was shut  down. During  the  endurance  testing, 
the  capacitor  gssembly was maintained a t  120°F f o r  4843 hours  and  then  in- 
c r eased   t o  170 F for   the  remaining 7486 hours. 

Whenever capac i tor   fa i lures   occur red   dur ing   tes t ing ,   the   fa i led  
units were i so la ted   by   the   p ro tec t ive   fuses  so t h a t   t h e r e  was no dis turbance 
on the  power system  operation and the  remaining  capaci tors   in   the  assembly 
cont inued  to   funct ion.  

Fol lowing  the  ear ly   capaci tor   fa i lures   during  the  endurance  tes t ing,  
a burn-in t e s t  was added to   the   capac i tor   acceptance  tes t  procedure t o  elimi- 
nate  substandard  units  with random defec ts .  It was also  determined  during  the 
f a i l u r e   i n v e s t i g a t i o n   t h a t   t h e   n o m a 1  corona s t a r t   v o l t a g e  of  the  capacitor 
was 290 V i n   a i r .   T h i s   a p p e a r s   t o  be  adequate  margin  above  the  maximm  operat- 
ing   vo l tage  of 218 V. The use of sulfur hexafluoride f i l l  with i t s  high d i -  
e lec t r ic   cons tan t   fur ther   increases   th i s   sa fe ty   margin .  

6.8 INVERTER 

6.8.1 Introduct ion 

The  SNAP-8 power conversion  system  requires a source  of   adjustable-  
frequency  ac power t o   d r i v e   t h e  pump motors  during  system  startup and  shutdown 
whi le   the   a l te rna tor  i s  not   operat ional .   This  power is provided by a dc-to-ac 
inve r t e r  which  converts  battery power to   ad jus tab le- f requency   ac  power t o  con- 
t r o l   t h e  speed  of  the pump motors. The vol tage i s  ad jus t ed   w i th   r e spec t   t o  
f requency  to   provide  the  motor   torque  requirements   during  s tar tup  and  var ious 
running  speeds. 

During t h e  SNAP-8 s ta r tup   sequence ,   the   inver te r   suppl ies .power   to  
operate   the pump motors a t  reduced  speed  while  the  system i s  being  heated. 
After  heatup i s  accomplished,  the pump speed i s  increased  to   approximately 
70% of r a t ed  and   he ld   un t i l   t he   a l t e rna to r  i s  s t a r t e d .  When t h e   a l t e r n a t o r  
frequency  matches  that of t he   i nve r t e r   t he  pumps a r e   t r a n s f e r r e d   t o   t h e  
a l t e r n a t o r  power and the   i nve r t e r  is shut  down. Similar ly ,   dur ing shutdown 
the   pmp   moto r s   a r e   t r ans fe r r ed   t o   i nve r t e r  power when t h e   a l t e r n a t o r   f r e -  
quency  decreases t o  approximately 70% of r a t ed .  
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6.8.2 Developed  Hardware 

A ro ta ry   dc- to-ac   inver te r  was developed t o  meet the  requirements 
of an   ear ly   vers ion  of the  SNAP-8 system. This   un i t   cons is ted  of a hermeti- 
c a l l y   s e a l e d  d c  motor  driven  permanent  magnet  alternator bu i l t  on a s i n g l e  
s h a f t   i n  a common enclosure.   This   uni t  is shown i n   F i g u r e  6-24. It requiTes 
no ex terna l   cool ing  means a s   a l l  i t s  losses   over   an  operat ing  cycle   are  1 

absorbzd by a bu i l t - i n   hea t   s ink .  The SNAP-8 system concept a t   t h e  time of 
t h e   i n v e r t e r  development  required  system  startup  only. The s t a r tup   cyc le  
required t h e   i n v e r t e r   t o   o p e r a t e  fo r  5 hours a t  95 Hz followed  by 8.5 minutes 
a t  220 Hz. I t s  r a t i n g  is i n  accordance  with  the  fol lowing  table .  

Inver te r   Rat inq  

output 

Frequency, Hz 95 220 
Power, kW 0 -  37 1.70 
Voltage, L-L 1-9 88 
Power Factor,  Lagging 0.30 0.28 
Phases 3 3 
Operating  time,  minutes 300 8.5 

Input 

Voltage, Vdc 

Current,  amps 
27-33 27-33 

24 172 

- Size 15.9 inches diam x 24.85 inches  long 

Weight 318.5 l b  

The output  winding of t he   i nve r t e r  i s  tapped to   p rov ide   t he  
spec i f i ed   ou tpu t   vo l t age   a t   t he  two frequencies.  A contactor  is included 
within t h e  inver te r   hous ing   to   swi tch   ou tput   vo l tage   t aps .  

Two inve r t e r s  were bu i l t   t o   t he   r equ i r emen t s  l isted above  and were 
performance  tested. One unit was incorpora ted   in to   the  power conversion 
system and  used t o  perform its func t ion  a s  p a r t  of t h e  system s t a r tup .  

Detailed  information on the  design of t h i s   u n i t  is inc luded   i n  
Reference 65. 

6.8.3 9 0  kWe System Requirements 

Changes i n   t h e  SNAP-8 system and  cmponent  requirements resulted 
i n  new requirements  for  the  inverter.   These  changes  included: 
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Figure 6-24 Inverter 



0 Addition  of  system shutdown  and r e s t a r t   c a p a b i l i t i e s   w i t h   t h e  
c a p a b i l i t y   f o r  100 startup-shutdown  cycles. 

Increased pump motor power requirements. 

8 Provis ion for high pump motor s t a r t i ng   t o rque   capab i l i t y  

While the   bas ic   f lmct ions  of t he   i nve r t e r  remained  the same, i t s  
capabi l i ty   requirements   were  s ignif icant ly   modif ied  requir ing a new inve r t e r  
design. The modified  requirements  are summarized i n  the  fol lowing  table:  

Time Function  Freq.  Volts Power PF 
(Min. ) ( H Z )  (L-L) (kW) - 

0-10 Run lub r i can t  pump* 60 1-5 0.05  0.5 
10-10.5 

. 10.5-300 
300-300.5 
300.5-310 
310-3l-2 
312-315 
31-5-315.5 
315.5-31-8 

S t a r t  

R u n  L/C, HRL 

S t a r t  I L  

Run L/C, HRL, I L  

Ramp 60 t o  280 Hz 

Run L/C, HRL, I L  

S t a r t  Hg 

Run L/C, HRL, I L ,  Hg 

60 
60 
60 
60 
60/280 

280 

280 

280 

The inpu t   vo l t age   t o   t he   i nve r t e r  was increased  from 28 Vdc t o  56 Vdc r e f l e c t -  
ing t h e  increased  bat tery  vol tage.   Cool ing was added to   p rovide  for the   shut -  
down and r e s t a r t   c a p a b i l i t y .  

The inverter   requirements   my  be met u s ing   e i the r  a ro t a ry   i nve r t e r ,  
a s  was previously  developed, or by a s t a t i c   i nve r t e r   u s ing   so l id - s t a t e   swi t ch -  
ing  devices.  The tradeoff  between a s t a t i c   i n v e r t e r  and a ro t a ry   i nve r t e r  
involved   eva lua t ing   the i r   re la t ive  merits inc luding   complexi ty ,   re l iab i l i ty ,  
s e r v i c e   l i f e ,  and  efficiency. A key f a c t o r   i n   e v a l u a t i n g  a ro t a ry   i nve r t e r  
was b r u s h   l i f e  of a hermet ica l ly   sea led   un i t  i n  a space  environment. 

To e v a l u a t e   t h i s   f a c t o r ,  a t e s t  program was undertaken  to  determine 
if inverter   brushes would p r o v i d e   s a t i s f a c t o r y   l i f e   f o r  100 s t a r t u p  and  shut- 
down operating  cycles.   Previous  investigations  indicated  that   helium  and 
carbon  dioxide  atmospheres  possessed  desirable  characteristics.  Endurance 
t e s t s  were  performed  under  controlled  conditions i n  a brush test  r ig   designed 
t o  simulate the  inverter   brush  and commutator system. The brushes  used  were 
designed for h i g h - a l t i t u d e   a i r c r a f t  where limited  atmosphere was ava i lab le .  
The brushes were t e s t e d  i n  wet heliumj  dry helium, and  dry  carbon  dioxide 
atmospheres. 

* L/C: lubricant-coolant  pump; HRL: hea t   r e j ec t ion  loop NaK pmp; IL: i n t e r -  
mediate  loop NaK pump;  Hg: mercury pump. 
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The brush wear rate  during  the  endurance tests ind ica t ed   t ha t  the 
brush l i f e  of a ro t a ry   i nve r t e r  would s u b s t a n t i a l l y  exceed requirements   for  
100 s t a r t u p  and  shutdown cycles.  The maximum wear  using a carbon  dioxide 
atmosphere  during  the full-term endurance tes t  was 0.015 inch as compared 
with a typical   a l lowable wear of 0.30 inch. 

