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A. P. Fr.aa.s J. W. Michel 

-4 seriFs .. of s i x  ~ p ~ e s ~ f i t : i $ i . ~ ~  I-, 2-, arid. 3-loop systems 
ilKorpGra%ing the p r i m  i p a l  fea.t~.ires of nost of the Eankine 
cyc le  systems the-t; have been p r o p s e d  are de l inea ted  f o r  pur- 
poses of c;urqa,r.ison. For 8, r e a c t o r  outle-t; 1;emperatxre of 
2O0OoF the  relative s i z , e s  an!d waights  as es t inaked  from 'oasic 
theriuodg-naxic,  he^,,:; tre,'nsfei:, and f l u i d  flow considerati-ons 
alae roiighly i n  the r a t i o s  (of I-? l . 5 ,  and 2 for t,he I.-, 2-, and 
3-loop systems, rcspzzt i .vely Sta.tistica.1. d a t s ,  on component 
r e  Li. r,'o i li f; y ind i c 3,t e k h ~ - ~  the me cban 1:. c. a 1- re li ab i. 1. it i e s of the 
power p l a n t s  f o r  10,000 hr  of opsra,t ion are of the order  of 
0.9, Q.8, and. 0.6, rzspectiveljj,  for the 1-, 2-, an? 3-loop 
systems. The a n a l y s i s  ind ieates t h a t  the ins t rumenta t ion  and 
conki-ol equipmen:; w i l l .  hzve a rel-iizbil-ity about equ.al t o  t h a t  
of t he  mez'ranicnl equi.pmnnt; f o r  a s ing1.e -loop system, b i l k  the 
r e l i a b i l i t y  w i i l  f a , E  of f  r r x h  mxe mpi.dI.y w i t h  an i r icrease 
i n  -the mmber of 1oClpS thzr. %ppeai-s to be -the case for the 
mecl:sni.csl equipmeat. Die conkrol of f ree  l i q u i d  s u r f a c e s  
under zero-g cond i t i .ans  appears  to be 111we d i f f i c i i l t  f o r  
sing3.e-loop  system.^, but   the^ 1.s t o o  1it i ; le experimental 
background t o  judge just how d i f f i c u l t  %!zese problens may 
prove to be a S t x - t - u p  a.nd hma.rds  problems a r e  discussed., 
and the advantag2s of a spi.aning vehi~cle f o r  manned missions 
ai-e emphasized. 

Nien t h e  MPXE Progrsm wzs tminsferred. t o  the ju . r i sd i c t ion  of 

Mr. H. B. F i n g e r  i n  J u l y ,  1965, he xques ted .  that stud-ies  be made of  a 

number o f  m3jor probl.ern ereas  Perhaps t h e  most s i g n i f i c a n t  of these 

vas concerned w i t h  t h e  sei-ative meri-ts of th.e var ious  I-, 2-, am3 3- 

loop .Eianki.Iie cycle sys'ieri!:; t h a t  have been proposed I^or nuclear r e a c t o r  

tur>Di.ne-generator power 111-ants f o r  space veh ic l e s .  Wnile t h e  need f or 

a cmqrehens ive  s tudy  i n  th i s  a . x a  i s  ev ident ,  there are so  :many f a c t o r s  
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tlmt must be considered t h a t  i.i i s  no-t surprising Lhat previous atteemp.t;s 

t o  make such an eval.uation have been 1.imi'cL.d i n  scope. A proper com- 

pa r i son  should inc lude  such f a c t o r s  a s  system s i z e ,  weig'nt, comnkxi ty ,  

s t a b i l i t y  and c o n t r o l  charac te  ri s t ic s r e  1I a,bi li t y ,  hazards  cbarac  t e  r- 

i s t i c s , ,  zero-g problenis, s t a r t - u p ,  and adap tab j - l i t y  t o  a wide range 

of miss i.ons. 

I n  s e t t i n g  up t h i s  s tudy  it appeared t h a t  -the b e s t  approach 

wou?.d be t o  compare a set, of r e p r e s e n t a t i v e  i d e a l i z e d  systems 'chat i n -  

corpora te  t h e  best, f e a t u r e s  of the var ious  space powr pla-n'cs - t h a t  

have been imder development, The first sect i -on of  t h e  r e p o r t  de i ine -  

a t e s  sdch a set of  s i x  systems designed t o  be consj.steiit wi th  a common 

b a s i c  set of des ign  p recep t s .  'l'he seccnd s e c t i o n  of  the r e p o r t  i s  

d i r e c t e d  toward the determi_i;ati.on af t h e  re!.ati.ve s i z e  and weight O S  

the major components for t hese  six 1.-, 2-> and 3-1.00~ systems, The 

t h i r d  s e c t i o n  i s  devoted t o  a n  examicatioii of  t h e  infoi-alation a v a i l -  

ab1.e on t h e  mechanical. r e l i a b i l i t y  of . d e l l  developed eqi.i.tpment of  the 

type p ro jec t ed  f o r  t h e  space poner p l a n t s ,  and an  e s t ima te  of  t h e  b e s t  

r e l i a b i i i t y  t h a t  oiie might reasonabj~y hope -to achieve i n  a w e l l  develop- 

ed system. The f o u r t h  s e c t i o n  t r e a t s  system c o n t r d l  requirements,  

failure modes and hazards  problems, instrurneii tation requiremezits, and 

t h e  r z l i a b i l i t y  of  the c o n t m l  equipmerit. The f i € 3  sectloln i s  de- 

voted t o  a snort review OP t h e  problems associated w i t h  t h e  control. 

o f  f r e e - l i q u i d  su r faces  und.er z e m - g  conditi .ons and t h e  e x t e n t  t o  

vhich t hese  probl-erns appear i n  t h e  si.x systems coasidered.  Tbc sixth 

s e c t i o n  i s  concerned with t h e  probl-erns of s t a r t i n g  up a power p l an t  

i n  o r b i t  and the  relative degree of di .fficul. ty t o  be expected for the  

six sys-Gems. A seventh seckrion i s  included at 'ihe end to surruiiarize 

the problems - tha t  feinerged from t he  a n a l y s l ~ s  and direct ,  a t > t e n t i o n  t o  

those a r e a s  t h a t  p ~ r t i c u l . = i r l y  rneri 1; a t t e n t i o n  7. f  t h e  bases f o r  choos- 

i n g  between the  var ious  systems are to be irriproved. 

It i.s inlierent i n  t h e  s tudy  that S O  many compl-ex problems a r e  

involved that it kas not been poss ib l e  t o  make t h e  p r e s e n t a t i o n  a t  

once reasoiiably r igorous ,  suff'i cient1.y detai- led t o  f a c i I . i t a t e  a c r i t i -  

cal- ?heck of t n e  a i ia lys i s ,  and y e t  easy  t o  follow. A n  eyf'or-i has bezn 
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made t o  inc lude  enough. m a t e r i a l  so t h a t  a i-eadzr f e m i l l a r  with . these 

s p e c i a l i z e d  prablems will- see the r?asons for each step i n  the a.naly- 

s i s  and rr,aintei.n- s c m e  pe r spec t ive  on i%s overs11 impl i ca t ions  The 

amount, of t h i s  background in-f'orwii;ion hzs been l i m i t e d  i n  t;he i n t e r e s t s  

o f  conwiaeness. 

13as.i.c h e a t  t ransTer ,  themodynamie, and s t r u c  tu-al. cons ide ra t ions  

i n d i c a t e  1;hz.t a ser ies  of" r e fmc to r ' y  rcletal 1-, 2-, and 3-l.oop systems 
desi.gned accord ing  .l;o a cornmon s2.e of des ign  prec.epts for a 2000°F 

r e a c t o r  ou t le t ,  tenipemture wi 31. have r a d i e t g r  s i z e s  m d  powzr plant 
weights  (except  f a r  s h i e l d i n g )  -i.n t he  r 2 t . i . o ~  of 1, 1.5, and 2. Follow- 

ing t h e  mme des ign  prncepta, a single-loop s t a i n l e s s  steel system 

desigr!ed f o r  a reacti3r out le t ;  tem;r;ernture l54.O"F v i l . 1  have a r a d i a t o r  

s i z e  1.8 t i m e s  that of H s i n g l e - b o p  21000QF r e f r a z t o r y  1neta.l. system 

and a 2ower p l s n t  w t : i g h t ,  ( no t  inc,Luding t h e  s l r ie ld)  1.33 t imes  that 

of {;he refi-act;ory iwkzl-  system, I-i; sho1L.d bc empbaslzed tha  I; -thi.s 

comparison was betweect type 391.1. s tn in l .ess  s.t; 

r e f r a c t o r y  a l l o y  of gr-ater s t reng th  than  ISIIJ-~$ ~ i - -1 /2$  C, i.e., 311 

a l l o y  comparable ri.n s'trengYn t o  U-43 o r  T - l l l . ,  bo th  of which are i n  

the e a r l y  s t a g e s  of developm.e;2-t. 

. on t h s  OLX hand and a 

Nb-l$ Zr-1/2$ C gives a heavier p l a n t  

R e l i a b i l i t y  d . a t s  f o r  well developed equ ip ren t  i n d i c a t e s  t ha t ,  a 

s ingle- - loop  sys t t  may be  developed to give  a. p r o b a b i l i t y  of  around 

0.90 of opera t ing  1.0? 000 h r  ~ 5 - L h o u . t  id mechanj.ca1 f a i l u r e .  

of t he  s m z  da ta  Lea.ds t o  corresponding valves for i;k 2-loop and 

3-1.00g) s y s t e m  of abou-'i 0.8 and 0-6, r e spec t ive ly .  

Applica t-iozi 

The number of b2i;i.c: c o n t r o l  fu.neti.ons rzyui red  f o r  normal. opera- 

t i o n  Tncreases more r a p i d l y  than  l i n e a r l y  w i t h  the nuiiiber of loops i n  

the sysbem.. The compkxi  t y  of the  eleztron3.c eqiiipraent requi red  t o  

carry ou:t these cor:Ltrol fililctions as well a s  re la ' t ed  d i a g n o s t i c  ar,d 

sar'ety f imc t ions  increases m c h  more r a p i d l y  than l i n e a r l y  wi-th the 

iiurd3er of loops i i i  -the system., Appl ica t ion  G €  s tandard  Department of 

D e  f ens  e s pe c i f'i c a ti. o fi. s for 1;k.e re  1% ab i l i -Ly  o -e h.i gh qua l.3. t y e l e  et ro ni c 
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components t o  c i r c u i t s  t y p i c a l  of those  t h a t  would be requi red  t o  c a r r y  

out  t h e  c o n t r o l  func t ions  f o r  normal ope ra t ion  i n d i c a t e s  t h a t  even 

Lhrnugii t h e  optimixfl i ~ e  of derated. eyiripriient and redundancy, both i n  

t h e  cornponents and t h e  c i r c u i t s ,  t h e  r.~l.ia‘0il.i. t y  of t h e  e l e c t r o n i c  

equipment requi red  f Oi- a sj.ngl.e-3_oop system w i l l .  gi.ve a probQbil i ty-  

of h e  order  of 0.90 of surv iv ing  10,000 hr of iinattended opera t ion .  

The corresponding values  f o r  mult i - loop systems with once-through b o i l e r s  

appear t o  be much lower .- well below 0.50. 

L 

I n  comparing t h e  problems of Yree l i q u i d  surPace c o n t r o l  i n  the 

va.ri.ous systems, t h e  probI.erns i n  t h e  condensers of a1.l of t h e  systems 

s tud  j. e d appear t o b e s i m i  ].as, and r e  as oiiab ly s r* t  i s f a c t  o r  y demons t ra t i on s 

have been made t h a t  they  can be solved.  RecirciJ.h,tj.ng b o i l e r s  wi th  

t h e i r  associa.t;ed vapor sepa ra to r s  and expansion tanks  pose more di.Pf i- 

cult, problems than  once-through b o i l e r s ,  b u t  t h e r e  i s  l i t t l e  experience 

t o  serve  as a basl.s f o r  appra i s ing  the r e l a t i v e  d i f f i c u l t y  of  t hese  

problems. A few ground . tests on both b o i l e r s  and vapor s e p a r a t o r s  have 

been encouragi.ng, as has a P l i g h t  t e s t  of a vapor sepa ra to r  and ex- 

pansj-on tank  asserfl’oly. Fu r the r  work w i l l  be requi red  Lo provide a 

b e t t e r  b a s i s  f o r  judgment. 

Over 3OO,OOO h r  of ORNL ope ra t ing  experience wi th  elect . r ic_ hea.t;ers 

i n  po-tassilm i n d i c a t e s  t h a t  t hese  h e a t e r s  have a mean l i f e  t o  f a i l u r e  

of oilly aboi1.t 2500 h r ,  and thai; t h e  mode of f a i l u r e  may lead t o  a 

rupture of t h e  shea th .  C o i i t a i h a t i o n  of i;he l i q u i d  meta l  i n  which t h e  

h e a t e r s  a r e  immersed is likely even iT e1aborai;e ins t rumenta t ion  and 

c o n t r o l  equipment i s  provide? t o  sense an i n c i p i e n t  f a i l u r e  and switch 

of f  the  h e a t e r .  While major improvements i n  h e a t e r s  a r e  expected, 

- h i s  experience impl ies  t h a t  t h e  power pl-ant c o n t r o l  scheme should m t  

be based on t h e  use of a parasi-Lie load c o n s i s t i n g  OB e l e c t r i c  h e a t e r s  

cooled by 1.iqui.d metal. 

Over lo9 h r  of opera t ing  experience wi-tli convent ional  e l e c t r i c  

motors i n  t h e  Oak Ridge Gaseous D i f f i i s i . c n  F l m t  i n d i c a t e s  a f a i l u r e  

proba’oili.t,y of a?oou’i 1% for 10,000 hr  of opcra t ion .  

canned-rotor  e lectr i -e-motor  -driven pump uni t , s  a r e  s u b s t a n t i a l l y  more 

complex and sub jec t  t o  ad.ditiona.1 f a i l u r e  modes ( e  . g . ,  -tile ’core sea l ) .  