Brush  performance i n  helium qnd carbon  dioxide was s u b s t a n t i a l l y  
d i f f e r e n t   t h a n   p e r f o m n c e   i n   a i r .   T h i s  was p a r t i c u l a r l y   t r u e  of  voltage 
drop  between  the  brush  and commutator  which is a f a c t o r   a f f e c t i n g  commutation. 
This ind ica tes   tha t   inver te r   per formance   tes t ing  m u s t  be made w i t h  t h e   f i n a l  
atmosphere i n   t h e   r o t o r   c a v i t y .  

The e f f e c t s  of the  square wave output of  a s t a t i c   i n v e r t e r  on pump 
motor  performance was evaluated  by  tes t ing a NaK pmp motor with a s t a t i c  
i nve r t e r  power supply and cmpar ing  t h e  resu l t s   wi th   those   us ing  a s inusoida l  
power source. The inver te r   ou tput  was a typical   quasi-square wave charac te r -  
i s t i c  of an unfiltered three-phase  inverter .   Vol tage  control  was achieved by . 
use of a pulse-width  modulator a t   t h e   i n p u t  of the   inver te r   b r idge .  The pulse- 
width  modulator  frequency of approximately 2000 Hz was superimposed  upon t h e  
quasi-square wave output of t he   i nve r t e r .  The test r e s u l t s   i n d i c a t e d   t h a t   t o  
produce  equal  motor  locked  rotor  torque, 15 t o  80% higher   vol tage was required 
u s i n g   t h e   s t a t i c   i n v e r t e r .  The higher  increase  being a t   t h e  lower  voltage 
where t h e  e f f e c t  of the  pulse-width  modulator was g rea t e s t .  For equal  motor 
output 5 t o  5O$ grea te r  power was required,  t he  higher  value  again  being a t  

, t h e  low voltage where the  pulse-width  modulator  caused  the  greatest  wave shape 
d i s to r t ion .  

It appea r s   t ha t   e i t he r  a s t a t i c  or r o t a r y   i n v e r t e r  could be designed 
t o  meet the   rev ised  pump inverter   requirements .  The select ion  should be based 
on t h e   c u r r e n t   s t a t e  of t h e   a r t  a t  t he  time of  development.  Consideration 
should  be  given t o   t h e   f o l l o w i n g  items i n  making the   s e l ec t ion :  

0 R e l i a b i l i t y  

0 System  weight - i nve r t e r   p lus   ba t t e r i e s  

0 System e f f i c i ency  - inverter  plus  motor 

0 Radiat ion  tolerance 

0 Adaptabili ty  to  changing  requirements 

6.9 OTHER ELEXTRICAL COMPONENTS 

The fo l lowing   e l ec t r i ca l  components are considered  undeveloped 
insofar   as  no prototype  hardware  has  been  developed which i s  a p p l i c a b l e   t o  
the  present  concept of t he  SNAP-8 system. 

0 .  Reactor power loop  electromagnetic pumps and inverter  system 

0 Direct-current power supply 
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0 Switchgear 

0 E l e c t r i c a l   d i s t r i b u t i o n  and  harness  system 

6.9.1 RPL EM Pump and  Inverter  System 

The SNAP-8 90-kWe system  design  incorporates  electromagnetic pumps 
t o   c i r c u l a t e  NaK through  the  reactor  power loop   t o   t r ans fe r   hea t   f rom  the  
reac tor   to   the   in te rmedia te   hea t   exchanger .  The electromagnetic pumps m u s t  
operate   cont inuously  while   the  reactor  i s  supplying power a n d   a f t e r  syst2m . ' .  

shutdown  during system cooling. To perform  this   funct ion,   the   e lectromagnet ic  
pump system m u s t  be capable of operat ing  f rom  bat tery power du r ing   s t a r tup  and 
shutdown,  and a l t e r n a t o r  power during  long-term  system  operation.  This power 
i s  provided by a pump inve r t e r  which is  capable of operating  both  from  the  bat-  
t e r y  and a t ransformer- rec t i f   i e r   un i t .  

6.9.1.1 Electromagnetic Pumps 

The electromagnetic pumps a r e   t e n t a t i v e l y   s e l e c t e d   a s   f l a t   l i n e a r  
polyphase  induction- pumps with  two  redundant pumps i n  ser ies ,   each  capable  . 

of full system pumping requirements. The advantages of t h e   f l a t   l i n e a r  . 
induction pump a re :  . ; .. 

0 A t o t a l l y   s e a l e d   l i q u i d  metal system  using no mechanical  seals 

0 No e l ec t r i c   cu r ren t   conduc ted   i n to  t h e  l iquid  metal   from  an " 

externa l   source .  

0 Winding  assemblies may be i n s t a l l e d  or removed without   cut t ing 
the  f l u i d  ducting. 

0 Dual windings on each pump al low  operat ion  a t   reduced  perform- 
ance  with a f a i l ed   s t a to r   w ind ing .  

The pumps provide   cont ro l led   var iab le   f low  dur ing   sys tem  s ta r tup   and  shutdown, 
and constant   f low  during  s teady-state   operat ion.   Variable   f low w i l l  be 
accomplished  by  variable  frequency  and  voltage  supplied by the   pmp  :bnver te rs .  

6.9.1.2 Electromagnetic Pump Inve r t e r s  

Variable  voltage  and  frequency power is s u p p l i e d   t o   t h e   e l e c t r o -  
magnetic pumps by the  e lectromagnet ic  pump inve r t e r s .  A separa te   inver te r  . 

is used  for   each pump s t a t o r .  The inve r t e r  i s  designed t o   a c c e p t  power 
f rom  the   ba t te ry   source  during system  s tar tup  and shutdown,  and  from the  
t ransformer- rec t i f ie r  unit during  system  steady-state  operation. The output 
of t he   i nve r t e r  is three-phase  ac power.  The t en ta t ive   i nve r t e r   ou tpu t  
power p r o f i l e  i s  shown in   t he   fo l lowing  table: 
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Electromagnetic Pump I n v e r t e r  Power Requirements 
. ” . ” 

Time Input Frequency  Voltage Power  Power 
(min)  Voltage 0 Factor (HZ) (L/L) 

10-300 56* 10 15 0.25  0.5 
310-312 56 10/40 1-5/75 0.2511.0  0.5 
312-318 56 40 75 1.0 0.5 
318-320 56 40160 751x20 1.013.5 0.5 

320-323 56 60 12 0 3.5 0 .5  
323- 1 5 0 ~  60 120 3.5  0.5 

6.9.2 Direct  -Current Power Supply 

A d i r ec t   cu r ren t  power supply i s  r equ i r ed   a s   pa r t  of the  SNAP-8 
system t o  provide power du r ing   s t a r tup  and  shutdown of t he  power p l an t  and 
power to   the   cont ro ls   and   e lec t romagnet ic  pump inver te rs   dur ing   s teady-s ta te  
operation. The d i r ec t - cu r ren t  power supply   cons is t s  of a bat tery  system and 
a t r ans fo rmer   r ec t i f i e r  un i t .  

The SNAP-8 power conversion system requ i r e s   d i r ec t - cu r ren t  power ‘at  
28; 56 and 150 V; 28 Vdc power is u s e d   f o r   e l e c t r i c a l   c o n t r o l s  of t h e  power 
conversion system and  nuclear system con t ro l s ;  56 Vdc power is  used t o   o p e r a t e  
the   pmp  inver te r   and   the   e lec t romagnet ic  pump inver te r   dur ing   sys tem  s ta r tup  
and  shutdown;  and 150 Vdc power i s  used for   the   e lec t romagnet ic  pump inve r t e r s  
dur ing   s teady-s ta te   opera t ion .   S ta r tup  and  shutdown power requirements   arei  
suppl ied   by   the   ba t te ry  system whi l e   s t eady   s t a t e  power requirements  are  pro- 
vided  by a t r ans fo rmer - r ec t i f i e r   . un i t  which  converts   the   a l ternator  400-Hz 
ou tpu t   t o   d i r ec t   cu r ren t .  

The b a t t e r y  system inc ludes   the   ba t te ry ,  a ba t te ry   charger ,  and the  
necessa ry   con t ro l s   t o   ma in ta in   t he   ba t t e ry   i n  a charged  cordit ion.  The b a t t e r y  
output is plus  and  minus 28 Vdc with a common connection,  the 28 V t o  canmon 
being  used  for   the power conversion system controls   while   the 56 Vdc from  the 
plus t 3  minus terminals is  used t o  power the   i nve r t e r s   du r ing   sys t em  s t a r tup  
and  shutdown. The b a t t e r y  i s  s i z e d   t o   p r o v i d e   f o r  two system s t a r t u p s  and 
one  system  shutdown  without  recharging,  plus  an  ample reserve. 