High-temperature 
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- ~ ' 2  t , l ie i r  failure :rate i s  on~.y' t t iree 'ci.mes as g r e a t  as t h a t  of WCU 

deve!.oped i n d u s t r i a  1 motors, the re l iab i l iZ ,y  of any system depending 

on a canned r r / tgr  electric rcotor driven  pur^ i s  s e r i o u s l y  degraded. 

Free L-urbine d r iven  pumps i n  a vapor systear, appear t o  be much 

more yel. iable than carme13 r.cAmr e l e c t r i c  irlotor d.ri.ven p.mmps because 

they a r e  simpler mechanicall-y, a r e  sub,ject to fewer i'ail-ure modes, 

e n t a i l  sma l l e r  te.!!ipt:!rat1Jre d i f f e rences ,  and are  not dependent on e i t h e r  

an e l e c t r i c  power supp!y or ;3. coo l ing  systarri for t h e  iriindirigs. 

Over lo8 1Im or" experi encr'l wi th  well-developed bellows s e a l  

valves  opera$i.ng st room temperature ,  eoupled wi th  over  200,000 hr 

of experrier,ce wi-kh both beI.l.ows seal valves and a c ~ u ~ ~ 7 i l a t o r s  i n  l i q u i d  

m e l x l  systi.:rr,s, i.ndi.cntes t ha t ,  i t  will no t  be poss ib l e  t o  ge-'; a sntj.s- 

Factory  r e l i a b i l i t y  i.n e l  t h e r  a bel.lows--f;;ype cxpansioil t ank  or a C o j I -  

t inuous  ly op.sra.ted ccnl;?ol v:3 lve 

Once-through boi.lers appen.:~ to require the use of two cont,i.nu- 

0usI.y c o n t r o l l e d  throttle valves  or the eqiilvalerit t he reo f ,  and re- 

1 i a b i l L t y  d a t a  ind.ir-atc: t11.a.t -$'.lese zornponenl;s ~Ll.1 be less r e l i a b l e  

than m:nned ro- tor  p u ~ p s ~  Because of t h i s  t h e  r e l i a b i l i t y  of  once- 

through b c i l x r  syst,e:ms i s  much lower thari that. of r e c i r c u l a t i n g  b o i l e r  

systems. I n  addition, once-Ji.hro~~.gh b o i l e r  systems d q e n d  on t h e  proper  

func t ion ing  of  a much greate-; ::mount of conipl-ex e k c t r o r i i c  equipmerit 

t han  recircuLa-Ling b o i l e r  systems. ?le electronie equ.i.pi2i~n-t con t r ib -  

u t e s  a large fur ther  dFfference  i n  r e l i ab i . l _ i ty ,  p a r t i c u l a r l y  f o r  un- 

manned miss ions ,  Hence, a b a t t e r  approach Lo t h e  boi le r .  control .  and 

l i q u i d  inventory  dist,ribut!-on problens  tha.n any Bound i n  t h i s  s tudy 

w i l l  'oe i-cyuired t o  obtain.  an  accep-table r e l i a b i l i t y  for once-through 

b o i l e r  s y s t e m .  

tenipl-at~d for t l ~ e  recirculating b o t i e r  systenz w i l l  prove t o  be the 

best so lu t3on .  

It may be -that. 6% expamion tank  s i m i l a r  t o  t h a t  con- 

'Tlie p r o b a b i l i t y  tliai; the cre:w of a manned space veh ic l e  wi.13-  be 

subject to a s e r i o u s  radiation dose a s  a consecp..-nce of a :Cue1 element 

leak i n  a S i . : ~ g I . ~ - . l o o ~ j  systen: appears 'u:) be subst,:in-tiaI.ly lower t han  

t h e  p r o b a b i l i t y  of a m a j o r  fissj . .on product r e l e a s e  caused by a coolan t  

flow stoppage 3 i1 a liqirnid-cooIcd re<actor syc-tem. 
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If a s ing le - loop  system i s  judged t o  be unacceptable  because oP 

tne  p o s s i b i l i t y  of contamination of  t h e  r a d i a t o r  by a f u e l  elernect, 

leak, t h e  b o i l i n g  r e a c t o r  2-Loop systems of  Figs, 3 and 4 gi.ve sma l l e r  

radLators ,  lower system weights,  and h ighe r  degrees  of rel.i.abil.ity 

than  t h e  l iqu id-cooled  reactor 2-loop system of F i g ,  5. 
%e b e s t  way of assu r ing  t h a t  t n e  crew w i 5 . 1  not  g e t  a s e r i o u s  

r a d i a t i o n  dose a s  a consequ..ence of a r e a c t o r  ci-rcuit ,  pump outage ap- 

pears  -io be p rov i s ion  f o r  a f t e r h e a t  removal by tliermal convection. 

This w i l l  r equ i r e  t h a t  t h e  space vehic le  bc spui -io provide a cenLri-  

fuga!_ f i e l d ,  

For unmaiiiied missions a s ing le - loop  system seems t o  be cI..earj.y 

siipericr t o  the  o t h e r s  j.2 a l l  respec Ls except  f o r  t n e  u n c e r t a i n t i e s  

a s soc ia t cd  with t h e  conLro? o f  f ree  l i q u i d  su r faces  under zero-g  con- 

d t t i o n s .  Tic high b D t l e r  pressilre drop a v a i l a b l e  With t h e  s i n g l e -  

1 .00~ system of F ig .  2 makes i t s  zero-g problkms cornpsrable with those  

of  tile once-through 'noil.e?:s. This  l~eaves only the vapor sepa ra to r -  

expals ion  tank  u n i t  a s  p re sen t ing  a zero-g problem iiilique t o  the 

sing]. e- f l u i d  sys tern - 
- . I n  weightng t h e  c o s t s  of  -the effor-Ls reqiufred t o  so lve  the  vari.- 

ous probl.ems of a space power p l a n t  deve1.opneiit progi-aa a g a i n s t  t h e  

poss ib l e  r e tu rns ,  it appears  t h a t  t i e  c o s t s  of  s;jl.ving t1i2 zero-g 

problems of tile sing1.e-loop system may be f a r  less -than t h e  c o s t s  

associa-Led with tYy7.n.g t o  g e t  e i t h e r  t h e  h ighe r  degree ol" re3-iabiI.ity 

requi red  f o r  a mul..ti.-l.oop system o r  t h e  background of r e f r a c t o r y  metal. 

'LeCholGgy requi red  t o  make a mul'si-loop system competi t ive wi th  a 

s t a i n l e s s  s t e e l  s i n g l e -  I.oop sys te rn .  

A single-loop system with  a Liquid-coolea r e a c t o r  and a f l a s h  

eva.poratoi- might g ive  lass d i f f i c u l i  problems with t h e  c o n t r o l  o f  f r e e  

1-iquid su r faces  u.nder ze?:o-g col idi t ions than  a s ing le - loop  b o i l i n g  

r e a c t o r  syst,em. 

_- Tn single-1.oop systems it i s  poss ib l e  for r ad ioac t ive  mat,eri.a.l t o  

contarninate bile r a d i a t o r .  This d.oes aot presen t  a problem i n  urmanned 

vehic1.er,, bu t  i.n manned veh ic l e s  it w i l l  require ihe i:se of a separated 

i-sotope of potassiurr! (3"K) f o r  r e a c t o r  ouk,put,s above about I M w ( t ) .  

Estimates iiid.i.ra.te tht tile anourit o f  a c t i v i t y  c a r r i e d  t o  t h e  rad i -a tor  
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by mass t r a n s f e r  w i l l .  'ne n e g l i g i b l e ,  and t'ne amount of activity t h a t  

might escape f r o m  a leaking  f i i e l  element would inc rease  t h e  radi .a t ion 

dose i n  Lhe crew compartmeti'i by about 2 mr/hr. 'This k~ould. be  reduced 

by a Yactor of about  3 i f  the s p a c e c r a f t  w e r e  designed so  t h a t  about 

10% o f  the  equipmeni; and suppli-es were in te rposed  between t h e  power 

p l a n t  and the crew. 

The r e a c t o r  core  sizes and hence t h e  s h i e l d  weights were You-nd 

t o  be  nearly the same f o r  all s ix  sys-Lems cons idered .  
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A f t e r  surveying the l i t e r a t u r e  t.0 e x m i n e  the b a s i c  f e a t u r e s  o f  t h e  

maay systems 'illat 'nave been proposed, i t  became evideni;  t h a t  a meaningful 

comparison of  t he  p r i n c i p a l  systems could be made o n l y  i.f a comon se-t of  

desigl? precepts  were establ- ished fo? t he  entire se+,. Once t h i s  w a s  clone 

Flow shee t s  were prepared,  am1 a s e t  of b a s i c  thermodynamjic cyc le  ca lcu-  

l a t i o n s  were made t>o Pacil.i.tat,e e s t ima tes  of cyc le  performance and com- 

ponent p ropor t ions .  iICbi.s prel . ir ; inery work i.s sumayize4  i n  t h e  t h r e e  

subs ec t i. ons below. 

Desigr  Precepts  for t he  Sys im- ,  t o  be Coxpared 
I_ .~ 

As shown i n  companion r e p o r t ~ , " ' " ~  s inbered  UG2 i n  slender c y l i n -  

dr i . ca l  capsules  g ives  a s n a l l e r  r e a c t o r  care s t z e  f o r  long-lived, high- 

power-density reacLors than  any oilier type  of' f u . e l  f o r  which ex tens ive  

test d a t a  a r e  ava ih 'o i e .  

Roili l i t h i u m  an3 p0Lass:u.m were considered as c o o l i n t s  f o r  t h e  
l iqu id-cooled  r e a c t o r s .  A s  showi? I n  a Eompanion repo- t ,  i n  high-power, 

long- l ived  r e a c t o r s  where fuei. b-xnup cons ide ra t ions  a r e  c o n t r o l l i n g ,  

l i t h i u r n  w i l l  permit only a o r  -reduction i n  core dia .meter  as compared 

t.o potassium. 011 the o the r  hand, it has t h e  disadvanta,ge t h a t ,  i f  VO;. 

i s  {;sed as the fuel., l i t h ium poses a s e r i o u s  hazards  problem s i n c e  it 
w i l l  r e a c t  exothermical ly  wi th  U02. Further,  i t s  mel t ing  po in t  i s  35'1°F 

as compared t o  145°F f o r  potassiian,, t h u s  inc reas ing  t h e  amount of prehea t  

requi re2  f o r  s t a r t u p .  While NaK would have a s t i l l  lower me l t i i i g  p0i.n.t 

than  p o t a s s i m ,  t h e  induced a c t i v t t y  ~ ~ . o u l d  be  from LOO t o  1 0 , O O G  t tmes  

as gee+, , t hus  presenLirig s h i e l d i n g  p r o b l e m  e Thus, while pot.assium 

l eads  to higher  pumping ~ O > J ~ Y  i.osses and heav ie r  p rsss ixc  v e s s e l s  than  

Li~thix?: it was chosen as t n e  f l u i d  f o r  a l l  of t h e  r e a c t o r  c i r c u i t s  as 

'.:e11 as f o r  t h e  thermodynam i c:: cycle. For the  indirect condensers and. 

aux i l i a . ry  cool ing  systems, NaK w a s  chosen as tile hea t  t r a n s f e r  i1.ii.i.d. 

a 

Exccpl; frir t h ~ .  a.bove two i t e x c ,  t h e  system proportj.ons and con-  

poilent, performance def ined  f o r  SNAP-50 systems i.n the l a t e s t  Pratt, & 
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Wiiitney Iieports wer? employed wk1ei-e appl icable .  '' " 
any iiurber of indepen(1en.t and para l le l  cliv.c,i.iits might be  empl-oyed for -%he 

radiators i n  sys.Leiiis w l . t h  ind . i rec t  condensers,  it a,ppeai-s f'ron. SNAP-50 

(and SNAP-8) s t u d i e s  tha. t  four p a r a l l e l .  c i r c u i t s  g ive  c l o s e  t o  t h e  optimum 

o v e r a l l  system r e l i a b i l i t y - .  

For exmple,  while  

A coola:nt teniperature r i s e  of l-OO°F through t h e  l iqu id-cooled  

r e a c t o r s  was employed Toecause it, i s  the va lue  used i n  t,he l a l - ;m  CANZL 

work on SNAP-50. Analysis  ind. icates  tha-t; t h e  system perforimnce and 

wei.ght are no-t vel-jr s e n s i t i v e  t o  mod.era;te v a r i a t i o n s  i n  t h i s  parameter.  

The rea,c'i,or pover was chosen as 2.2 M w ( t )  f o r  the base condi.ti.on t o  

far_ilita.i;e a d i r e c t  corlqarison wi th  t h e  CATYXL SNAP-50 infor imtion.  The 

s t u d y  was then extended t ,o coves syste:ns desigiied Lo produce 1 Mw and 

5 hiw of e k c t r i e  powe::. 

On tbe  basis of values uszd by P&W in CNM-6292, t h e  e f f i c i ency  of 

the main t u r b i n e s  was t a k e n  as 83$? t h e  e f f i c i e n c y  of the el.ectrica.1 

gene ra to r s  as 86%, t h e  e f f i c i e n c y  of canned-rotor  mo-tors as BO$, an.d t h e  

e f f i c i e n c y  of  cen t r i fuga , l  punps a s  50%- 

t h e  e:ffi.ciency of sma1.l- 1;ixbines f o r  fro- L C. - t,ui% i.ne - d:r i. ven feed. p-ixrq s w a s  

-taken as 60%. 

On t h e  hasis of O3ML experience,  

'Yne tenpera,ture of t h e  coola,nt, leaxirig t h e  windings of t h e  e l e c t r i c  

ger.erators and motors w a s  t a k e n  as 62~"F, arid the cool.ant temperature 

r i s e  was t aken  as 68"~ t o  be c o n s i s t e n t  with t h e  CIWEL SBAP-50 work. 

The pressure drops i n  t h e  l iqu id-cooled  r e a c t o r  c i r c u l t s  and i n  tine 

REX c i rcu i t s  for the  iiidi-rect, r a d i a t o r  systems were t aken  t o  be similar 

t o  those  for t he  correspondi-ng SlTAP-50 systems. 

Free tu rb ine -d r iven  pwnps were used i n  t h e  loops in which b o i l i n g  

occurs ,  s i n c e  these ComycjrienCs appear t o  be much. m o r e  r e l i a b l e  than 

el-ectri .c motor-driven canned rotor pimps. When used i n  the rmin thermo- 

dynamic cycl-e, t h e i r  v a p ~  consumption was estimated t o  be 3% of t h e  

t o t a l  vapor flow rate, ani1 the  t u r b i n e  exhaus-t; was used t o  hea t  a s t a g e  

of t h e  r egene ra t ive  feed h e a t e r .  For a. 2-loop system i n  which a b o i l i n g  

r e a c t o r  circuit heats the boiler of t h e  thermodynaniicr: cyc le ,  the s m e  

coad i t ions  were asslimed with  t h e  condenser. f o r  t h e  t u r b i n e  ol' t,he primary 

c i . r c u i t  pump sei-ving as a feed hea,I;er s tage  f o r  the therniodynamic cyc le .  



I n  view of long-range cons ide ra t ions ,  t h e  b e s t  choice f o r  t h e  

s t r u c t u r a l  mater ia l .  appeared t o  be a r e f r a c t o r y  meta l  a l l o y  similar t o  

D-43, a niobium base alloy with s u f f i c i e n t  s t r e n g t h  i o  be s u i t a b l e  for 
a reaci;or ointie-t t enpe ra tu re  of 2000"~.~ While some o the r  r e f r a c t o r y  

a . i loy  such as T-lll might be ernplby-ed w i t h  a. temperature of poss ib ly  as 

nuch a.s 2200"F, it i s  be l ieved  t h a t  Lhis would have l i t t l e  effeci ;  on 

t h e  r e l a t i v e  si.zes and weights of t h e  componen-ts f o r  t h e  va r ious  systems 

compared i n  t h i s  s tudy .  

Magnesim oxide was chosen as t h e  re€lect,or maberial f o r  al.1 of the 

r e a c t o r s ,  became  i.t appears  t o  be the b e s t  rrla.teria1 a v a i l a b l e  Cor t h e  

purpose as s'nown by extens ive  i n - p i l e  tes- , ing.4 

'The number of auxi l ia i -y  systems was keFt t o  a. minimum. To t h i s  

end, t he  system f l u i d  w a s  used for the  lub r i ca5 ion  of t h e  beari~ngs i n  

tile t u rb ines ,  genera tors ,  and motors and Cor -the cool ing  systems for 

both  t h e  gene ra to r s  and t h e  e l e c - t r i c  motor-driven pumps. It vas assumed 

t h a t  bo th  t h e  r e f l e c t o r  and. t h e  shie3.d would be designed s o  t h a t ,  even 

f o r  t h e  manned missjons,  .they would be cooled by 0.lt  in. hea-t p ipes  spaced 

on 2 i n .  c e n t e r s  t o  provide s u f f i c i e n t  redundancy t o  a s su re  a very low 

p r o b a b i l i t y  of Tail-ix-e. 

For manned veh ic l e s  t h e  ra.diati .on dose a t  90 deg t o  tne s i d e  o f  t h e  

s h i c l d  w a s  t eken  as 1000 t imes t h a t  i.n t h e  d i r e c t i o n  of t h e  crew compart- 

ment. The reactor-crew sepa ra t ion  di.staiice w a s  taken as 150 f t .  The 

equiva len t  of 30 &/em2 of shield:-ng i s  proba'oly obtaj-nable by jud ic ious  

d i s p o s i t i o n  of equipment and supp l i e s  betwezn the power p l a n t  and. t h e  

crew. I n  t he  event  of sei-ious d i f f i c u l t y  i n  a power p h i i t ,  p rov i s ions  

l d l l  be made so  t h a t  t h e  power p l a n t  could be j e t t i s o n e d  wi-bhin 21-1 hr 

of the occurrence of l;he di-ff  icul.t,y . 
In  t h e  in t . e r e s t  of r e i . i ab i l . i t y ,  t h e  genera tor  and r e a c t o r  c o n t r o l  

sysLem should be kept  as simple as p o s s i b l e .  The g e r e r a t o r  o i i tpu t  vo l tage  

and fi-equency w i l l -  be permi-ttcd io vary i l O %  i n  t r a n s i e n t s  invol-ving a 20% 

s t e p  change i n  tiit. load.. Recovery from a t i - ans i en t  need not be rapid. 

The vol.tage and frequency should be held wi th in  +5$ (and if poss ib l e  wi th-  

i n  k2$) under s t e a d y - s t a t e  condi. t ians.  
- 
!.n manned veh ic l e s  t h e  e lec . t ron ic  c o n t r o l  equipment will be loca ted  

ii? a rezfon a c c e s s i b l e  t o  Lhe crew s o  t h a t  it can be naii i ta. ined. 



To give a s t r i i c t u r a l l y  wel l -proport ioned launch package, t h e  

r a d i a t o r s  should 'oe c y l i n d r i c a l  i.n form (as i n  the SNAP-50 layou.t;s f o r  

tlie Ti- tan 111). 

The above des ign  p recep t s  and bases f o r  the cornparati-ve s tudy are 

summzrized i n  Table 1. 

T a b l e  1. S u m a ~ y  of  Design Precepts  for Comparing a 
Sertes  OP Idea l i zed  Systems Typical of Advanced 

Rankine Cycle Space Power P l a n t s  

React, or 

Fuel. 
Burnup, at $ (ma) 
Fuel elerrient, di.ani, i n .  
Coolant 
Coola,uL tempe-r-ature r i s e  ( i n  

l iqu id-cooled  eores) ,  "F 
Moderator i n  c m e  
Reflector ma.terial 
Ref i e c  t o r  thickne s s , i.1. 
~ o o l a n t  e x i t  tenp., "F 
Core s t  ruc t ixral  rm'ter ial 
Re f k c t o r  c Doling 
Power output, MT<( t 
ConLml p rov i s ions  

Shield 

Coo 1. in g system 
Rat io  of dose at s i d e  to that, i n  

d i r e c t i o n  of crew com,ns,rtrnent 
React o r  -crew separation d i  stance f t 
Shie ld ing  va lue  of equipment arid 

Prov i s ion  for j e t t i s o n i n g  power 
supp l i e s ,  g/cm 2 

PlEiUL 

Power P l a n t  

uo2 
2*5 
0.25 
Pot,assiurfi. 

1-00 
None 

3 in. to 5 in. 
20OO0P 

Conduction and r s d i a t i o r i  
2.2 
4 Plugs i n  the end r e f l e c t o r  

MgO 

Fo a l l o y  

Heat p ipe r  

LOO0 
150 

30 

Ye S 



Table 1. (Continuzd) 

Steady s t a t e  v a r i a t i o n s  i n  
vol tage  and frequency desired., $ 

Pimp d r i v e s  i " o ~  b o i l e r  c i r c u i t s  
Vapor conswnption of f r e e  t u r b i n e s  

i n  i;er.ms o f  t o t a l  vapor flow 
from t io i le r ,  $ 

Pump d r i v e s  f o r  l i q u i d  c i r c u i t s  
E f f i c i ency  of main tu rb ine ,  $ 
Eff i c i ency  of genera tor ,  $ 
Eff i c i ency  o f  pump d r i v e  turb ines ,  $ 
Eff ic iency  of canned r o t o r  motors, $ 
Ef'ficiency of c e n t r i f u g a l  pumps, $ 
Temp. of c o o l m t  l eav ing  windings 

nludDer of  p a . r a i i e i  XaK c i r tu i - t , s  f o r  
of generakor and motors, 

i n d i r e c t  rad i -a t ion  systems 

?r2 
Free t u r b i ~ n e  

3 
Canned r o t o r  pumps 
8.3 
86 
60 
80 
50 

625 

4 

Sys ten1 Flow Sheeis  

I n  ai,t,empt,ing t o  a s s e s s  tke r e l . i a b i i i t y ,  co iLro l ,  sta,bi!.itj ,  and 

wei.ght c i i a r x t e r i  s t . i c s  of vario.as I-, 2-, and 3-loop systems f o r  Rankine 

cyc le  systems, it appeared b e s t  t o  base t h e  comparison on a sei-ies of 

i a e a l i z e d  power p l a n t s  ranging from a s ing le - loop  system s imi la r  t o  t h e  

MPRE t o  a 3-loop system similar t o  t h e  latest, CANEL SNAP-50 system. 

S ix  systems were chosen i n  ordeT t o  g ive  s u f f i c i e n t  v a r i e t y  t o  inchide  

most of the  desigii corxproniises t h a t  might be made and y e t  confine t h e  

stud.y t o  a. s e t  of' sys'tem.~ i n  which each could be compared wi th  the o'ihers 

on a, consi .s tent  b a s i s .  While it i s  t h e  most complex of t h e s e  systems, 

the 3-loop system d-oes not  irie1ud.e a l l  of t h e  complexi t ies  of e i t h e r  Lhe 

CANEL SNAP-50 3-100~ or  t n e  SNAP-8 system. At least it can be said 

tha-i;, fyom t h e  complexity s tandpoin t ,  it shouid compare more favorably  

than  they  b7i-th t h e  I- and 2-loop systems. 

Flow sheets f o r  t he  s ix  systems considered are presented  i.il Figs. 1 

through 6.  
the last Lnree years w a s  -,*sed as t h e  f l r s t  system. T 'x  second i.s a 

The singl.e-l-oop MPRE system e s s e n t i a l l y  as i-i; has stood f o r  



Figure 1. Sing1.e loop system W i t h  j e t  puraps to recircul.at;e l i q u i d  
through the bo i l e r  and a d i r e c t  condensing radi-ator. 



ACTOR 

Figirt- 2. Sj  ngle loop sys’mn wi th liqiii d reeirculated through the 
bo i l e r  by t h e  feed pump and a d i r e c t  condensi-rig rad3ato-P. 
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the bo i l e r  of t'ne Rank ine  cycle loop containing a direct cond-ensing 
radiator. 
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cycle loop coupled t3 a set of para l le l  j n d i r e c t  ritliaixr loops.  
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h'imi-e 6. Three-loop sys 'cem w i t h  a liquid-cooled reactor loop 
heaLing the boiler of a Hankiiie cycle 3-oop coiq3led to a set of para l l e l  
indirect radiator loops.  
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s ingle- loop  system ::.hilar t o  the  PPRE bu t  wi-Lh t h e  vapor s e p a r a t o r  re- 

moved -Lo a p o i n t  outside t h e  shi.eld and t h e  connect ing p ip ing  arranged 

so  t 'nat. l i q u i d .  from t h e  vapor s e p a r a t o r  is rec i rcu- ia ted  by the feed  p u p  

i n s t e a d  of by j e t  pumps. The thi-rd is a 2-loop system. i n  which a b o i l i n g  

p o t a s  si.ixn-cooled r e a c t o r  is coupled t o  an in te rmedia te  hea.t exchanger 

t h a t  a c t s  a s  a conderiser fo-r t h e  pr i rmry system a.nd i;he b o i l e r  o f  t h e  

se'zondarji, o r  Ranki.ne cyc le  system. The f our-t;h syst.ern is ailother 2-loop 

system i n  which t h e  b o i l i n g  potassium r e a c t o r  loop of %be F/ITRE i s  coupled 

t o  a shell-aiid-tihe c:oiidenser cooled by f o u r  independent N;zK rad-iator 

ci:rci.ni%s. 'Die f i f t h ,  a.lso a 2-,loop system, i s  similar t o  the t h i r d  

sys-LerL except  t h a t  a Liquid potassium-cooled r e a c t o r  i s  u.secl t,o heat a 

orice-LIirough b o i l e r  with t;he same s o r t  of r e a c t o r  cooling c i r c u i t  as has 

been used in the SK4P-8 and SRAP-50 power p lan ts .  The s ixth i s  a 3-loop 
system formed by csornbining t h e  reackor c i r c u i t  of Fig. 5 wit ,h  t h e  con- 

denser  c i r c u i t  o f  ~ i g .  4 .  
The sirzgle-l.oop system of Fig. 2 d i f f e r s  from t h e  MR3E i n  s e v e r a l  

imy;Gr't.atLiI; r e s p e c t s  Using the  cent,r ifugal feed  panp t o  r e c i r c u l a t e  the 

l i q u i d  rrtm t h e  vapor sepa ra to r  e n t a i l s  some penal.ty i n  pumping power 

(although. t h i s  i s  almost t r i v i a l  i f  t h e  boj.l.er e x i t  va,por qi%a.l_ity i s  more 

-than bo'$> e 

i nc rease  the f low ve loc i ty -  arid. t hus  e f f e c t  some reduc t ion  i n  r e a c t o r  core  

s i z e  as w e l l  as to p:ro.vic3.e g r e a t e r  assurance of freedom from d i f f i c u l t i . e s  

wi th  b o i l i n g  flow stalt,-ili-ty under zero-g coi idi t ions a 

of the pl imbhg i s  r equ i r ed ,  however, s ince  t h e  recircu1a;i;ed l i q u i d  is 

r e tu rned  -to %he fee3 pwrip through a r egene ra t ive  type  of heat, exchanger 

t o  a m i d  thermal  stress problems. If, f o r  examnple, t he  r e a c t o r  e x i t  vapor 

qua . l i ty  were 50$, t h e  r e t u r n  liquid flow r a t e  -Lhrough t h e  vapor sepa ra to r  

t o  .the feed. pump wo1.il.d. be equa l  t o  t h e  flow ra te  oP t h e  f eed  stream from 

t h e  condenser.  Hence, the feed  hetxter should be doubled i n  si .ze and the 

flow f ron  t h e  b o i l e r  -to Lhe f eed  pwlp :;'noKLd move coun te rcu r ren t ly  through 

t.he r egene ra t ive  feed h e a t e r .  Tae r egene ra t ive  arrangement is necessary- 

s i n c e  t,he f e e d  pump would give s e r i o u s  diff ic i i3 . ty  w i t h  c a v i t a t i o n  if  t h e  

r e t u r n  s t r e a n  from the vapor s e p a r a t o r  were no t  cooled.  It wou.ld. a l s o  be 

p o s s i b l e  t o  make use of a two-stage puap, w i th  one s t a g e  handling t h e  cold 

strew from t h e  corideriser and t h e  o t h e r  s t age  r e c i r c u l a t i n g  the r e t u r n  

However, the e x t r a  pre: ure drop a v a i l a b l e  can be i i sed  t o  

Sorne complicat ion 



flow from t h e  vapor sepa ra to r  a 

s ince  it wo.dld requ-ire two i -npe l le rs ,  b u t  i t ,  would have t h e  a,dvanta.ge 

’ihat it rm-lild reduce t h e  p r o b a b i l i t y  of’ mass Lransfer prablens. Oa t h e  

o the r  hand, it would have t h e  disad.vanta,ge that ii; would ir icrease . h e  

temperature d i fPerence  between ?,he var ious  p a r t s  of t h e  cas ing  in t h e  

free- tu rb ine-dr iven  r e e d  pump and hence would indlice -ther-rnal s t r e s s e s  

Since i ~ t .  i s  believed that mass t r a r s f e r  would not  be a problem i n  an 

all.-niobivrn sys-tt’irl, and s incc  t h e r e  i s  a sti-ong incen t ive  t o  minimize 

t h e  complexity. of t h c  f~ee - tu r ;b lne -d r iven  feed  purnp t o  increase  i t s  re- 

l iabiJ-i-t jr ,  the  a.rrangement of Fig. 2 was chosen f o r  the second s ing le - loop  

system of t h i s  s tudy .  