The t r ans fo rmer - r ec t i f i e r   un i t   conve r t s   t he   a l t e rna to r  400-Hz out- 
p u t   t o   d i r e c t   c u r r e n t   t o  meet t h e  power conversion system steady-state  dc 
requi rements .   In   addi t ion ,  28 Vdc is  r equ i r ed   fo r  system controls  and 150 Vdc 
i s  used t o  power the   e lec t romagnet ic   pmp  inver te rs .  

* Battery  vol tage 

Transformer-Rectifier  Voltage 
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6.9.3 Swi tchgea r 

The SNAP-8 power conversion  system  requires  the  following items of 
switchgear  to  perform  the  necessary power switching  operat ions:  

0 Vehicle  load  breaker t o  connect t h e  v e h i c l e   l o a d   t o   t h e   p a r e r  
conversion  system. 

0 Motor t r ans fe r   con tac to r s   t o   t r ans fe r   t he  putnp motors frm 
inve r t e r  power du r ing   s t a r tup  and shutdown, t o   a l t e r n a t o r  
power fo r   s t eady   s t a t e   ope ra t ion .  

0 Inve r t e r   dc   con tac to r   t o   connec t   t he   i nve r t e r s   t o   t he  dc 
power supply. 

6.9.3.1 Vehicle Load Breaker 

The vehicle  load  breaker is a three-pole,   single-throw, 175-amp 
hermet ica l ly   sea led   re lay .  It has two ope ra t ing   co i l s ,  a c l o s i n g   c o i l  and a 
t r i p   c o i l  which operate  on a c u r r e n t   p u l s e   t o   l a t c h  i n  e i t h e r  open or   c losed 
pos i t i on .  A s e t  of single-pole  double-throw  auxiliary  contacts  are r a t e d  a t  
5 amps. 

An ava i l ab le ,   he rme t i ca l ly   s ea l ed   a i r c ra f t   con tac to r  was se lec ted  
f o r   u s e  as t h e  vehicle  load  breaker.  A r a t i n g  summary of t h i s  unit is shown 
on the   fo l lowing   tab le .  

Vehicle Load Breaker  Rating Summary 

Main Contacts 

175 amps Three-pole  single  throw 
1201208 V 

601400 Hz 

Continuous  Duty 

Interrupt ing  Capaci ty:  2000 amps 

Auxil iary  Contacts  

5 amps Single-pole 
Coi l   opera t ing   vo l tage  

Pickup  voltage 

Coil   current   ( la tched-pulsed)  

Minimm operat ing  pulse  time 
Ambient temperature 

Weight 

S ize  

double  throw 
t 

28 Vdc 

18 Vdc 

5.5 amps 
0.035 s e c  
-65Oc (-85%) t o  +125OC (+257OF) 

5.5 Ib 
4.3 x 4.3 x 5.5 in .  
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6.9.3.2 Motor Transfer  Contactors 

The motor t r ans fe r   con tac to r s  are  three-pole  double-throw power 
r e l a y s   r a t e d  50 amps. The r e l a y  is designed t o  be he ld   in   the   energ ized  
p o s i t i o n  by an  e lectromagnet ic   coi l   and  in   the  de-energized  posi t ion by a 
permanent  magnet. The motor t r ans fe r   con tac to r s  are i n s t a l l e d   i n   t h e  SNAP-8 
system s o  that   the   long-term  operat ion is  with  the  re lay  de-energized and t h e  
pump motors  connected t o   t h e  400-Hz a l t e r n a t o r  power source. The pump motors 
are  connected t o   t h e   i n v e r t e r  power source when t h e   r e l a y   c o i l  is  energized. 
By operat ing  the  re lay  in   the  de-energized  posi t ion  during  long-term  operat ion 
of t h e  power conversion system, t h e   r e l i a b i l i t y  of t h e   r e l a y s  are enhanced. 

An ava i lab le ,   hermet ica l ly  sealed a i r c r a f t  power r e l a y  was se l ec t ed  
for use   as   the   motor   t ransfer   contac tor .  A r a t i n g  summary of t h i s   u n i t  is  
g iven   in   the   fo l lowing   tab le .  

Motor Transfer  Contactor  Rating S m a r y  

Type:  Three-pole  double-throw 

Contact  Rating: 

50 amps continuous  duty 

1201208 V 
400 Hz 

500 amps in te r rupt ing .   capac i ty  

200'amps  motor s t a r t i n g   ' c a p a c i t y  

Coil   Operating  voltage - 28  Vdc 

Pickup  voltage - 18 Vdc 

Ambient temperature - 7OoC t o  +120°C 

Weight - l.'7 l b  

6.9.3.3 Inve r t e r  DC Contactor 

The inverter   dc   contactors  are r e q u i r e d   t o   c o n n e c t   t h e   i n v e r t e r s   t o  
t h e  dc power supply. They are   s ingle-pole ,   s ingle- throw,   hermetical ly   sealed 
un i t s ,   des igned   t o   t he  same general   requirements  as t h e  other  SNAP-8 system 
switchgear. 

The spec i f i ca t ion   and   s e l ec t ion  of the   i nve r t e r  d c  contactor is  
dependent upon the  power requirements of t h e  i n v e r t e r s  which they   con t ro l .  
This work was not  completed a t  t h e  time of t h e  program  termination. 
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6.9.4 E leh t r i ca l   D i s t r ibu t ion  and Harness System 

The func t ion  of the  SNAP-8 e l e c t r i c a l   d i s t r i b u t i o n  and harness , 
system is t o  distribute control  and  output power among t h e   v a r i o u s   e l e c t r i c a l  
components. It cons i s t s   o f   t he   e l ec t r i ca l   w i r ing  between t h e   e l e c t r i c a l  . 
components  and includes the  fol lowing power networks: 

0 400-Hz a l t e r n a t o r  power system 

0 56 Vdc inver te r   input  power 

0 28 Vdc con t ro l  power 

0 Adjustable   f requency  inverter   output  power 

Various  concepts of e l e c t r i c a l   d i s t r i b u t i o n  and  harness systems 
have  been  studied  during  the  evolution of t he  SNAP-8 power conversion  system. 
These  have  included: 

0 Open bus system  for  high  current  using  round  tabular  anodized 
aluminum conductors. 

0 Hermetically  sealed  wiring  system  using  insulated  conductors 
i n  a condu i t   f i l l ed   w i th   i ne r t   gas .  

0 Unsealed  cables made from high-temperature  insulated  wire 
cooled  by  conduction  and  radiation. 

All harness  systems  featured  welded  connections and avoidance of 
sp l i ces   t o   p rov ide  maximum r e l i a b i l i t y .  

The f i n a l   s e l e c t i o n  of t h e   e l e c t r i c a l   h a r n e s s  and d i s t r i b u t i o n  
system m u s t  consider t h e  requirements of t h e  exac t   appl ica t ion  for which 
it  i s  t o  be used. F a c t o r s   t o  be considered  include: 

0 Mechanical  environment  such as   shock  and  vibrat ion 
requirements 

0 Insulation  requirements  such a s  temperature,  atmospheric 
pressure  and  presence  of  contamina'nts  such  as  mercury, NaK, , 
lubr icants ,   mois ture ,   and   sa l t   spray  

0 Shie ld ing   for   e lec t romagnet ic   in te r fe rence  . 
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7.0 INSTRUMENTATION 

During  the SNAP-8 development  program, many cmponent  and system 
tests were performed. These tests were conducted in   loops  containing  the 
SNAP-8 working fluids - NaK, mercury,  and  polyphenyl  ether. To operate  and 
con t ro l   t he  tes t  loops,  and t o   o b t a i n  performance  data, a v a r i e t y  of instru- 
mentation was used. This   sec t ion  of the  report   descr ibes   the  var ious  unique 
instrumentat ion  designs  and  appl icat ions  that   were  used  in   these  tes t   loops.  
A number of instrumentat ion  sensing  devices   were  a lso  tes ted,  and r e s u l t s  of 
t hese   t e s t s   a r e   d i scussed .  