This appFoach would corny,l.i.cat,e the pump 

‘-e 2-loop syst.em C J f  B i g .  3 a.ppe%rs -to be bo th  iiovel and a.t,-tracti.ve. 

It r akes  use fif a boiling potassium-cooled rextor designed t o  d e l i v e r  

a very low vRpor o_ile.lii;y at, t h e  r e a c t o r  o u t l e t .  A vapor sepa ra to r  de- 

signed i o  remove a s r d l  port , ion of t,he vapor would be used t o  supp1.y 

vapor t o  a f r e e -  tu rb ine-dr iven  boi l . e r  r e c i r c u l a t i n g  purrip which would. 

r e c i r c u l a t , e  the potassium i n  the primary c i r c u i t  Siiwe the bulk o:P t h e  

h e a t  trainsf e r r ed  t,lr,mug;i? t,he heat. exchanger be~iween t h e  rea,ct.or c i r c u j  t 

and t h e  main Ran.ki.ne cyc le  sys  would e n t a i l  eondensatJ im on the  high 

temperaturz side and b n i l i n g  on the low temperctSure s ide ,  :.he e n t i r e  

b o i l e r  would opera ie  s.t a near1.y unif’om terrtperature, s,iid could be de- 

signed so that t h e  temperature  drop between the r e a c t o r  core  out lck  and 

the t u rb rne  i n l e t  coiild be kept  ‘LC: only about 50°F even f o r  a design 

g iv ing  siig’iit.ly superheated vapor ‘io +he turbi.ne Fur ther ,  other ad-. 
Vantages are 

have a substantiz1.l.y higher  r e l i a b i l i ~ t y  -i;han could be obtained with a 

canned r o t o r  puinp, t h e  temperature  l o s s  between t h e  b o i l z r  ou t l eb  and t h e  

t u r b i n e  inlei:. can be kept. %o 100°F l e s s  than  wouid be poss ib l e  with a 

convent ional  l iqu id-cooled  r e a c t o r  c i r c u i t ,  and t h e  xcchani c a l  pimp would 

provide ,% r e l a t i v e l y  l a r g e  p re s su re  d i f f e r e n t i a . 1  a c r o s s  the cor2 ’io as- 

su.r*e freedom finoEl b o i l i i g  f l o w  s t a b i l i t y  prcblems wider zero-g condi t ions .  

It has t h e  tiisadvan-tages of soxewlia:-. grea. ter  weight and. corrqlexity than  

could be obt,aine? with a sj -nglz- loop system, b u t  l e s s  than  would bc re -  

q-dired if & l iqu id-cooied  rea,c-tor were employed t o  avoid t h e  p o s s i b i l i - t y  

of f i s s i o n  produc’i;~ reaching the r a d i a t o r  where they rni.ght endanger a crew. 

thai; the r c c i r c i i l s t ~ i n g  pump i n  t h e  pr-immy circiui t  shoulcl 
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ImT"r:te 2-loop system of F ig .  4 i s  e s s e n t i a l . l y  similar t o  t h e  NPRE 
system except  t h a t  shell-and-1;iibe condensers are employed i n s t z s d  of a 

c i r e c t  condenser. The: f o u r  shell-and-tiube condensers a r e  connected $0 

 GUT independent radiatol-  c i r c u i t s  employfng NaK as t h e  vo-king f l u i d .  

T h i s  p o r t i o n  of the syster?? i s  e s s e n t i a l l y  similar t o  the  correspond.j.ng 

port,i.on of t h e  3 -loop CANEL SNAP- 50 system. 7 

'The 2-Loop system of F ig .  5 i.s e s s e n t i a l l y  similar t o  the 2-loop 

system g h e n  s e r i o u s  consideratfon by CANEL." 

c i r c u l a t e d  through ti Liquid-cooled r e a c t o r  by ari e l e c t r i c  motor-driven 

punp wi th  a separate c i r c u i t ,  t o  keep t h e  windings of the motor cool .  A 

once-through isoiler designed f o r  orrly EL little s u p e r h e a t h g  would supply 

vapor t o  the Ra.nk.iae cyc le  sys1;e-m whi.ch has  been takken as be ing  i d e n t i c a l  

w i th  thal; planned. for t h e  YETIE: system ou t s ide  +,he r e a c t o r .  

The primary f l u i d  i s  

The system. of Fig. 6 has lAe r e a c t o r  circuit of Fig. 5 and. the e m -  

denser  circuits of Fig.  4 t o  y i e l d  a, system q u i t e  similar t o  1;he 3-loop 
system l a i d  out  by CAKEL on the  SNAP-50 Progrxrri. 

In all of these systems, it has been assumed that  the generator 

coo laa t  flow w i l l  be supplied. by a cent r i fugi t l  pimp mounted 0'11 t h e  

generabor s h a f t .  

I'c should be noted t h a t  the cont4rol  mode for t h e  once-through boiler 

systems r e q u i r e s  continuous operati-on of a Lhro t t l i ng  va lve  whereas no 

comtrol valve i s  required. f o r  t h e  r e c i r c u l a t i n g  b o i l e r  systems. 

For compari.son purposes, fl.ow shee t s  for. t h e  sm.p-8 send the SNAP-50 

system are shown in Fligs. 7, 8, and 9. These were chosen from Aeroje t -  

General  Corporati.ons and. CAlWL7' ' reports e 

Calzu.lations f o r  a s e t  of thermodynamic cycles based on -the con- 

d i t i o n s  of Table 1 aye sum-arized i n  Table 2 t o  show t h e  e f f e c t s  of  

t u r b i n e  i n l e t  temperature ,  r egene ra t ive  feed hea t ing ,  and feed  pimq work 

on t h e  -tiiermodynarmi.c cyc le  efficr: iency of the  t h r e e  basic. cyc le s  employed 

i n  t h e  systems of F-igs. 1 through 6.  I n  a d d i t i o n ,  a se-L of c a l c u l a t i o n s  

f o r  the WIG3 has been included f o r  r e fe rence  purposes .  I n  a l l  c ~ s e s ,  



22 

REACTOR T - l  CON FIDEN 1 - i ~ ~  
ORNL DWG. 56.1742 

3RIMARY SYSTDI 

BEARING 

Figure 7. CANjjL %-loop system with a liquid-cooled reac tor  loop 
heat ing the boi-ler of a RankinP cycle loop w i t h  a dir, n e  i csoudenscr. 
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Beering 

CV r;d PoLassium flow control valve 
T I V  l'lirboal t e r n a t o r  isol-a.ti.on valve 

CEV pB Condenser exi t  valve 

CONFIDENTIAL 
ORNL-DWG. 66-1743 

4 SEG4tNTED RAD1 ATOR 
CIRCUITS 

---'J I 

t N J X .  
RADIATORS I I 

FiLmre 8 .  CAIEL 3-loop system wi th  a liquid-cooled reac tor  loop 
heating the b o i l e r  of a Rankine cycle loop coupled t o  a. s e t  of four 
indfrect, radiator I-oops. 
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t h e  abso lu te  temperature  drop through t h e  t u r b i n e  w a s  taken as onc- 

quar-Ler of thc: a'usol-ii.t,e temperature a t  t h e  tur'cirie i n l e t .  Fu r the r ,  -'i?ie 

p re s su re  l o s s  betkeen t h e  t u r b i n e  o u t l e t  and t h e  condenser i n l e t  w a s  

taken as equiva len t  t o  a 5°F drop i n  t h e  s a i u r a t i o n  temperaiure ,  and an 

e x t r a  en tha lpy  drop i n  the  coiidenser equiva len t  to 100"P' of sub-cool ing 

of tile 1iqui.d w a E  included.  I n  genera l ,  the c a l c u l a t i o n s  were c o n s i s t e n t  

ign precep t s  presented  a i  t h e  begi-nning of -this r e p o r t  and 

summarized in T a b l e  1. 

The firs-L Lwo col-ixnns of Table 2 g ive  -the temperature and press-lire 

a t  tine G U t 1 C - t ,  0' c:ac:h of . h e  f o u r  major ccriipoiients i.n t h e  system, i . e .  , 
t h e  boi.l.zr, t u r h i .  ne, condenser, aivi feed h e a t e r .  Col-mm 3 g ives  t i le 

enthalpy a t  t h e  begtiiiiing ai?d end of an i sen- t ropic  expansiori between t h e  

boi.l.er o i i t l e t  a n d  the tur-bin2 o u t l e t  p re s su re .  TMs w a s  determined. from 

t h e  Molllier d iagrmi  f o r  potassium prepared by Naval. Research Labora tor ies .  lo 

Col-unm 4 gi-ves th.e  en tha lpy  change f o r  t h e  i s e n t r o p i c  expansion of col.iunn 3, 
while column 5 g ives  t h e  changes i n  cn-ihal.pgi occur r ing  i n  each component 

f o r  each of t h e  cyc le s  assliming a i;la-bine e f f ic i -ency  of 83%. (While not  

expl. i .ci t ly s-Laked in CANEL Reporbs CNIC\SIM-&29l, C~DI-6292, 6 and CNi2~I-6293~ 
of May 28, 1965, L t  can be deduced from thzse r e p o r t s  t h a t  t h e  es t i imted  

t u r b i n e  efficiency f o r  ilie SNAP-50 sys-Leiris w a s  about 83.5%. ) 
No ' i e  t h a t  all o f  the values  in column 5 a x e  given i n  B t u  pe r  pound. 

of vapor leavi-ng t h e  b o i l e r .  

turbi .ne has  a q-Jality- of 83% i n  all f o u r  cyc les ,  t h e  enthalpy drop i n  
t h e  condenser jrt each case  w a s  'Lakein a s  83% oi t h e  h e a t  OF vapor i za t ion  

a t  t h e  t u r b i n e  o u t l e t  temperature  p l u s  20 Btu Lo a l h w  f o r  100°F of sub- 

cool ing .  Si.milarly,  ihe enthal.py r i s e  i n  the b o i l e r  was taken  as the 

heat  of vapor iza t ion  at the  boi-1-er out le~L pressure p l u s  Liie hea t  requi red  

to r a i s e  t h e  feed l iquid-  from t h e  feed  h e a t e r  outlet temperature t o  the  

boi . le r  temperature .  

For example, s ince  t h e  vapoi' l eav ing  t h e  

A r egene ra t ive  feed  h e a t e r  i s  ad-vantageous For several-  reasons:  1) 
it will serve  t o  reduce the s i z e  of t h e  conderiser by ab0u.t 8%, 2)  it re-  
duces t h e  thermal. s t r e s s e s  i n  t h e  reg ion  where -the feed  s t r e a m  e n t e r s  t h e  

b o i l e r ,  and 3 )  it will.  reduce .the tendency Loward fl.ow i n s t a b i l i t i e s  i n  

-the b o i l e r .  I n  ca r ry ing  out  t h e  c a l c u l a t i o n s  made to al low for t h e  e f -  

f e c t s  of r egene ra t ive  feed heat ing ,  i-t w a s  assumed thaL 'Lhere would be  
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fow: vapor b l eed  p o i n t s  f r o m  t h e  rmin turbi-ne,  and Lhat s u f f i c i e n t  vapor 

wou.ld be  b l ed  from t h e s e  p o i n t s  t o  raise t h e  f eed  temperature  to 100°F 

below t h e  ’ooi ler  tempera-Lure . A temperature  d i f f e r e n c e  of 50°F a c r o s s  

t h e  r egene ra t ive  f eed  h e a t e r  was assi.uned. 

f r a c t i o n  was taken as eqiial bo t h e  rati.0 of the ent,halpy ri.se i n  .the f eed  

h e a t e r  t o  t h e  ent,halpy- drop f o r  the  condenser given i n  cohxnn 5. 
on t h e  average, h a l f  of the work V n a t  would be obtained i f  t h i s  vapor 

passed a l l  t h e  way through t h e  t u r b i n e  w i l l  be o’otained from t h e  f r a c t i o n  

b l ed  t o  the f eed  h e a t e r  :prl.Oi? t o  the b leed  po in t ,  the  entlmlpy drop i n  t h e  

tur’oine wi.th r egene ra t ive  feed. hea t ing  was reduced by a fa.ctor equa l  t o  

h a l f  of the bleed-f low f r a c t i o n .  To o b t a i n  t h e  va ,he  g iven  i n  column 6, 
t h e  en tha lpy  drop i n  t h e  condenser was also 1-educed by t h e  en tha lpy  r i s e  

i n  t h e  f eed  hea.ter i n  going from col.imn 5 t o  column 6. 