The l a r g e s t  and  most s i g n i f i c a n t  SNAP-8 t e s t   l o o p  was designed  for 
t e s t i n g   t h e  35-kWe system. I n  t h i s  loop, more than  800  measurements  were 
made : 

Type Qua n t  i t y  

Cur ren t   ( t r ansmi t t a l   s igna l )  25 
Current   (visual)   20 

Frequency  ( t ransmit ted  s ignal)  4 
Frequency  (visual)  2 

Flow 20 

Fluid  Level 20 

Pos i t   ion  10 

P res su re   ( t r ansmi t t ed   s igna l )  69 
Pressure   (v i sua l )  

Pressure  (switches)  

Rotational  speed 

Temperature 

Va c u m  

Vibrat ion 

Vol t s   ( t ransmi t ted   s igna l )  

Volts  (visua 1) 
Watts   ( t ransmit ted  s ignal)  

Watts   (visual)  

69 
6 
5 

440 
15  
9 

26 

41  
2 1  

2 
Total:   821 
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Approximately 320 of the   t ransmi t ted   s igna ls  were recorded on  a 
d i g i t a l   d a t a   a c q u i s i t i o n  system. A v a r i e t y  of convent ional   indicators  and 
recorders  were used t o   i n d i c a t e  and  record  the  other   t ransmit ted  s ignals .  
Various  condi t ioners   and  amplif iers  were employed t o  convert   signals  from 
the   t es t - loop   sensors   and   t ransducers   to   s igna ls   su i tab le   for   record ing .  

The instrumentation components t h a t  were mounted i n   t h e  t es t  loop 
were a n   i n t e g r a l  part of  the SNAP-8 system, s ince   t hey  came i n   i n t i m a t e  con- 
t a c t   w i t h   l i q u i d   m e t a l s  and  had t o   o p e r a t e   a t   r e l a t i v e l y   h i g h   t e m p e r a t u r e s .  
Each  measurement variable  (such  as  pressure,   temperature,   and  f low) w i l l  be 
discussed  separately;   and  where  appropriate  within  each measurement ty-pe, t he  
a p p l i c a t i o n   t o  NaK service w i l l  be   separated from t h a t  of mercury service. 

' 7.1 PRESSURE MEASUREMENTS - TRANSDUCERS 

Pressure  transducers were employed f o r  two  reasons.   Firs t ,  i t  was 
d e s i r a b l e   t o   a s c e r t a i n   t h e   c a p a b i l i t i e s  of these  transducers so t h a t   t h e y  
could  be  proven for  eventual  use i n  space missions.   Second,   the  mil l ivol t  
ou tput   s igna l  of aerospace-type  pressure  transducers i s  compatible  with  the 
d ig i ta l   da ta   acquis i t ion   sys tem  and   recorders   tha t  were used i n  sWP-8 com- 
ponent  and  system  tests.   (Industrial-type  pressure transmitters have e i t h e r  
a 3-to-15  psig  pneumatic  output  signal or  a 4- to-20  mil l iampere  e lectr ical  
output s i g n a l  . ) 

Three  types  of  commercially  available  pressure  transducers were 
evaluated  during  the SNAP-8 tes t  program. These transducers  operate on 
var iable-reluctance,   potent iometer ,   and  s t ra in-gage  pr inciples .  After a con- 
s ide rab le  amount  of t e s t i n g ,   s t r a i n  gage transducers were adopted  as  the 
standard  and  used  exclusively. 

The variable-reluctance  transducer  system  proved t o  be un re l i ab le  
(poor   t ransducer   operat ion,   s ignal   condi t ioner   dr i f t ing,  or both) .  Also, t h e  
va r i ab le   r e luc t ance   c i r cu i t   c anno t   be  checked  out e l e c t r i c a l l y   a f t e r   t h e   t r a n s -  
ducer i s  i n s t a l l e d   i n   t h e  test  loop  and  while  the  loop is  ac tua l ly   opera t ing .  
This  can  be  done  with  strain-gage  and  potentiometer  instruments,  using  shunt 
c a l i b r a t i o n  methods.  Therefore,  confidence in   t he   accu racy  and r e l i a b i l i t y  of 
the  var iable-reluctance  pressure  t ransducers  was fur ther   reduced.  

The  potent iometer   pressure  t ransducers   are   easi ly  damaged by over- 
p r e s s u r e   s u r g e s ,   p a r t i c u l a r l y   i n   t h e  mercury loop,  and  wiper arms  wore out 
occasionally  because  the pressure medium f luc tua ted   s l i gh t ly   ove r  one point  
for long  periods of time. 

7.1.1 NaK Service 

I n   t h e   s e l e c t i o n ,   s p e c i f i c a t i o n ,  and i n s t a l l a t i o n  of pressure t r ans -  
ducers   for  NaK service on t h e  SNAF"8 system, the   fo l lowing   po ten t i a l  problems 
must be considered  s ince  they  affect   ins t rumentat ion  design:  
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Pressure  measurements  are made a t   l o c a t i o n s  where t h e  NaK 
fluid  temperature  can be a s   h igh   a s  1350%. Since  pressure 
transducers  cannot  operate a t   t h i s   t e m p e r a t u r e ,  some form 
of cooling mechanism  must be  provided. 

NaK i s  highly  corrosive,   therefore ,   t ransducer   mater ia ls  m u s t  
be ca re fu l ly   s e l ec t ed  and spec i f ied .  

Dissolved sodium oxide i s  p resen t   i n  NaK and w i l l  p r e c i p i t a t e  
out   rapidly  a t   temperatures   below 3OO0F; t h i s   p r e c i p i t a t e   c a n  
plug  pressure  taps   and  t ransducer   ports .   Judicious  instal la-  
t ion  designs  are   needed  to  overcome t h i s  problem. 

P r i o r   t o   f i l l i n g  t h e  loop w i t h  NaK, the  piping  system is evac- 
ua ted   for   long   per iods  of time to   de t ec t   any   l eaks .  T h i s  
means tha t   the   t ransducer  m u s t  be ab le   t o   w i ths t and  a vacuum 
without  suffering  changes i n  c a l i b r a t i o n  or z e r o   s h i f t s .  

The methods  used to   e l imina te  or minimize  these  problems  are  des- 
cr ibed  in   the  fol lowing  paragraphs.  

7.1.1.1 Cooling  and Sodium  Oxide Plugging 

Since  the  upper l i m i t  of temperature  compensation  for  strain-gage 
pressure  t ransducers  i s  600 F for absolute  pressure  transducers,   and 4OOoF 
fo r   d i f f e ren t i a l   p re s su re   t r ansduce r s ,   t hese   t r ansduce r s  must be  kept a t  or 
below t h e  above-mentioned  tegperatures when they   a r e  used t o  measure t h e  
pressure of a medium a t  1350 F. The e a s i e s t  method of cooling a pressure 
transducer i s  t o  connect i t  to   the   p rocess   p ip ing  w i t h  a "stand-off  tube". 
I n  NaK serv ice ,   the   l ength  of t h i s  tube is c r i t i c a l .  A long  stand-off  tube 
w i l l  reduce  the  temperature of t h e  NaK t h a t  comes i n   c o n t a c t   w i t h   t h e   t r a n s -  
ducer t o  such  an  extent  that  the  sodium  oxide  present i n  t h e  NaK w i l l  precip-  
i t a t e   o u t  i n  t h i s  "cold  trap."  Eventually, a s o l i d  sodium  oxide  plug will 
form between the  t ransducer  and process  l ine  and  prevent  the  pressure  trans- 
ducer  from  sensing  the  actual  pressure i n  the  process  piping.  Since  operat-  
ing  condi t ions w i l l  vary  with  each  appl icat ion,   the   fol lowing  rule  of thumb . 

is  usefu l :  Make the  stand-off  tube  long enough s o  tha t   the   t empera ture   o f  
the  NaK contact ing  the  pressure  t ransducer  i s  within  the  compensated  tempera- 
ture range of the  t ransducer ,  and make the   tube   shor t  enough go t h a t   t h e  
temperature of t he  NaK contact ing  the  t ransducer  i s  above  300  F,  the  approxi- 
mate cold-trap  temperature. 

7.1.1.2 Speci f ica t ions  

0 

Deta i led   spec i f ica t ions   were   wr i t ten   to  meet the  t ransducer   design 
requirements. The s ignif icant   information  f rom  these  specif icat ions is  sm- 
marized  below. 

a.   Absolute  Pressure  Transducers  for NaK Service.-  Unbondgd s t r a i n -  
gage  pressure  transducers  with a compensated  temperature  range t o  600 F can 
operate a t  temperatures  up t o  TOO F,  but  can  withstand  an  over-range  pressure 
of only two t imes   the i r   ra ted   range .  A 3 /8  i n .  OD x 0.049 i n .  wal l ,  Ty-pe 316 
s t a in l e s s   s t ee l   s t and-o f f   t ube  i s  used w i t h  mounting stubs welded t o  t h e  

0 

' 1  
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t ransducer  body:  The space  inside  the  transducer  between  the  diaphragm and 
pressure  port  i s  in   t he   shape  of a t runca ted  cone t o   a l l o w   f o r   d r a i n a g e  of 
p rec ip i t a t ed  sodium  oxide  out of the   t ransducer .  

b. _~____~  Differen t ia l   Pressure   Transducers   for  NaK Service.-  Unbonded 
s t ra in-gage  pressure  t ransducers   with a compensated  temperature  range t o  400 F 
are   prepared.   These  t ransducers   provide  high  operat ing  temperature   capabi l i ty  
a t  t h e   s a c r i f i c e  of  over-range  protection. The pressure   por t s  are loca ted  i n  
a ve r t i ca l   pos i t i on   t o   p rov ide  maximum draining.  

7.1.1.3 I n s t a l l a t i o n  ~. . Desipn  and Tes t ing  

Pressure  t ransducers  i n  NaK service  should  always  be mounted  above 
the   p rocess   p ip ing   t o   a id   t he   d ra in ing  of prec ip i t a t ed  sodium  oxide  back i n t o  
t h e  test  loop. To prevent  plugging of the  transducer or the  stand-off  tube,  
a secondary  instal la t ion  "crutch"  can  be employed. A sketch of t h i s   i n s t a l l a -  
t i o n  method is  shown on Figure 7-1. 

To a sce r t a in   t he  optimum length of the  stand-off  tube  between  the 
pressure  transducer  and  the  process  piping, a thermal  profile  of  the  tube  and 
the  t ransducer  was established  by  mounting  thermocouples on the   tube  and t r a n s -  
ducer.  Test  variables  were (1) the  NaK temperature i n  the  process  piping,  and 
(2) thickness  of insulat ion  surrounding  the  process   piping.  

The conclusions  f rom  this   tes t   program  are  s h r i z e d   i n  Figure 7-2. 
Theolength of t ransducer   s tand-of f   tube   requi red   to   main ta in  a temperature of 
300 F at   the   t ransducer   diaphragm is shown a s  a func t ion  of the  process  NaK 
temperature  for two process   pipe  insulat ion  thicknesses .  

7.1.2 Mercury Service 

The des ign   cons idera t ions   for   the   se lec t ion ,   spec i f ica t ion ,   and  
i n s t a l l a t i o n  of pressure  t ransducers   for   mercury  service  are   different   than 
t h o s e   f o r  NaK serv ice .  The fo l lowing   a re   the  most important   factors   inf luenc-  
ing  design. 

0 Process  temperatures  up  to 1300 F are   encountered  in   the 0 

sys t e m .  

0 Mercury  tends to   dissolve  containment   mater ia ls .   Al loys 
susceptable   to   mercury  a t tack  can  erode  rapidly.  

0 Fast-act ing  valves   in   the  mercury  loop  can  cause  high 
pressure  surges  (water hammer). 

0 Vacuum condi t ions exist i n  the  mercury  loop  for   long  per iods 
of t ime  pr ior   to   mercury   in jec t ion .  

The e f f e c t  of t hese   f ac to r s  on the  design of mercury  pressure 
t ransducers  is explained  in   the  fol lowing  paragraphs.  
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Figure 7-1 Ins ta l la t ion  of NaK Pressure Transducer Showing 
.Stand-Off Tube  Used t o   P r o t e c t  Transducer 
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7.1.2.1 Transducer  Cooling 

I n  mercury service,  stand-off  tubes  are used to  cool  transducers.  
Since no plugging problems e x i s t   a s   v i t h  NaK service, the  length of this   tube 
is  not   c r i t i ca l ;  it m u s t  only be long enough to   cool   the  t ransducer   to  well 
within i t s  compensated temperature  range. 

7.1.2.2 Ins t a l l a t ion   fo r  Mercury Liquid  Service 

I n  mercury liquid  service,  the  transducer  should  be  installed in a 
s l i g h t l y  dor.TnT;rard posit ion from the  process  piping. A good r u l e  of thmb is 
t o   i n s t a l l  it so  that  an  angle of approximately 7-1/2 degrees is created 
betmen an imaginary horizoatal  plane  passing  through  the  center of t h e  pro- 
cess  pipe and the  transducer  stand-off  tube.  This  allars  a  layer of cool 
mercury l i q u i d   t o  permanently come in,  contact -crith the  transducer diaphragm. 

7.1.2.3 Ins t a l l a t ion  for  Mercury Vapbr Service 

I n  mercury  vapor service,  the  transducer must be i n s t a l l e d   i n  a 
posit ion below the  process  l ine  to  obtain  the  cooling  protection of the con- 
densed  mercury t h a t  will permanently stay  in  the  stand-off  tube between the 
transducer diaphragm and the loop  piping. If the  transducer i s  ins ta l led  
above the  piping, mercury  vapor a t  1200 F w i l l  continually  reach the pres- 
sure  transducer and cause permanent damage. 

, ,  , .  

When the transducer i s  ins ta l led  below %he process  line,  a condens- 
ing  process  continuously  takes  place  in  that  part of the  stand-off  tube  closest 
t o   t h e  mercury vapor  piping. This poses  a  special "problem a s  folloT.T6: When 
mercury  condenses, it contains no elements in  solution.  Therefore, it tends t o  
dissolve  the  metals  with which it comes in  contact until it is saturated  with 
the  elemental  metals  present  in  the  containment  alloys. If t h i s  containment 
a l loy  i s  posit ioned  in such a manner that   the  condensed  mercury continually 
flows  avay and  vapor continues t o  condense, a condition termed  "condensing 
ref lux"  exis ts .  Under these  conditions  alloys  susceptible  to mercury corro- 
sion can  erode  very  rapidly. 

This phenomenon was noted i n   t h e  Ty-pe 316 s ta in less   s tee l   p ressure  
transducer  stand-off  tubes  that were f irst  used in .SW-8 mercury  vaporoserv- 
ice .  A corrosion  rate of 0.01 inch  per 1000 hours of operation a t  1250 F and 
275 psia ~ras observed.  Therefore, i n  subsequent  installations,  short  stubs 
of gCr-lMo s t e e l  were used t o  connect the mercury  vapor process  piping t o   t h e  
Ty-pe 316 stainless  steel   stand-off  tube of the  pressure  transducer. A typ ica l  
i n s t a l l a t ion  of t h i s  type is shorn in  Figure 7-3. 

7.1.2.4 Over-Range Protection 

During early  phases of the SNAP-8 program, a  considerable number of 
pressure  transducers,   especially  differential   pressure  transducers,  were 
damaged i n  the mercury loop  by  water hammer e f fec ts  which cause momentary high 
over-pressures in  the  process  piping. These overpressures  permanently deform 
the  transducer diaphragm  which resul ts   in   an  erroneous  output   s ignal .  Water 
hammer i s  generated i n  the mercury loop by f a s t  opening  and closing  valves 
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vhich  protect  ira'portant  pieces of  equipment. No e q e r i m e n t a l   d a t a   a r e   a v a i l -  
ab le   regard ing   the   ac tua l   va lue  of these  surges,  Hbvever,  using  cons  rvative 
methods of ca lcu la t ing   water  harmner, a ca lcu la ted   va lue  of 528 lb / in .  above 
aabient   pressure is obtained. f o r  a t y p i c a l   s i t u a t i o n  i n  the  SW-8 mercurry 
l iqu id   p ip ing  

5 

For  absolute  pressure  measurements  the  damge due t o  over-ranging 
of pressme  t ransducers   vas   e l iminated  by  the  use of  bonded s t ra in-gage  pres-  
sure   t ransducers   tha t  employ an  overload  stop  to  prevent  the  deformation of 
the  transducer  diaphragm. The cons t ruc t ion  of th i s   type   o f   t ransducer  is 
shotm i n   F i g u r e  7-4. Ear ly   vers ions  of t h i s  ins t rment   p rovided  1O:l overload 
protection.  Subsequent  models  were b u i l t  and  used t h a t  have  a l5:l overload 
pro tec t ion  ra-nge 

I n   t h e   c a s e  of different ia l   pressure  measurements ,  t h e  water hammer 
problem is more severe.  For example, f l o v  i n  the  l iquid  mercury  loop is 
measured with a v e n t u r i   t h a t   c r e a t e s  a pressure  drop of 15  ps id  a t  nominal 
flow. A 0-30 ps id   r ange   d i f f e ren t i a l   p re s su re   t r ansduce r   u sed   t o   measu re  
th i s   p ressure   d rop  would only  survive a 300 p s i  (ten-tirnes  rated  range)  pres- 
sure  surge.  This  problem vas solved by the  use of  two p ro tec t ion  methods. 
F i r s t ,  sill o r i f i c e s  were made i n  t he   l i nes   f rom  the   ven tu r i  t o  the   t r ans -  
ducer t o  d.ampen the  shock waves  Secondly.,  a 0-100 p s i d   d i f f e r e n t i a l   p r e s s u r e  
is used, bu t  it is ca l ib ra t ed  i n  the  signal  conditioner-recorded  system  only 
f r m  0-30 psid.  mus, a 1000 psid  ( ten-times  rated  range)  over-range  protec- 
t i o n  is obtained. 