The t o t a l  vapor b leed  flow 

Since,  

In c a l c u l a t i n g  t h e  e f f i c i e n c y  f o r  j u s t  t h e  thermodynamic cyc le  wi th  

regenerat; ive  f eed  heaLing, bu t  wi th  no al.l.owa,nce f o r  t h e  work r equ i r ed  

f o r  t h e  feed  pump, t h e  txcbine cyc le  e f f i c i e n c y  was obtained simply by 

d i v i d i n g  t h e  en tha lpy  drop i n  t h e  t u r b i n e  as g iven  i n  colma 6 by t h e  

en tha lpy  r i se  i n  t h e  ’ooi ler  t o  g ive  t h e  va lues  presented  i n  colun-fi ‘7. 
Tne o v e r a l l  e f f i c i e n c y  of ‘the thermodynamic cyc le  witho-ut r e fe rence  t o  

possibl-e pumping power requirements  f o r  other loops i s  g iven  i n  column 8. 
Th i s  involves  t a k i n g  t h e  t u r b i n e  cyc le  e f f i c i e n c y  of  colunvi 7, mul t ip ly ing  

it by t h e  gene ra to r  e f f i c i e n c y  of 8@, and d i v i d i n g  it by l.03 t o  allow 
f o r  t h e  l o s s  of vapor flair t o  a free-.i;.urbine-driv.-n b o i l e r  feed  pump. 

In p r a c t i c e ,  t h e  vapor d ischarge  from -the b o i l e r  feed  pump would go t o  

t h e  r egene ra t ive  feed  hea te r ,  so  tha-t; it would reduce t h e  miount of 

vapor b l ed  from t h e  n~iain t u r b i n e ,  bu t  no advantage was t aken  of t h i s  

small f a c t o r  i n  calcul .a t ing the cyc le  e f f i c i e n c y .  Seve ra l  o t h e r  s ~ ~ i a l l  

e f f e c t s  of t h i s  c h a m c t e r  were also neglected,  e . g . ,  t h e  pampi-ng power 

requirements  for t h e  j e t  pm-ps. 

The o v e r a l l  cycle e f f i c i e n c y  t h a t  would b e  obtained. i f  a r egene ra t ive  

Peed h e a t e r  were not, empl.oyed was c a l c u l a t e d  t o  give t h e  va lues  i n  column 

9. ‘fie c a l c u l a t i o n s  were s i m i l a r  t o  -those of colmns ‘7 and 8 except  that 

the  gross t u r b i n e  cyc le  e f f i c i e n c y  w a s  obtained by d i v i d i n g  t h e  t u r b i n e  

ent.halpy drop of c o l m  5 by the sum of t h e  entha,Ipy r i s e s  i n  - the feed  

h e a t e r  and t h e  b o i l e r  as given i n  column 5.. Hote t h a i  the o v e r a l l  cyc le  
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ef fi ciency i s  about one percenta.ge poi~n; lower witho-dL regenerative feed 

hea t ing  for- I clia-nge of a.bout 6$. 
heat  load on the cciidenser is mai-ked!.y reduced, as can be seen Tram t h e  

change in the  enthalpy d r o ~  in the c o n d c x e r .  Of coui-se, ihe 1aLk;er 

change o v e r - s t a t e s  the  adva.n-La.g.3 of regeneraiive feed. liecl.ting, si-nee 9 

c o r r e c t i o n  niilusC, be applied 'to a l low f o r  -bile reduced entha.l.py drop in 

the  turbine that resu. lL6 from bleeciirig vapor to a regenerative feed  h e a t e r  e 

A f t e r  allowing for thiis, it a.ppears t h a t  use of regenerative feed hea,-ting 

will reduce the s i z e  of' the condenser by a:oout 8$0 

A PI--*- important c f f e c i  L s  tha t   lie 

The p r inc ip~ .1 .  equa.t,ions iised i n  ca r ry ing  out  the c a l c u l a t i c n s  z rc  

i z e d  i-n Table 3. Tke effects of pimping pdwer 3n t he  overall c y c l e  

efficiency of ';he iraricus systems R T O  13isci.issed in a. kiter sec t ion .  



-
-

 29 

.. in g d
 
0
 

73 

k
 
0
 

3
 
8
 

.. 

II 

OD 
d

 
.ri 
i-
’ 

cd 
0) d 

li 

hO 
d 
.rl 
P

 
d
 

cu 
.
d
 

a, 
a, 
41 IU 
+ 



2 .  PROPORTIONS, SIZE, ,U!TE WEIGHT OF MAJOR CONPQNENTS 

This  section i s  concerned wiXh the e s t i n a t i o n  of t,he s i z e  and weight 

o f  each of t h e  major compomntn f o y  t h e  I-, 2-, aud 3 - l m p  s1ystems of 

F igs .  I. through 6 us ing  a c o n s i s t e n t  s e t  of desi-gn c o n d i t j o n s ,  and us ing  

t h e  r e s u l t s  t o  e s t ima te  the  e f f e c t s  of design power outpub on t h e  size 

a n 3  weight of t h e  in t eg ra t ed  power plant's. The compo-nent propor t ions  

have been developed from ihe thermodynamic cycle  da.ta of "'able 2 i n  ac- 

ccrdance with t h e  dksigri precepts set; f o r t h  a t  tile 'ueginning of' tile 

pi-ecedi.:ng sec t ion .  Weights fo.r t h e  rac?iators,  hoi~krs, and some of t h e  

o the r  corcpnnents have been estimated f r m  des ign  sLudies Weights f o r  

L f i e  tiJ.~~'t;i.-ne-generator, eI.c:cti-lc rr,cto:- driven pumps, accumu?L.atcxss, aind 

c e r t a i n  o the r  components wei-:: based on e s t ima tes  gi-ven i.2 CADEL r e p o r t s .  

Scaling €a.ctors were used f a r  t h e  l a t te r  where t h e r e  were s igni . f ica ,nt  

d i f f e rcnces  i n  such parsmeters  as t h e  pmpiLi1g borsepowei- a 

L 1  

The rsr?i.a.%c,r d e s e m e s  a gre,at d.eai .  of e.ttiiiti.oi? i.n a s tudy such as 

t h i s  be$:ause i t  i s  by far -the largest, componeni; in the powe? p la .n i ,  and 

l a r g e l y  determines 'ihe s i z e  and cost of t h c  launch veh ic l e  r equ i r ed .  I n  

comparing t i le r e l a t i v e  rad ia- tor  s i z z s  and pumping l o s s e s  f o r  'cl-le I-, 2-,, 

amd 3-1-oop sys-lerns o f  F igs .  1. i:hrough 6, it seemed b e s t  t:o take %he 2-loop 

and 3 - l m p  sys'L?ms de l inea ted  i n  CAYEL Heports CNLM-6291, CNU!-6292,  ' and 

CNLM-62937 of May 23, 1965 as a po in t  of departi ire.  The rzac'coi- Lhzrmal 

power output  w a s  t aken  as 2.2 Mw in all cases  (as i.n the CAMEL re ference  

des iggs) ,  a.nd t h e  ca.lciil_ations were c a r r i e d  ou-t fol lowing t h e  des ign  pr.e-- 

cep t s  o i i t l i n c d  i n  Table  1.. The c a l c u l a t i o n s  are intended t o  establ.isli 

j u s t  how mi lch  the rac?iator  size must i nc rease  as the  mean effecLive 

r a d i a t o r  'cemperaLure drops with an  increase  i.n t h e  number of loops .  The 

increase i n  pumping losses cam also be determined. rea.5ily wi.th a few ad- 

d i t i o n a l  calculations. 'The pumping Losses a . f fec t  t h e  r a d i a t o r  size both 

-because of t h e i r  effccts ~n cycle efficiency a i ~ d  :heir e f r e c i s  on t h e  s i z e  

of t h e  a u x i l i a r y  r h d i a t o r .  rcq-xLrcd. "he cslciilat~iLons , w e  smrizr ized  i n  

Ta.ble 4. A collmn for a. scaled-;ip MPRF: has also b 

5 
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Tab le  L F .  Summa-y of F a c t o r s  Affec- t icg t h e  23ad;ator S i z e s  s;nd Pumping Losses f o r  t h e  Systems of F i g s .  - Through 6 

(Data for two C.WL SNAP-50 systems and a scaled-up MPPd are also g iven . )  

~~ ~~ ~~~ 

System SI'TAP - 5 3 SX4P-50 A 2 3 !I 5 6 

2-Loop 3 - ~ 0 0 p  Scaled-  S ing le  Loop S ing le  Loop 2-Loop7 2-L30p, 2 -Loop 3-LooP, 
D i r e c t  Il;d i r e  ct UP wi th  B o i l e r  w i th  B o i l e r  B o i l i n g  Liquie- Liquid- BoilFng 

Condenser Condenser MPRE J e t  Pump C entr ' ,  fuga1 React o r ,  React o r ,  cooled cooled 
Re act o r ,  

Condenser Condenser D i r e z t  I n d i r e c t  
Condenser 

Pmp D2rec.t Ind i 1- e c t Reactor,  

C onde n s e r 

Reactor  o; l t le t  tea?., "3 
Reactor i n l e t  temp., "F 

Turbiiie inlet tern?., "F 
TtirbIne o u t l e t  temp., 'F 
Condenser i n l e t  temp., "F 
Canaemer m t l e t  temp., "F 

Radiator  inlet temp., "F 
Racliator o k t l e t  temp., OF 

Reactor power ou tpu t ,  Mw 
Overa i l  zyc le  e f f . ,  $ 
Turbine eff  ., $I 
Gerierator e f f .  ,, 76 
Generator g r o s s  output ,  kw 
Generetor n e t  outgut ,  kw 

Primary c i r c u i - t  o v e r a l l  

Primsry c i r c u i t  p m ?  ?oweT, kw 
B o i l e r  f eed  p~~::p o v e r a l l  e f f . ,  46 
3 o i l e r  f eed  p m p  po-der, kTd 

Radiator  c i r c u i t  pump e f f . ,  $ 
Radiator  c i r c u i t  pump power, kw 

A u .  r ad la - to r  hea-c l ead ,  kw 
A m .  i -adiator  i n l e t  temp., "F 
A u .  r ad ia - to r  o u t l e t  temp., 'F 

Power conv. rad. h e a t  load,  kw 
Power conv. r a d .  tern:., "F 
I d e a l  51ack body Q/A for m i n  

R e l a t i v e  s i z e  o f  main r ad .  
i u e a l  b l a c k  body Q/A f o r  am., 
rd., Btu /h r - f t2  

A u .  raci. rel. s i z e  
l iaeai b l a c k  body Q/A f o r  power 

conv. raci., Btu / f i r - f r , 2  
Power canversion r a d .  r e l .  s i z e  
T o t a l  re:. r a d i a t o r  a r e a  
T o t a l  r a d i a t o r  a r ea ,  ft2 
Radia to r  h e i g h t ,  f t  

pump e f f t c i e n c y ,  $ 

r a d . ,  B tu /h r - f t2  

- ?  

2000 
1900 
1853 

1090 

1090 
2.2 * 
24.6 
83.6' 
86 
355 
322 

1274 
1254 

1254 

43.5 
11.05 
40 
,I. 26 
- - -  
--- 
91.6 
606 
5 38 
3.6 

15,343 

1350, 
0.64 

200 

* 
1-55 

* 

320* 

2-3k 
936 
32.1 ++ 
(31.6) 

0.14$* 

2000 
1900 
1850 
1274 
1272 
io90 
12 46 
1080 

2.2 * 
13 * 7, 
83.6 
86 
355 
302 

43.5 
IL1.05 
40 
11.26 
36.5 
13.2 

106.8 
580 
509 
4.6 
290 

11, QO* 
2.15 

1650, 
0.89 

320 + 
0.21* 
3 ."., 
1260 
36.4 
4-4.0 

* 

* 

15 40 

1540 
10 4-0 
1040 
1030 

1040 
1030 

2.2 
16.7 
83 
96 
355 
355 

1520 

--- 
_ _ _  
30 --- 
_ -_  
--- 
60 
625 
557 
3 

- - -  

8,450 
2-33 

2070 
0.32 

_ _ _  
- --  
2.65 
1130 
35 -8 

2000 
1980 
2000 
1385 
1385 
1375 
1385 
1375 
2.2 
16.8 
83 
36 
367 
36: 

19,500 
1.0 

2070 
9.32 

2000 
1980 
2003 
1335 
1385 
1375 
1385 
1375 
2.2 
~6.6 
83 
86 
363 
363 

- - -  
_ _ _  
30 --- 
_ _ _  
- --  
60 
625 
557 
0 

- - -  

19,603 
1.31 

2070 
0.32 

_ _ _  
- --  
1.33 
567 
18.0 

2300 
1960 
1353 
I335 
1335 
1325 

1335 
1325 

2.2 
16.8 
83 
85 
367 
367 

--- 
--- 
30 - - -  
_ _ _  
- --  
60 
625 
557 
0 

- - -  

17,950 
1.092 

2070 
0.32 

--- 
- - -  
1.43 
600 
-9.1 

2003 
1980 
'j30ij 
?385 
1385 
L375 

1350 
1190 

16.6 
83 
86 
367 
3 1L3 

2.2 

--- 
- _ _  
30 

36.5 
15J.2 

75 
620 
552 

1.8 
230 

15,300 
1.35 

1970 
0.47 

320 
0.08 
1.90 
610 
25.7 

2003 
L900 
1850 
12 15 
1275 
1265 

1275 
1265 
2.2 
16.1 
83 
86 
366 
335 

48 
30 
30 _ _ _  
- - -  
_ _ _  
69 
606 
5 38 
2.8 
200 

15 7 303 
1.39 

1850 
0.58 

320 
0.13 
2 .oo 
353 
27.1 

2000 
7-900 

1850 
i275 
1275 
1265 
124.0 
1080 

2.2 
15 -3 
83 
86 
366 
317 

48 
30 
30 

36.5 
19.2 
8 & 
580 
509 
4.6 
200 

11, 780 
1.92 

165~ 
0.70 

320 
0.21 
2.83 
i2G7 
38.3 

_ _ _  

* 
Calculated for t h e  SNAP-50 systems on t h e  s a e  bases 5s  were ,sed f o r  t h e  o t h e r  six systems. 



Rela t ion  t o  SMP-gO Systems - 

The s i x  systems OS t h i s  study d i f f e r z d  from t h e  two SNAP-50 systems 

i n  f i v e  irnll)ort,aiit i-espccts: 

2 )  t h e  b o i l e r  feed  pimp was drj.veii by a f r e e  turbi-ne r a k e r  than  by an 

e l e c t r i c  motor, 3 )  t h e  heat  Lo:;szs from 'che t-iir'tiine t o  'che genera tor  were 

assumed t o  'oc somewhai lower for reasons lwhi~ch will be discussed later,  

4) t h e  e f f i c i e n c y  of t h e  SNAP-50 t u r b i n e  was between I./2% and 1% higher  

than  f o r  t h e  re ference  design systems, and pokis'siiirn r a t h e r  t han  1ii;hium 

w a s  used as t h e  r e z c t o r  coolant. Tne p r i n c i p a l  data f o r  t h e  thermodynCmi.c 

p e r f o r m m e  of t h z  C4NEL systems were taken  f rom CANEL CNLM-629:?' and 

CN11M-6293,7 whcreus t ha t  f o r  t h e  s i x  sy-st,enis of t h i s  study were taken  

from t h e  thermodymmic cyc le  da-La o f  Table  2. 

I.) t hey  include r egene ra t ive  feed heatii lg,  

C a l c u l a t i o n a l  Procedure 

Only a few eI.emenLs i n  t h e  ca lk i i la t ions  i n  t h e  f i r s t  p o r t i o n  of t h e  

tab le  require any explana t ion .  One of these i s  t h a t ,  i n  system No. 3, 
tlie condenser f o r  -ihe f r ee - tu rb ine -d r iven  pump i n  the reactor c i r c u i - t  

would serve  as an upper stage of t h e  feed h e a t e r  i n  the main thermo- 

dynamic cyc le ,  and hence it wou1.d not r ep resen t  a hea t  l o s s  i n  t h e  

system. Tnas data f o r  the second therinod.y~ria,uiic cyc le  of Table 2 can be 

used without modifica,ti.on. A second. point worthy of note  7.s t h a t  the 

e x t r a  pump work. r equ i r ed  i n  system No. 2 as compared t o  system No. l w a s  

es t imated t o  r e q u i r e  8 4% r a t h e r  t h a n  a 3% allowance f o r  t h e  vapor flow 

-to -the f r ee - tu rb ine -d r iven  feed  piun-p. 

Auxi l ia ry  Radia tor  &at Load --- 
The auxi.Liary r ad ia to r  heat  load. i s  someldhat lower i n  Lhe 2-I.oop 

and 3-loop systems (Nos. 5 and 6) t han  i n  tlze corresporiding SNAP-50 

systeiiis p a r t l y  b e c a m e  t'ne heat losses fyom t h e  e l e c t r i c  motor dr iven  

boiler feed pump alae e l imina ted  and part1.y bccause iiiiproved thermal  

i s o l a t i o n  of  t h e  genei-ator from t h e  tui-bine appears  t o  be both advan- 

tageous and p o s s i - b k ,  and has  been assimed. 



Rela t ive  Radia,tor Sizes 

I n  calculzt ing t h e  relative rad.ia.tor s i z e s ,  the i d e a l  black-body 

heat f l u x  w a s  c a l c u l a t e d  f o r  t h e  ope ra t ing  temperat-ure of each r a d i a t o r  

us ing  sys-Le2 N o .  1, 'die M?RE sin.gl.e-loop systerfi, f o r  r e fe rence  purposes,  

and. ass ign ing  i - t  a main r d i a t o r  s i z e  o f  u n i t y .  The sri.zes of t h e  

r a d i a t o r s  f o ~  Lhe other systems were {-;hen c a l c u l a t e d  by taki.ng t h e  r a t i o  

of t h e  i d e a l  black-boriy heat, f l u x  f o r  t h e  r a d i a t o r  temperati.1-m of system 

No. 1 t o  t h e  corresponding valine f o r  t h e  sys t en  i.n qinestion. Addi t iona l  

c o r r e c t i o n  f a c t o r s  w w e  a,ppli.ed us ing  t h e  va lues  g iven  i n  T8ble 2 for. 

t h e  enthal.py c-lrop i n  Yne condenser a.nd $he u s e f i i l  work obta.ined fron; t h e  

tixrbine t o g e t h e r  wikh t h e  r a t i o  o f  the gross  e l e c t i - i c s l  outp:it -Lo Lhe 

net e l e c t r i c a l  ou tpxt  as given i n  %a.b:.e 4. 
in Table 5 . )  
calcul-ated., aga in  us ing  t h e  main radiator for system No, 1 8 s  the  

r e fe rence  s i z e  and. ass ign ing  it a va1u.e of u n i t y .  Note t h a t  the a u x i l -  
i a r y  r a d i a t o r  for sys'mn Boe 1 i s  32$ o f  the  s i z e  of t h e  main r a d i a t o r  - 
a r a t h e r  sinrprisingl_y l a r g e  v a , l m .  It w o u l d  have been even I.a:rger had 

t h e  heat, loss from -the SNAP-50 generator been employed a 

(one equmtion used i s  given 

Simi la r ly ,  t h e  r e l a t i v e  size o f  t h e  a u x i l i a r y  ra,dial;or was 

Rad S a t  o r  f o r  Power_Coiive r s i on  Ey I z ipment lyl 

Virtu.al.l.y all of t h e  output  o f  t h e  power conversion equipme:& i n  

tdhe t w o  SNAP-50 systems goes t o  d r i v e  t h e  e l e c t r i c  motor d-ri-ven pumps. 

E l imina t ion  of t h e s e  pumps e s s e n t i a l l y  e1Liminstes t h e  need fop 'die power 

conversion system t o g e t h e r  with t h e  r a d i a t o r  r equ i r ed  bo cool  i t .  Thus 

systems No. 1 through 1.1 r e q u i r e  no power c0nvers i .m rad i a t c m .  

Total Radiator H e i g E  

'The t o t a l  ra .d ia tor  su r face  area wyu. i red  f o r  each of t h e  various 

systen!:; reI.ative L o  the s i z e  of the :main r a d i a t o r  f o r  t h e  s i n g l e  Loop 

r e fe rence  des ign  'ooil.i.ng Fotessium. r e a c t o r  s y s t e n  i s  shown i.n the third 

frr01n t h e  last; l i n e  o f  Table 4. 
the  two S!UP-50 loops as conpared to t hose  for. systems No. 5 and 6 of 
-.his s tudy s t e m  mainly fram Sie lack of regenerativc feed. heattng and a 

f r e e - t u r b i  ne-dr*iven boi.ler feed  pwrip i.n the SNAP-50 systems. 

The sornewliat Larger radiator s i z e s  For 
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%e las t  l i n e  o f  Table 4 gives  the  he ight  of t h e  f u l l .  se t  of 

r ad ia t , o r s  requi red  f c ~ r  each of the systems assuming that, t h e  ra,tri.ators 

would bc i n  t h e  f o m  of IO-ft-diarn cylind.ers s tacked one a'oove the other. 

I n  esLirna'cing t h e  r a d i a t o r  he igh t ,  t h e  i-adia.tor proJected a r e a  requi rzd  

was ca l cu la t ed  as ind ica t ed  i n  Table 5 assuming t h e  a .x i a l ly  f inned  tube 

and r e f i e c t c r  c o n s t m c t i o n  enployed i n  Llie MPKE and. discussed i n  detai.1 

i n  t h e  next s ec t ion .  Noke t h a t  t h e  ove ra l l  height.  of the r a d i a t o r  s t a c k  

can be reduced by 2 112 f t  by Faking use of a. disc-shaped radriator su r -  

face ac ross  the  one open end of t h e  cy l inde r  for a por t ion  o f  t h e  a u x i l -  

i a r y  r a d i a t o r ,  

The v a h e s  f o r  t h e  rac7iator he igh t s  of 'Ale CANEL 2-loop and 3-loop 

syst,ems a.re 32.1 ft a n d  36.4 f t ,  respezt ivel .y ,  wh.ereas  t h e  design precepts 

used i n  'chis study I.ed tc, values  o f  28.8 f t  and 40 ft, respec t iv-e ly .  A 

review 3f t h e  ca lcu la t ions  and the information a v a i l a b l e  i:idica-Les that 

t h e  ba.si.c f in - tube  mod.1~1.e rrast have been subs t an t i a , l l y  difyeren-!; i n  t h e  

two CAmL des igns ,  and t h a t  t h i s  gave widely d i f f e r e n t  f i n  Zfficiencies. 

Hadiator  Time, Fin,  and Armor Gonf i g u r a t i o n s  _I._--....-m.-- _____I 

There now s e e m  t.o be gene ra l  agrement .  that .  the r ad ia toy  of a 

nuc lear  space power p k n t  sho7dd be designed t o  confarm 'i,o t h e  envelope 

of t h e  launch veh ic l e  and cont . r ibute  t o  i . t  s t r u c t u r a l l y .  This i.mplies 

tha,t it should be ,z cyl.i.ndricai o r  c o n i c a l  shell with  -tile tubes  p a r a l l e l .  

t o  t h e  ax is  To sinipl.i.fy t h e  comparisons 3. cyl.i.ndrica1 cons t ruc t ion  has 

been assumed tliroughoust f o r  t h e  purposes of t h i s  s tudy .  

Form of Meteoroid Armor -- 
The t h r e e  p r i n c i p a l  ways o f  a r ranging  the tubes ,  f i n s ,  and arrnoy 

t h a t  ha,ve been s e r i o u s l y  considel-ed i n  r ecen t  yea r s  are shown i n  P ig .  10.  

No meteoroid ai-mor i s  requi red  on t h e  back s i d e s  of t h e  tubes  because t h e  

po r t ion  of ';he rad~ia.t,or on t h z  o p p s i - t e  s i d e  cmplc:d with closures at  -the 

ends w i I I  Ret as a burnper and p r o t e c t  i t .  A hyperve loc i ty  p r o j e c t i l e  i s  

fragmented o r  vaporrized i n  pass ing  through even a thin shee t ,  and would 

be d ispersed  inio a cloud by the t ime i - ' c  had passed a f o o t  o r  more beyond 
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( A R M O R  

Figure 10. Three typical t u b e - f i n - a m o r  confj gurations foy 
radi.aLors f o r  space veh ic l e s .  
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Figure 11. Full-scale MPRE radiator. - 
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Since t h e  f i n  weight v a r i e s  as t h e  square of t h e  f i n  he igh t  fcr  a given 

h e a t  f l u x  and f i n  e f f i c i e n c y ,  t h e  f i n  and armor weight f o r  a given tube  

diameter  and tube  spacing are much lower for t h e  r e f l e c t o r  arrangement 

than  f o r  t h e  o t h e r  two. O f  course,  t h e  minimum value  f o r  t h e  sum of f i n  

and armor weights  i s  obtained wi th  a c l o s e r  tube  spacing f o r  t h e  upper 

two conf igu ra t ions  of F ig .  10 t h a n  fo r  t h a t  wi th  t h e  r e f l e c t o r .  The ef-  

f e c t s  of tube  spacing on t h e  weight cf conf iguraz ions  B and C of F ig .  10 

are shown i n  F i g .  12 .  Note t h a t  t h e  minimum r a d i a t o r  su r face  weight ob- 

t a i n a b l e  wi th  conf igu ra t ion  C i s  abcut  h a l f  tha. t  f o r  conf igu ra t ion  E .  

The c a l c u l a t i o n s  f o r  F ig .  12 were made f o r  t h e  same h e a t  f lux  from t h e  

r a d i a t o r  envelope, t h e  sane tube  d i m e t e r ,  t h e  same f l u i d  t enpe ra tu re  i n  

t h e  tubes ,  and t h e  same p r o b a b i l i t y  f o r  meteoroid p e n e t r a t i o n  i n  both  

cases .  The d e t a i l e d  c a l c u l a t i o n s  are swmar ized  i n  Ta,bie 6 .  The 

r e fe rence  des ign  cond i t ions  were those  f o r  t h e  r a d i a t o r  s p e c i f i e d  by t h e  

r i g h t  column i n  Table 7. 

Radia tor  Weight Estirrates 

I n  e s t ima t ing  t h e  r a d i a t o r  weights f o r  t h e  systems of F igs .  1 through 

6, t h e  a x i a l l y  f inned  tube -and- re f l ec to r  conf igu ra t ion  of F ig .  10-c ( t h a t  

be ing  t e s t e d  ex tens ive ly  i n  t h e  MPHE Program)” w a s  used for both  t h e  

d i r e c t  condensing r a d i a t o r s  and f o r  t h e  r a d i a t o r s  i n  t h e  i i q u i d  c i r c u i t s  

f o r  t h e  i n d i r e c t  condensers ar,d f o r  t h e  a u x i l i a r y  coo le r s .  Tapered tubes  

were employed f o r  t h e  d i r e c t  condensing r a d i a t o r s ,  while  s t r a i g h t  tubes  

wi th  a bore  of 0.2 i n .  were employed f o r  t h e  a l l - l i q u i d  systems. While 

smaller tube  d iameters  might have been used i n  t h e  d i r e c t  r a d i a t o r s  a t  

t h e  expense of somewhat h ighe r  p re s su re  drops and increased  pumping power, 

t h e r e  i s  l i t t l e  po in t  i n  reducing t h e  tube  diameter  below about 0.20 i n .  

s i n c e  the vu lne rab le  a r e a  i s  a f u n c t i o n  of t h e  tube  OD and, for t h e  

smaller tube  diameters ,  t h i s  i s  m 3 r e  a f u n c t i o n  of armor th i ckness  than  

of t h e  tube  I D .  HaK w a s  t h e  coolan t  a s s m e d  f o r  t h e  systems wi th  i n d i r e c t  

condensers and f o r  t h e  a u x i l i a r y  coo le r s  of systems 4 and 6; l i q u i d  

potassium was assumed f o r  t h e  a u x i l i a r y  r a d i a t o r s  for systems 1, 2, 3, and 

5 .  To s i a p l i f y  the ana lyses ,  t h e  t o t a l  f i n  span w a s  he ld  cons tan t  and t h e  
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E’ah1.e 6. E f f e c t s  of ‘rube Spacing on ilie I iadiator  Weight 
f o r  Configurat ions B and C of F i g .  10 

1380”~; E = 0.92’; Fin  -+ tube  e f r i c i e n c y  = 0.773; 

Tube ID = 0.38 i n . ;  F in  T = b (-) x 2  copper. firis 
W 

Tube c e n t e r l i n e  ,;pa.cing, i n .  

fie 1 at i-ve vulnerak l e  area. 