7.1.2.5 Speci f ica t ions  

Severa l   spec i f ica t ions   for   bo th   absolu te   and   d i f fe ren t ia l   mercury  
service  pressure  t ransducers   were  mit ten.   Al though  these  specif icat ions 
primarily  concern rnercury s e r v i c e ,   t h e y   a l s o   i n c o r p o r a t e   f e a t m e s   u s e f u l  i n  
NaK loops  Sal ient   features  of t hese   spec i f i ca t ions   a r e   desc r ibed  belotr. 

a.  Absolute  Pressure  Transducers.- Bonded s t ra in-gage  pressure 
t ransducers   a re   spec i f ied  but with a cleaning  port   and  an  external   shunt  t o  
provide   ca l ibra t ion   capabi l i ty .   Other   in te res t ing   fea tures   a re   the   requi re -  
ments f o r   o p e r a t i o n   a t  5 x 10-3 rmn mercury vacuum, high  overload  protection, 
and  thorough  helium  leak  and dye penet ran t   inspec t ions .  

b. Different ia l   Pressure  Transducers . -  Bonded s t r a in -gage   d i f f e r -  
en t i a l   p re s su re   t r ansduce r s   a r e   spec i f i ed  but v i t h  high  over-range  protection 
and   ex terna l   shunt   ca l ibra t ion   capabi l i ty .  It does  not permit the use of a 
f luo r ina t ed  compound as a f i l l i n g  fluid. Fluorinated  hydrocarbons, n o m l l y  
used by  t ransducers   manufacturers   to  f i l l  the  space  created  between  the two 
diaphragm of  a d i f f e ren t i a l   p re s su re   t r ansduce r   a r e  not permitted.  If a 
d i f f e ren t i a l   p re s su re   t r ansduce r   f i l l ed   w i th  a 
damaged, t h i s  f l u id  could come i n   c o n t a c t  with 
could OCCUT. 

f l uo r ina t ed  compound should be 
NaK and  a small explosion 
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7.2 PRESSURE MEAflJREMENTS - VISUAL GAGES 

Visual  pressure gages  were  used in   t he  SNAP-8 t e s t  loops  as  a 
. backup for pressure  transducers and t o  make noncrit ical   pressure measurements. 

Both absolute (or gage) and different ia l   pressure gages were u t i l i zed .  They 
were installed  according  to  the same general  rules  that  yere  described  previ- 
ously  for  pressure  transducers. 

7.2.1 Absolute  Pressure Gages 

Bourdon tube  gages were used fo r  visual absolute  pressure measure- 
ments. All pressure gages  were  purchased with Type 316 s t a i n l e s s   s t e e l  
bourdon tube,  socket, and t i p .  

These pressure gages do not  tincorporate  .temperature  compensation, 
therefore ,   tes ts  were conducted t o  determine  the  themnaloshift of these  pres- 
sure gages with test  c e l l  temperatures of from 70 t o  160 F. From these  tes ts  
it was concluded tha t ,  above 50% of full-scale  reading, t he  thermal s h i f t  
error  is reagonably  constant and equal t o  approximately 2 1% of the  reading 
fo r  every 40 F s t ep  above  ambient  temperature. 

7.2.2 Differential  Pressure Gages 

Pneumatic, bellows diaphragm di f fe ren t ia l   p ressure  gages wi th  mechan- 
ical   l inkages were used on the SNAP-8 test program.  These  gages  were t e s t e d   t o  
ascertain  their   accuracy  at   elevated  test-cell   temperatures.  They were Cali- 
brated and then  thermally  cycled from room temperature (78OF) t o  175OF. It vas 
determined that,   within t h i s  temperature  range, a thermal  zero s h i f t  of +O.l5 
t o  -0.5% (full scale)  occurred and a  thermal  sensit ivity s h i f t  of +2.5 t o  -3.0% 
( ful l  scale)  occurred.  Special  correction  curves were drawn t o  compensate fo r  
these  errors.  

The two most comon  devices f o r  measuring  temperatures tha t  mus"; 
be  recorded a re  thermocouples and resis tance thermometers.  During ear ly  
phases of the SNAP-8 program, both of these  temperature  sensing  devices were 
used. The use of platinum  resistance  thermmeters, however, vas discontinued, 
and Chromel-Alumel  (ISA  Type "K") thermocouples were  used exclusively  for  the 
following  reasons : 

0 Standardization on Chromel-Alumel thermocouples simplified 
calibration, check-out, and data  reduction  procedures. 

0 The advantage of platinum  resistance  thermmeters  over thermo- 
couples  (especially a t  l 3 O O %  where most of the  important 
temperatures  are measured) i s  doubtful. Chromel-Alumel is very 
s t a b l e   a t  1300°F (no long-term  history  at  t h i s  temperature  for 
platinum  resistance thermometers. ex i s t s ) .  Also,  the  applica- 
t ion  error  i s  just as   large  for  a resistance thermometer as  it 
is with a thgrmocouple. 
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0 Signal  conditioners required for use v i t h  res is tance thermom- 
e t e r s   a r e  more d i f f i c u l t  to use  than  thermocouple  reference 
junctions. 

e Since  not a l l  platinum  resistance thermometers  have the same 
(identical)   calibration  curve,  many channels m u s t  be checked 
out  separately and individual  calibration  curves m u s t  be 
obtained and incorporated  into t h e  data  reduction programs. 

TITO types of thermocouples vere used on the SNAP-8 t e s t  program: 
probes  with  thermowells and surface  thermocouples. 

7.301 Thermocouple Probes 

Thermocouple probes were i n s t a l l e d   i n   t h e  SNAP-8 system t e s t  loop a t  
locations where highly  accurate measurements  were requbed  ( for  example, NaK 
and mercury boiler  ou-tlet  temperatures). These  thermocouple  probes were 
ins ta l led  with themnowells;  a  photo of both  thermocouple and well. i s  sholm on 
Figme 7-5. 

7.3.2 Surf  ace Thermocouples 

Most temperature measurements i n   t h e   t e s t  loops were made wi th  
surface  themocoqles .  A typ ica l  thermocou.ple instal la t ion  (before  insula- 
t i on )  is shoPTn on Figure 7-6 which Shom the ceramic insulators and welding 
s t r a p   t h a t  make this instrument  so  reliable. This type of thermocouple is 
highly  accurate  in  liquid  metal  service  because of the  very  high film co- 
efficients  associated  with  liquid  metals and because of the  thick  layers of 
insulation  used  to  cover  the thermocouple  and the  piping. 

. Three types of flow  measuring  devices  vere  successfully employed i n  
t h e   t e s t  loops : venturi  flow tubes,  magnetic  flovmeters, and turbine-type  flov 
transducers. Design, calibration, and t e s t  experience with these  instruments 
is described below. 

7.4.1 Ventmi Flow Tubes 

Venturi  flovmeters  vere  used i n  conjunction v i t h  d i f fe ren t ia l   p res -  
sure measuring  devices i n  both NaK and  mercury t e s t  loops.  Figure 7-7 shom 
the  design  foy  the Type 316 s t a in l e s s   s t ee l   ven tu r i  used t o  measure the 
n e r c u y  vapor flow a t   the   bo i le r   ou- t le t  35-kIn.Je system. The annular  sections 
sh0r.m in   F igme 7-7 permit  the  circumferential  averaging of the  upstream  and 
throat  pressure measurements. 

7.4.1.1 Liquid  Service 

Venturi  flow  tubes f o r  NaK and l iqu id  mercury service were calibrated 
with  water a t  Reynold's numbers equivalent  to  the SNAP-8 system f l o v  require- 
ments. The water calibration  data were converted t o  give a  curve of Reynold's 
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Figure 7-5 Lmmersion Thermocouple and Well 

Figure 7-6 Typical Surface Thermocouple Ins ta l la t ion  
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number vs  discharge  coefficient of the  venturi  flow  tube. B ta  from t h i s  
curve were then  used to  calculate  the  values  required  to  plot  a  curve of 
flow  vs  differential   pressure  for  the  venturi .  

7.4.1.2 Vapor Service 

!The mercury  vapor venturi  shown i n  Figure 7-7 was designed and 
fabricated  at   Aerojet .  After construction, it vas shipped for cal ibrat ion 
t o   t h e  Colorado Engineering Ekperiment S t a t i o n   i n  Boulder,  Colorado,  an 
organization  specializing  in gas flow research and  flowmeter calibrations.  
The ca l ibra t ion   resu l t s  showed a venturi  discharge  coefficient of 0.98 a t  
a  Reynold's number  of 100,000, exactly as predicted by ASME published  data. 