A r m o r  t h i ckness ,  i n .  

~ r r n o ~  weight,  ]-b/ft 

A r m o r  weight,  lb/ftz ( t ; o i a l  surface) 
P i n  height,, i n .  

Fi.n eff  i .ci  ency, $ 
Fin. r o o t  t h i ckness ,  i n .  

F in  weight,  Ib/ft2 (total. s u r f a c e )  

Wcig’nt of r e a r  port i -on o f  tubes ,  Lb/ft2 

T o t a l  weight , ib/fi ;” 

2.5 

1.67 

1.63 
i . 8 ~  

1.03 

72.5 
o .027 
0 572 

0.36 

3.75 

0.246 

Conf igura t ion  C 

3.0 
1.36 
0.234 
1.50 

6.0 
1.28 

73.4 
0 . oh 4 
0.83 
0.28 

7.1 

4.0 

0.217 

1.37 
4.15 
1.78 

7G.3 
0 e 090 

l e 0  

1.48 
0.21 

5 -84 

6 .o 
0.65 
0.1.94 
1.19 
2.38 
2.78 
75.2 

0.228 

3.5 
0.14 
6.02 

Tube c e n t e r l i n e  spacing, i n .  

R e l a t i v e  vulnerable  area 

A r m x  th ickness ,  i n .  

Ar-mor weight,  lb/f t 

Armor weight, l b / P t 2  ( t o t a l  s u r f a c e )  

Fir1 he igh t ,  i n .  

F i n  e f f i c i e n c y ,  % 
F i n  rooi; th ickness ,  i n .  

~ i . n  weight,  3.1n/ft2 ( t o t a l  s u r f a c e )  

Weight of rea?? por t ion  o f  tubes, J_b/f-t2 

Total weight,  l b / f t 2  

4.0 
1.0 

0.217 

1.37 

0.615 
‘76 .8 
0.025 

0.67 
0.21. 

5.03 

4.15 

6 .o 
0.65 

1.19 
2.38 
1.03 

’79.3 
0.082 
0.80 

0 . 1.4. 
3.32 

0.194 

8 .o 

0 176 
1.03 

0.46 

1.54 
1.45 
80 .o 
0 * 1-73 
1.60 
0.10 

3.24 

1.0 . 0 
0.35 
0.166 
0.96 
1.20 
1.36 
81.2 

0.306 
2 .79 
0.08 
4 -07 
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Slab1-e 7 e Perforii?mnce, I)imensiona.l, and Weight Daea f o r  
Typica l  Condensi-ng Radia tors  f o r  Launch Packages 

Power p l an t  

Power t o  be d i s s i p a t e d ,  kw 
Power t o  be d i s s i p a t e d ,  Btu/hr 

Vapor texperatur.e,  O R  

I d e a l  d i s s i p a t i o n  to 520"~ 

Rm.i.ssivity of t r e a t e d  su r face  

F in  e f f i c i e n c y  

Effec t iveness  of tube p l u s  f i n  

Ref l ec to r  e f f i c i e n c y  

Area requi red ,  ft," 

Height of cy l inde r  f o r  1 0 - f t - d i m  

Tube length ,  f.1; 

Vapor dens i ty ,  lb/Pt3 

Latent  hea t  of vapor iza t ion ,  

Vapor q m l i t y ,  $ 
Potassium flow rate, ~ o / s e c  

Vapor volume f low r a t e ,  f t "  

Vapor v e l o c i t y  a t  tube i n l e t ,  

Vapor flow passage a r e a  a t  tube 

Number o f  t ubes  

Tifoe i n l e t  fl-ow passa.ge a r e a  
p e r  tube,  f t 2  

Tube i n l e t  ID, i n .  

Liquid deiisii;y at, tube 

Tube o u t l e t  l..iqiuid flow 

Tube 01ut~lzt ID, i n .  

Tube o u t l e t  area ( p e r  t - h e ) ,  ft2 

s ink ,  Btu/hr f t" 

vehi-cle,  ft 

E Lu/ 1.b 

Tt /sec  

in l e - t s ,  ft2 

outl-et, l b / f t 3  

rate, ft"/sec 

Mi-%E: 

860 
2.93 x 10" 
1500 

8560 
0.92 

0.86 
0.89 
0.87 

'-1-35 

14.0 

7.0 
0.0035 

887 
91. y 

262 

14-00 

0.655 
96 

0.0068 

1.0 

1 . I 
44.0 

0.0228 

0.30 

0.0049 

System 1 oi" Table 4 
1735 

1840 
5.93 x 10" 

19, 60c 
0.92 

0.80 

o .83 
0.87 
426 

13.6 
6.8 
0.029 

843 
93 

67.3 

2.1 

400 

0.168 

96 

0.00175 
0.56 

41. '1 

0.0504 

0.30 

0.0049 



Table 7. (cont inued)  

Tube outlet ,  area ( t o t a l ) ,  f t 2  0.060 0.060 

rt /sec (for l i q u i d )  0.38 o .84 
Tube out1 et v e l o c i t y ,  

F i n  span, i n .  3.2 3.2 
F i n  c r o s s - s e c t i o n  shape t = b(x/Iq)2 t = b ( ~ / w ) ~  

0.h08 WJW for E’ .  ‘3ven f i n  
zff i c i e n c y  

Equival-ent heat-ti-acsfer coef - 
f i c i e n t ,  Btil/hr . f t2 .  “F 

T4ea.n f i n  height, i n .  

F i n  rooi; Lhicknzss, i n .  
Total l ength  of tub ing  

Main rad ia . tor ,  f-t 
Auxi. l iary rad.i.ator, ft 

Vulnerable su r face  area 

Main ra.dia”iorr. tubes, ft2 

Hi.:ng manifolds,  ft’ 
Auxi l i a ry  r a d i a t o r  tubes, f t 2  

n L O i d ,  f t 2  

Probabi1.i.t-y of meteoroid 
p e n e t r a t i o n  

requi-red,  i n .  

tubes,  1.b 

Thickness of s t a i n l e s s  s t c e l  

A r m o r  weighf,, mai.n r a d i a t o r  

Aux i l i a ry  r a d  i .a tor  tubes, 

Manifolds,  l b  

(0.2 i n .  ID),  3.b 

To.tal, 1-’0 

Weight of copper f in s . ,  I S  

WEight of 0 .010- in . - th ick  
aluminum r e f l e c t o r ,  lb 

Weight o f  O.030-in.-wnll t apered  
s t a i n l e s s  s t e e l  tu’ues, l b  (un- 
a,rmor ed p o r t  i on 1 

0.46 

20 .o 
l e 2  

0.092 

6 . p  
- - -  

50 

20 
70 

0.01 

- - -  

0.1 

250 

- - -  
100 

350 
290 

100 

80 

43.5 
9.5 
1.5 
68 

0.010 

0.100 

180 

30 
60 
2 70 

470 

100 

50 

0.001 

0.1-76 

360 

60 

110 

5 30 

11-70 

loo 

50 



Table 7. (cont inued)  

Weight of radia.1. vapor duc t s  

Weight of r i n g  manifolds (un- 

Weighi; of i n l e t  duct  and hub, lb 

Weight of O.OlO-in.-thick aluminim 

Weight of 1.5-1b/fL3 polyurethene 

Launch weight of  main r a d i a t o r ,  lb 

Net, weight of main r a d i a t o r  a f t e r  

Area of a u x i l i a r y  r a d i a t o r ,  ft2 

Launch. weight of am i l i a r y  

5.2 fl; long, 0.040 in. th ick ,  lb 

armored p o r t  i o n ) ,  Ib 

s h u t t e r s  with opera to r s ,  lb 

foam, lb 

vaporj-z i ng polyurethane, lb 

rad i -a tor ,  XI 

95 

35 
50 

100 

100 

1200 

1100 
--I 

50 

20 

30 

100 

100 

1160 

1060 

136 

274 

50 

20 

30 

1.00 

100 

13% 

1290 

136 

304 



f i n  he ight  allowed t o  vary  wi th  the tube  diameter .  ' k i s  l e d  t o  v a r i a t i o n s  

i n  t h e  f i n  he ight  of only about, +0.3_5 i n .  Fig-1x2 10 i n d i c a t e s  that  t h i s  

fa l l s  i n  the r eg ion  ii? which t h e  overa1.l  rad ia tor .  weight i s  close -to a 

rniiiimwri and. i s  no-t very s e n s i t i v e  t o  v a r i a t i o n s  in t h e  f i n  h e i g h t .  To 

f a c i l i t a t e  braz ing ,  copper f i n s  were used, and -- t o  minimize 'ihe f i n  

weight - t h e  f i r 1  t h i ckness  w a s  assumed t o  vary  inve r se ly  a s  the square o f  

t h e  d'istance from t h e  f i n  r o o t .  

Effect .s  of Vapor Densi ty  _____ 

'The vapor d e n s i t y  e n t e r i n g  t h e  r a d i a t o r  i s  a ma.joi- f a c t o r  i n  de- 

te rmining  not  only t h e  ma.nifold s i ze  bu t  the tube  lengt,h-3iaxeteT r a t i o .  

I n  going from a rad iakor  i -nlet  Lemperature of  1.040"E' f o r  tilie 1 Mw s t a i n -  

Less si;eel MPRE system LO 1380"~ for +,he r e f r a c t o r y  meta l  systems, t h e  

deris i ty  of t h e  potassium vapor e n t e r i n g  'tile condenser incyeases f ~"cm 

0.0035 t o  0.029 lb / f t3 ,  i.e., by a f a c t o r  of 8.3. 
and power, t h e  duct s i z e  

For +;lie same fi.n span as employed i n  tke MPI% r a d i a t o r  $iub , at a rsd. ia toy 

teicipperatu-re of 1380"~ t,he heat; loading  pe r  foot; of kngtuh would he in- 

creased  by a factor of 2.32. 

t h e  tube  l eng th  f o r  t h e  same i .nlet  diameter  can be increased  by t h e  

f a c t o r  8.3 d iv ided  by 2.32 equals  3.58. 
could be mployed  a.t t h e  h igher  t.emperrature for t h e  same tube  i n l e t  d in-  

meter,  o r  t h e  tube  diameter  could be r e d w e d .  Reducing the tlrbe diameter  

would reduce t h e  azea  vulnerable  ,to p e n e t r a t i o n  by meteoroids,  b u t  t h i s  

would be pa,rti.all.y offset  by some inc reasz  i n  t h e  :number oT iiianifolds r e -  

qu i red  for t h e  shorter tubes ,  and hence i n  t h e i r  vu lnerable  area. 

F ~ T  the sam.e v-eloci ty  

can be reduced by t h e  f a c t o r  fir = 2.88. 

Thus i.n propor t ion ing  the  r a d i s t o r  tubes,  

Trius a tube  l eng th  of 25 f t  

De ta i l ed  Ca lcu la t ions  

I n  making a deta i . l ed  weight estimate for  t h e  r a d i a t o r  :For system 1, 

a set, of c a l c u l a t i o n s  similm to t hose  carr-ied out  f o r  t h e  MPRE r a d i a t o r  

was prepayed. Tab lz  '7 shows t h e s e  calcul.atioiia t o g e t h e r  w i t h  t h e  COT- 

responding va.lues f o r  t h e  MPRE r a d i a t o r  f o r  comparison purposes. Note 

t h a t  it w a s  decided. 50 base  t h e  meteoroid armor thickness r equ i r ed  on t h e  

combined vulnerable  su r face  area of the main and auxili .a.ry r a d i a t o r s .  
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Note t h a t  when a 1380"~ main r a d i a t o r  is  employed wi th  a 600°F a u x i l i a r y  

rad iakor ,  t h e  a u x i l i a r y  r a d i a t o r  comes t o  r ep resen t  about 30% ol" t h e  t o - t a l  

r a d i a t o r  su r face  a r e a  insLead of only about 10% as i s  t h e  case j.f -Lhe main 

rad ia . tor  temperature  i s  1040°F. 

were not  made i n  t he  c a l c u l a t i o n s  for  t h e  meteoroid armor th i ckness  f o r  

tb.e MPRE, s ince  it represented  a r e l a t i v e l y  s m a l l  secondary e f f e c t  which 

was riot irflporbant i n  t h e  o r i g i n a l  work. 

Allowances f o r  'ihe a u x i l i a r y  r a d i a t o r  

Naaifold and Duct Weight 

The ma.nifo1.d and duct  weight c o n s t i t u t e  a s u b s t a n t i a l  f ract j -on of 

t h e  t o t a l  r a d i a t o r  weight,  and hence should be est imated wi th  allowances 

f o r  t h e  e f f e c t s  of vapor densi.ty as i.ndica,ted i n  -tile previous section. 

I n  c a l c u l a t i n g  t h e  manifold weights f o r  t h e  NaK r a d i a t o r s  of t h e  i n d i r e c t  

systems, t h e  manifolds and p ipes  were designed for a, NaK v e l o c i t y  of 

1-4 f t / s e c  t o  keep t h e  p re s su re  l o s s  in t h e  duc t s  and manifolds t o  about 

1.0 p s i .  This  gave rad ia l .  duct, and r i n g  rnanifold diameters  of about 1 i n .  