7.4.2 Magnetic  Flowmeters 

Magnetic  flowmeters fo r  NaK service were  used a s  backup instruments 
to   the  ventur i   tubes  and where flow measurement with a venturi was impractical 
(for example, where flows a re  low and different ia l   pressure measurements a re  
d i f f i cu l t ) .  They also  serve as. excellent  flow measuring  devices i n  NaK puri-  
f i ca t ion  loops where they  are  used  in  conjunction with -cold-trapping  system. 

The magnetic  flowmeters  used  proved t o  be very  reliable  instruments. 
While they were not f lm calibrated,  flows were obtained by theoret ical  equa- 
tions  (see below).  Flowmeters i n s t a l l e d   i n   s e r i e s  with venturi  tubes gave 
data  that  agreed  within 25$ of ventur i   resu l t s .  

Electromagnetic  flowmeters  cannot  be  calibrated with water i n  a 
conventional  hydraulic  laboratory  because water is  a  nonconductive f l u i d ,  
Hoyever, a calibration curve  can be calculated. The method and equations 
used in   ca lcu la t ing   the  flowmeter calibration  curves me defined i n  
Reference 66. 

7.4.3  Turbine-Type Flow Transducers 

A l l  SNAP-8 ro ta t ing  machinery (pumps, turbine,   al ternator)  are cooled 
and lubricated  with  an  organic  fluid.  Turbine-type  flow  transducers  are used 
t o  measure the.  flow of this  f lu id .  For  flow i n   t h e  1500-2500 lb/hr  range, 
transducers  with  conventional  magnetic  pickups which sense  the  rotational 
speed of the   ro tors   a re  used. In aspl icat ions where very low flows have t o  
be  measured ( l O O - l 5 O  lb/hr), turbine flowmeters a r e  used  which include an 
oscillator-preamplifier  system  to  sense the ro tor   ro ta t iona l  speed. This 
eliminates  the need far a  magnetic  pickup and i ts  accompanying drag on the 
rotor,  an  undesirable  feature which results in   inaccurac ies   a t  low flows. 

A l l  turbine-type  flow  transducers were periodically  recalibrated.  
Meters wi th  magnetic  pickups  never  indicated  any changes in cal ibrat ion 
factors .  However, the  extremely small transducers  with  the  oscillator- 
preamplifier  system have  a tendency t o  wear out  after  approximately 2500 hours. 
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Turbine-type  flow  transducers  were  calibrated by the  instrument  
manufacturers  with  water  and v i t h  o i l  having  the same k i n e t i c   v i s c o s i t y   a s  
t he  lubricant-coolant  fluid. 

During ear ly   phases  of t h e  SNAP-8 test program, a l l  leve lmeasure-  
ments  were made with contact   probes  using  an  e lectr ical   insulator   between  the 
probe  and  the  tank,  as sho1.m i n   F i g u r e  7-8. These  instruments  operate on t h e  
p r inc ip l e   t ha t ,  when NaK comes i n   c o n t a c t   v i t h   t h e   p r o b e ,   t h e   e l e c t r i c a l   c i r -  
cuit i s  completed  causing  current t o  flow which l i g h t s  a l a w  or ac tua tes  some 
type of indicat ing  device.   These  probes  proved  to   be  unrel iable .  Most f a i l -  
ures  were caused by electrical shorts  of the   p robe   to  t h e  tank due t o   w e t t i n g  
and/or  sodium  oxide  buildup  between  the  probe  and  the  tank. 

Since  level  measurements are of v i t a l  importance  during  startup, 
shutdown,  and  steady-state  operation', it became e v i d e n t   t h a t   t h e . l e v e 1  measur- 
ing  devices   had  to  be  improved. An extensive  design  and  developnent  effort 
tms launched t o   o b t a i n  more r e l i a b l e  methods of l e v e l  measurement. A d e t a i l e d  
desc r ip t ion  of the  types of level  probes  investigated  during  the  development 
e f f o r t  and the  designs employed i n   t h e  test  loops i s  contained  in  Reference 67. 
A brief desc r ip t ion  of each of the  basic  level  probes  which  vere  developed is 
presented below: 

7.501- Digital   Level  Probe - Welded I n s t a l l a t i o n  . 

This  design,  shovn  in  Figure 7-9, opera tes   in   the   fo l lowing  manner: 
l h e n   t h e  NaK l e v e l  is belmr t h e   t i p  of the   p robe ,   e lec t r ica l   cur ren t  flows up 
through  the  sheath  and  the  voltage  drop  across  the  sheath is r e l a t ive ly   h igh .  
A s  t h e   l e v e l   i n  the tank  rises, NaK contac ts   the   p robe   t ip   caus ing   cur ren t   to  
flow through  the NaK t o  ground  which  decreases the sheath  voltage  drop.  This 
s t e p  change in   vol tage  drop is detected a s  a d i g i t a l   l e v e l  measurement. 

7.5.2 Analog Straight  Level  Probe - Top Entry 

Original ly ,  NaK analog  level  measurements  Irere  primarily made with 
top-entry "J" probes. However, t he   ben t   s ec t ions   o f t en   f a i l ed  due to   t h inn ing ,  
t h e   p r o b e s   w e r e   d i f f i c u l t   t o   i n s t a l l  and  remove,  and t h e i r   s e n s i t i v i t y  vas low. 
Bottom entry  probes  were  often  inaccessible  and  they  introduced the  p o s s i b i l i t y  
of  dangerous NaK leaks.   Therefore,   an  analog  straight-level  probe v i th  t o p  
en t ry  (sholm  schematically on Figure 7-10) vas developed. The probe T ~ S  made 
by  adding  an  extension  piece  to   a   digi ta l   probe.   In   operat ion,  when NaK 
touches  this   extension,  a  second e l e c t r i c a l   p a r a l l e l   p a t h  is created.  The 
vol tage   d rop   across   the   para l le l   pa ths  i s  measured to   ob ta in  a s igna l   vh ich  
is propor t iona l   to   the   t ank   leve l .  This system  also  provides a d i g i t a l  check 
point  when NaK first touches t he  extension  s ince  an  abrupt  change i n   v o l t a g e  
drop  occurs. 
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7.5.3 Combined Analog-Digital  Probe 

To provide  added  confidence  in   the  accuracy  and  re l iabi l i ty  of 
levelmeasurements,   the combined analog-digi ta l   probe sholm i n  Figure 7-IJ- 
vas designed. It u t i l i ze s   a   mu l t i conduc to r   ma te r i a l   i n  which two conductors 
a r e  used for the  analog system and  others with d i g i t a l   c i r c u i t r y   t o   p r o v i d e  
d i g i t a l  check  points  on  the  analog  measurements. 

7.5.4 Analog  Level  System - Top Entry "J" Probe 

This method i s  shown i n   F i g u r e  7-12. Changes i n   l e v e l   a r e   d e t e c t e d  
by the  varying  voltage  drop  across t h e  v e r t i c a l  upward port ion  of   the "J". 

7.6 VIBRATION MEASUREMENTS 

The SNAP-8 v i b r a t i o n  measurements  cannot  be  considered  part of 
l iquid  metal   instrumentation,  as  such.  Barever,  the v ib ra t ion  measurement 
system  used  during  the 35-kWe system tests is worthy of a   br ief  summary. 

The vibrat ion  sensors   are   piezoelectr ic   accelerometers   connected 
t o  charge  amplif iers .  The noteworthy  features of t h i s  v i b r a t i o n  measurement 
system  are  i ts  v e r s a t i l i t y  and capabi l i ty   to   record   cont inuous ly .  

A block  diagram of the e n t i r e   v i b r a t i o n  measurement  system is sholm 
in   F igu re  7-13. It consis ts   of   twelve  channels   that  can  be  monitored i n  sev- 
e r a l  ways. A l l  twelve  channels  are  wired  to  a  high-speed  tape  recorder.  This 
recorder  is turned on  manually f o r   s h o r t   p e r i o d s  of time a t  "data  points"  and 
du r ing   s t a r tup  and  planned  shutdown  periods. The recorder  will a l s o  t u r n  on 
au tomat ica l ly  when an  unscheduled  emergency  shutdown  occurs. 

Four c r i t i ca l   channe l s   a r e   a l so   r eco rded  on two separa te   t ape  
recorders  that   operate  continuously.   These  recorders always have  one hour 
of previous  data  stored.  on  their   tapes, .  t hus  providing  a  record of  any  mal- 
func t ion  or f a i l u r e .  A sonic   analyzer   ipaphical ly   displays  f requency  versus  
accelerat ion  information,  and an  audio  system  provides  sounds t h a t   a r e   p r o -  
por t iona l   to   acce le ra t ion .   Se lec tor   swi tches   permi t   the   d i sp lay  of any 
accelerometer  output  signal on the sonic   analyzer  or i t s  audib le   p resenta t ion  
through  the  audio  system.  Playback of any  channel  from  any  recorder on the  
sonic   analyzer  or the audio  system is  a l so   poss ib l e .  
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Figure 7-12 Analog Top Entry "J" Level Probe and Electr ical   Circui t  
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8.0 CONCLUSIONS 

8.1 GENERAL SNAP-8 DESCRIPTION AIb PROGRAM RESuI;TS 

The object ive of t he  S W - 8  program was t o   e s t a b l i s h   t h e   t e c h n o l o g i -  
c a l b a s e  f o r  the  subsequent  development  of  mission-capable multikilaratt mercu- 
r y  Rankine-cycle  space  parer  systems. The SNAP-8 system i s  designed  for  a 
f ive-year  operating  l ife,   man-rated  operation,  and  restastabil i ty.  The de l iv -  
erable  power output  capabili ty  spans  the  range  from an init ial  value of 30 kWe 
t o  90   We  for   the   f ina l   vers ion .   E lec t r ica l   parer  i s  generated  by a turb ine-  
a l t e rna to r  i n  a mercury  Rankine-cycle  loop.  Heat i s  t r a n s f e r r e d   t o   t h e  mercury 
loop from the  nuclear  heat  source  by means of sodium potass ium  eu tec t ic   a l loy  
(NaK) subsystems.  Heat i s  r e j ec t ed  from the  mercury  loop t o  another NaK sub- 
system  which in   tu rn   rad ia tes   the   sys tem  was te   hea t   to   space .  Up t o  600 thermal 
kilowatts  we  required  from  the  heat  source  depending upon the   sys t em  e l ec t r i ca l  
pmrer output. 

Specific  conclusions  a 'ssociated with t h e  SNAP-8 system  technology 
are  presented i n  the  folloiring  sections.  

8.2 SYSTEM LEXEL 

The following  conclusions  concern  system  level  design,  analysis,  and 
t e s t i n g :  

(1) The ex i s t ing '  component eonfigurations  can  be  integxated  into a 
system  capasjle  of  producing 35-kWe net  output.  

(2) The e x i s t i n g  component 'designs  could  be  canibined t o  provide a 
system c a p a b h o f   d e l i v e r i n g  90 We,  corresponding t o  a  system 
ef f ic iency  of 13% w i t h  a 600-kWt hea t   source   subjec t   to   the  
f a l l m r i n g  considerat ions : 

0 The turb ine   des ign  would be  .changed  from  an  impulse  turbine 
~. with a l b p s i a  vapor  exhaust  pressure t o  a r eac t ion   t u rb ine  

wi th  a 2- to   3-psia   vapor   exhaust   pressure.  The design of 
the  modified  turbine  has  been  completed  under this program. 
The a l t e rna to r s   a s soc ia t ed  with the   r eac t ion   t u rb ine  would 
be t h e  same configurat ion as the  alternators  developed  and 
t e s t e d   d i n i n g   t h e  SNAP-8 program. The thrust loads assoc i -  
a ted with a reac t ion   tu rb ine   des ign   a re   e l imina ted   by   des ign-  
ing a dual  mercury f l a r  p a t h   u n i t   w i t h  one a l t e r n a t o r   a t  
each  end of t h e  shaft. I n   a d d i t i o n ,   t h e  two a l t e r n a t o r s   a r e  
r e q u i r e d   t o  produce  the  higher power l eve l s .  

0 The remaining components a r e   e i t h e r   i d e n t i c a l   i n   d e s i g n   t o  
those- f'ully developed  during  the SNAP-8 program, or represent  
simple  extrapolations  from'existing  design  concepts.  An 
example  of the  former i s  the  condenser  of  which tC.ro a r e  
required  of  the  present  configuration  for  a 90-kWe system. 
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An example of t h e   l a t t e r  i s  the   bo i le r  which  i-rould use  the 
same basic  construction as the 35-kWe system.boiler,  but 
would require  additional mercury flow tubes. 

(3) A product improvement program  from the gO-kWe system  baseline 
would lead t o  a SNAP-8 system  which would  produce 120 fire with 
a system eff ic iency of 20% vhen  provided  with  a 600-kWt heat 
source. 

(4) The system s ta r tup  sequence has been  demonstrated  during t e s t  
and can  be  applied  vithout  violating  parer  conversion  system 
or nuclear  system 'limits. 

(5) A low-volume parer  conversion  system with a 90-kWe output  capz- 
b i l i t y  has  been  designed  within an envelope 5 x l2 x 10 f t  
(height).  . 

(6) Material   barrier problems  have been  resolved and system  and 
component makerials have been  selected;  for example, the  mercury. 
bo i le r  containment material  i s  tantalum,  piping systems are 
fabricated from Type 316 s ta in less   s tee l ,  mercury  condenses 
tubes me high chromium s t e e l  (9% chrome, 1% molybdenum, balance 
iron) . 

(7) An.on-line backup pump with 10 t o  20% ra ted f l m  capabili ty i s  
required in  the  reactor  primary  loop to prevent a reactor  over- 
temperature  excursion  during a loss-of-flow  incident. 

(8) System design and fabrication  should  apply  the  l iquid  metal  
system  operational methods  and procedures  successfully developed 
and applied  during  the SNAP-8 t es t ing  program; for  example : 

0 Purify  liquid  metal (sodium-potassium)  systems t o  the 
10 ppm (oxygen) range.  prior t o  operation, over a period 
of one or  more days. 

0 Use chloride-free  solvents  during Type 316 s t a in l e s s   s t ee l  
cleaning and inspection  operations  (dye-penetrant  inspection). 

0 Use chloride-ion-free  insulation systems as  defined  by 
mil i tmy  specif icat ions.  

The follocring  conclusions  concern component design,  analysis, and 
tes t ing:  
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(1) ' Mercury boi ler  and condenser  heat  exchanger  analysis methods and 
designs have been  developed, documented, and ve r i f i ed   i n   t e s t .  ' 

(2) Components which  have  been  developed are  capable of the long- 
l i f e  operation  required for the SNAP-8 system, A summary of 
achieved  operating  performance is presented  in  Table 8-1. 

(3) The developed  speed  control  system  operates  with no indication 
of ins tab i l i ty ,  even  during  operations  involving full al ternator  
output load changes. 

(4) The dynamic shaft   seal   designs developed for   the  mercury pump 
and the  turbine-alternator  performed  successrully  and  are con- 
sidered t o  have  advanced the  state-of-the-art of dynamic seals. 

( 5 )  S t e l l i t e  6B exhibits  a  phase change from face  centered  cubic t o  
close packed  hexagonal crystal   s t ructure  when exposed t o  7009 
and greater  temperatures  for  extended  time  periods. 

(6) The paras i t ic  load r e s i s to r  can  be  used in  applications  requir- 
ing  a  highly  reliable immersion type  of  heater  which is herneti- 
cally  sealed and  can  operate i n  %he 50-kW range. 

(7) Techniques for  fabricating  tantalum/stainless  steel   bimetall ic 
jo in ts  have  been  developed and successrully  tested. 

(8) The state-of-%he-art f o r  leve l  probe  designs fo r  use  with  liquid 
metal  systems  has  beep-advanced. 
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TABLE 8-1 TEST RECORD FOR SNAP-8  POT^ CONVERSION SYSW COMPONENTS 

No. of 
Component 

Startup Cycles 
Individual  Unit, 

Maximum 

Turbine-Alternator 

Mercury Pump 

135 a 4 4 2  7 15717 

109 . 12227 6 30423 

Lubricant-Coolant Pump I 60578 I 7 I 24862 (2) I 570 

Boiler, Tantalum 

20842 Condenser 

1-35 15125 (3) 4 2 5601 

144 16274 3 

Alternator ' 

Parasitic Load Resistor 

135 23130 (4) 5 42609 

81 13295 2 14234 
I .  

Valves 
59 

1-35 
, .  

Electrical System (5) ' I 42066 I 3.. , ~ 1 '  '25682' ( 6 )  156 

Poller Factor  Correction Ass'y 63 12329 1 12329 

TOTAL 420514 

(1) Second  and third  units operated 9560 and 7028 hours. 
(2) Second  and third  units operated 15345 and 14521 hours. 
(3) Second unit operated 8699 hours. 
(4) Second unit operated 12442 hours. 
(5) Includes speed control,  voltage  regulator, and electrical  protective system. 
(6) Second se t  operated 12996 hours. 

* Operating  hours Irere accumulated i n  one system test faci l i ty ,  two pump test 
faci l i t ies ,  one electrical  test faci l i ty ,  and represent  the achievement  of 
specific  test  objectives of which  endurance was  one part. 
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