The rnanifold r i n g s  were made uniform i n  

of t h e  r a d i a t o r  envelope because, while  f l u i d  PTessure drop cons ide ra t ions  

wou1.d have permi t ted  t a p e r i n g  t o  a sma l l e r  diameter  at -the midpoj-nts be- 

tween Lhe P a d i a l  duc ts ,  t h e  s t r u c t - u r a l  s t r e n g t h  of t h e  assembly would 

have been s e r i o u s l y  reduced. Ext ra  weight i n  a u x i l i a r y  s t ruc tu . re  would 

then  have been requi red  so t h a t  l i t t l e ,  if  any, savings i n  o v e r a l l  weight 

would have r e s u l t e d .  The snialler s i z e  of t h e  l i q u i d  manifolds l e d  t o  a 

12% reduct ion  i n  t h e  weight. and vulnerable  su r face  area of the r i n g  mani- 

f o l d s  f o r  the  NaK r a d i a t o r s  r e l a t i v e  t o  d i r e c t  condensers f o r  t h e  same 

oi i tput .  

weigh-t f o r  -the NaK r a d i a t o r s .  The smaller tubes  gave an  increased  f i n  

hz ight  which. tend-ed t o  inc rease  t h e  f i n  weight, but t h i s  was more than  

offse-t by 1;he red-uction i.n f i .n  th i ckness  a s soc ia t ed  wi th  t h e  lower h e a t  

flux. S t r u c t u r a l  consideTat ions make i ~ t  inadvisabl-e t o  reduce t h e  f i n  

th i ckness  .too far, hence t h e  r a d i a t o r  weigkit wit'nout armor w a s  es t imated 

til be 9O$ of t h e  m a i n  rad ia - tor  weight per u n i t  of area. 

diameter a l l  around t h e  per imeter  

Kedming t h e  tube diameter  led .to a reduct ion  i n  tube  and armor 



M e  t e or o i.d Armor %hi ckne s s 

Seve ra l  d i f f e r e n t  approaches t o  t h e  est,i:na.tion of t h e  th i ckness  of 

armor required -to p r o t e c t  frorn meteoroids have been employed. The me-Lllod 

used f o r  MPRE work has  been based 011 information presented  i n  Refs .  1.1 

and I2 as ou t l ined  i n  He?. 13. This  me-Lhod was chosen f o r  t h e  p l rposes  

of -this study, and t h e  c h a r t  of Fig.  13 w a s  prepared.  The va1.u.e:; given 

by t h i s  chart, a r e  w i t h i n  l.h$ of those given by t h e  most r ecL  -nt reI.ati_ons 

developed by the NASA Lewis Laboratory.  The vali ies are a l s o  wi th in  20% 

of t h e  va lues  used by CAhlEL i n  t h e i r  S N A P - 5 0  work ( s e e  CNLM-6293, 

p .  6-3-11 and for ’che SNAP-8 system ( s e e  PIASA SpecLlica,t ion No. 41’7-5). 
The meteoroi-d a m o r  was assumed ’GO be  in-Legral wi th  t h e  tube  wa1.l. and 

ext,end around 1-80 deg of the bube per? .  

of th ick-wal led  Lubing as func t ions  oP ?he 13 and wall. th ickness .  I k e  

wei.ght of the armor w a s  taken simply as h a l f  of the ~ r d . ~ e  given i n  F ig .  1 4  
for a tube of a g iven  I D  and haxing a thi.ckness ey-ual t o  t h a t  of t h e  

armor r equ i r ed .  Va.l.ues f o r  t h e  wei.gl1-h of the  una rmred  real- h a l f  of t h e  

tube  are a l s o  incliicled i n  Table 7. 

x 

ter. Figure  i l l  g ives  t h e  weig:ir!t 

Analyses indi.cat.ed that) ,  except; for- the  weight of the armor, the 

r a d i a t o r  weight i.s d i r e c t l y  propor t ioml-  to t h e  p ro jec t ed  arrea. 

basis, t h e  weight e s t ima tes  of Ta’01.e 7 were exten.ded and Table 8 w a s  p re-  

pa.red t o  suwnarizc t h e  r a d i a t o r  weight caJ.cvla.tions f o r  systems No. 1 

through 6. 
r a d i a , t o r  s i z e ,  and t o t a l  r a d i a t o r  area were taken from Ta’o1.e 4 and .then 

c o r r e c t i o n s  were made t o  t h e  weight f o r  t he  tube  diameter .  The vulnerable  

areS w a s  t aken  as be ing  .x/2 t imes t h e  OD of t h e  armored p o r t i o n  of t h e  

tube  m u l t i p l i e d  by Lhe t o t a l  number of f ee t  of t i lbing.  The armor t h i c k -  

ness was determined f i r s t ,  and then  i t s  weight.  T’he d e t a i l e d  express ions  

user?. i n  the  ca l e i i l a t ions  m e  shown i n .  Table  9. 

On t h i s  

Values f o r  t h e  r e l a b i v e  main radi .a tor  s i z e ,  r e l a t i v e  a u x i l i a r y  

* 
As i nd ica t ed  by pel-sonal. disciussions w i - t h  S. L ieb lc in ,  J .  Loe f f l e r ,  

and N. C!I.ough in Decem’oer 1.365. 
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ONVL DWG. 66-1747 

IO I O 0  
VULNERABLE SURFACE A R E A  ~ FT' 

Figure 1.3. Effecbs of vul.nerab1.e su r face  a r e a  on -tile meteoroid 
armor th ickness  requi red  for s t a in l - e s s  s beel r a d i a t o r s .  
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Aimil ia ry  Radia tor  Cans t rue t ion  

Ifhil-e a somewhat 1.i.ghter cons t ruc t ion  migh-i; have been employed f o r  

t h e  a u x i l i a r y  radiatYors because of t h e i r  lower temperatures,  t l i i s  wol~ld 

have been 1ikeI.y t o  lead  to compli-cations inc1.iidi.ng a requirement f o r  

a d d i t i o n a l  s t ru .c ture  so -t’na-t t,he savings i n  n e t  o v e r a l l  weight inc luding  

s t r u c t u r e  would probably have been minor, and hence a refinement such as 

this w a s  not  made. For example, i f  aluminum f i n s  were empl~oyed f o r  the 

a iuc i l ia ry  r a d i a t o r  of system No. I, a savings of approximately )-LO Ib 

might have been e f f e c t e d  at t h e  p r i c e  of a m i x h  more d i f f i c u l t .  fabri-  

cats ion problem (it i s  very hard t o  cb%ai.:n a sound brazed join-i; between 

aliuminum and s t a i n l e s s  s t e e l )  

between t h e  two materials wou.ld be l i k e l y  t o  Lead t o  bowing of t h e  tubes  

and possibl..y o the r  damage. 

Fixrther, d i f f e r e n t i a l  thermal  expansion 

E f f e c t s  o f  Power on t h e  Proportioiis  o f  Direct; Condensing Raclia-Lors 
I-__.__I___ -__I_ 

The e f f e c t s  o f  r e a c t o r  d.esi.gn output  on the  srize of the principa.1 

elements of direct condensing r a d i a t o r s  €or t h e  s ingle- loop  system of 

F ig .  :. were est imated foi- t h r e e  r e p r e s e n t a t i v e  r e a c t o r  outpLts and t h e  

resuit ,s  a.rre sumrtlarized i.n Table 10. C y l i n d r i c a l  banks of tubes were as- 

sumed i n  al l .  ca ses  so  t h a t  t h e  vapor rnanj-folds would be e s s e n - i i a l l y  

s imi l a r .  

t h e  res-s lking t.ube i n l e t  diameter  of 1.1 i n .  i s  a b i t  l a r g e  and wouLd 

nea r ly  double the  weight of ihe meteoroid armor as compared wi th  a con- 

f igu ra t , i on  employing f o u r  in s t ead  of two banks of t ubes .  A s  a consequence, 

a second case was worked oui; f o r  a. f o u r  bank tube  a r r a y .  

While two banks of  t ubes  could be used f o r  t n e  25 iflw(t) s i z e ,  

She U-and -Tube Condensers 

A good set of proporati.ons f o r  s h e l l  arid tiube condensers fox-. systems 

wi.t,h s q a r a - ; e  N a K  r a d i a t o r  c i r c u i - t s  appears  ’LO be  given by using tapered 

t.ubes simi.3-ax- t o  those  of ihe d i r e c t  condensing r a d i a t o r s  descr ibed  above. 

%he sma.,llel- Yilt. tube  diameter, th? s m a l k r  and l i g h - t e r  the condenser b u t  

tile grea%er the number of tube-to-header  j o i n t s  - A good compromise tha t  
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Table 10. Propor t ions  f o r  a Series of 
Di rec t  Condensing Had i. a t o r s 

2.2 5 10 25 25 

Radiator i . n k t  tempeL-atixre, "E' 1,380 1,380 1., 380 I., 380 1,380 
Potassiuni -vapor dens i ty ,  l b / f t 3  0.029 0.029 0.029 0.029 0.029 

Tube i n l e t  ID, i n .  0.56 0.68 0.~78 1.1 0.78 
ZFlibe ou t l e t .  I D ,  i n .  OJO 0.30 0.30 0.4 0.30 
'Tube l eng th ,  f t  6.5 9.6 12 24 12 

Radiutoy diameter ,  L " t  10.0 15.3 26.5 33 33 
Radia tor  height, f t  1.3.6 19.2 24 48 jc8 
Number of r ad i . a l  ducts 12 1-2 2 14- 2 4 48 
R a d i a l  duc t  diameter ,  i n .  s*eg 3.1 4.3 6 4.3 
1ka.n lxbe OD, i n .  0.44 0.55 0.60 0.8 0.6 
Reflector span, i n .  7.75 7.13 '7.25 7.75 7.'7> 
Nwriber o f  tubes  96 161 280 312 624 
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g ives  reasonab1.y s tu rdy  tubes i s  given by a tube inl-et ID of 0.50 in. wi.th 

a t>apei- ra'cio of 3 (foi- t he  i n s i d e  diarneter) .  

hea t  t r a n s f e r  c o e f f i c i e n t  was t aken  as 6000 Btu/lir-f t'-"F. The Lube w a l l  

t h i ckness  w a s  taken as 0.030 i n .  t o  gi-ve a u n i t  of high i n t e g r i t y .  These 

parameters y i e l d  an  overa1.l. hea t  t r a n s f e r  c o e f f i c i e n t  of 25CO Btu/hr- 

f t2 - "F  and a hea t  f lm  of 200,000 B t u / h r - f t 2 .  

in t h e  NaK i n  pass ing  through t h e  she l l -and- tube  hea t  exchanger w a s  t aken  

as 160"~ i n  keeping w i t h  the values  used. by CANEL f o r  t h e  SNAP-50 s y s t e n .  

I n  e s t a b l i s h i n g  t h e  5iameLer of the h e a t  exchanger s h e l l s ,  t h e  spacing 

between t h e  t,ubes w a s  made 1/8 i n .  t o  gi.ve s c f f i c i e n t  ligament thizkness 

between ho ie s  i n  t h e  header shee t s  t o  provide good condi t ions  f o r  welding. 

I n  view of t h e  low pres su res  and temperatures  i n  t h e  hea t  exchanger, t h e  

s h e l l  w a l l  - thickness was made 0.10 in. i n  the uni.ts f o r  t he  25 M w ( - t )  

- reaetcrs ,  and. 0.060 i n .  i n  t.lie mailer. u n i t s .  9i.mensiona.l and weight 

d a t a  f o r  a series of t y p i c a i  uni t ,s  a r e  presented  i n  Table 11. 

The average cond.ensing 

The temperature  r i s e  

Table 11. Shell-and-Tube Condcnse r s  

Rea.et.or Power, Mw( t) 

1 2.3 5 25 

Surface heat iOl..ux, Btx/hr-f t '  

Potassium vapoi- t,eilip., "r" 

Potassium vapor dens i ty ,  
lb / f t 

Tube in le - t  ID, i n .  
n .Lube l.engi;h, ft 

Nunber of condensers 

Number 3f t i ibes p e r  condenser 

S h e l l  d i m  a t  vapor i n l e t ,  i n .  

S ' n e l i  diani a t  condenszte o u t l e i ,  
in. 

Shell. t h i ckness ,  i.ne 

XSK in le t ,  temperature ,  "F 

NaK out , le t ,  texperaturc, "F 

Condenser w-it . (dry), l b / u n i t  

120,000 

10 40 

0.0035 

0.60 

2 .o 
4- 

189 
1- 3 

6.5 

0.060 

850 

80 
1010 

200,000 

1-380 

0 ,029 

0.60 

3.3 
L 

53 
7-5 

4 
0.060 

1190 

1350 
50 

200,000 

i380 

0.029 

0.60 

3.3 
4 
114- 

10.5 

5.5 
0.060 

is90 

1350 
100 

~00,000 

1380 

0.029 

0.60 

3.3 
LL 

5 70 
22.0 

J. 1 

0 d 100 

11.90 

1350 
500 



Boi.1ers 

I n  des igning  a b o i l e r  f o r  t h e  2-loop b o i l i n g  r e a c t o r  system of 

F i g .  3, an e f f o r t  was made t o  make the b o i l e r  an Tntegral p a r t  of t h e  

s h i e l d  so that t h e  mass of meta,l i.n t h e  tubes  and cas ing  would a l s o  

serve  as gamma. s h i e l d i n g .  This led t o  t h e  compact, layou-t of F ig .  15 
which has the f u r t h e r  advan-Lage t h a t  f i s s i o n  products  from a Leaking 

fue l  element would be  kept  w i th in  t h e  s h i e l d .  To i n h i b i t  the productioii  

of secondary garmas i n  t h e  metal. oT t h e  b o i l e r ,  nei-kron s h i e l d i n g  wi.th 

s u f f i c i e n t  boron absorbei. t o  cap tu re  t h e  slowed down neutrons ha,s been 

provided between the r e a c t o r  and t h e  b o i l e r  t o  reduce t h e  secondary 

g a m a  production. t o  a n  accep tab le  l e v e l .  Tne bo1 ler i tsel f  w a s  designed 

u i t h  tapered  tubes  si.rnj.l.ar to those  employed 1.11 the she l l -and- tube  con- 

densers ,  b u t  w i th  t?sro-thi.rds of thei.r I..ength. Tne 1;apered -Lubes redirce 

the b o i l e r  tube Leng’Lh as well as both t h e  t~.;lo-phase pressii.7.e drop i n  

bhe b o i l e r  tubes and the tmdency  .toward drople- t  entrainment ,  and t h e  

t a p e r  should improve the b o i l i n g  f l o . ~ ~  s t a b i l i t y  c h a r a c t e r i s t i c s .  Ilhe 

lFquid  manifold shown i s  a 40-in.  -d.i.wn. r i n g  a t  t h e  o u t e r  per imeter ,  while  

the. vapor manifold i s  a t runca ted  m n e  at .the ceuker.  The tube spacing 

and arrangemen.t are sixh that .  t h e  s h e l l - s i d e  f l o w  passage a r e a  and t h e  

passage equ iva len t  di;?neter become less at, t h e  ou te r  per imeter  so t h a t  

under zero-g cond i t ions  c a p i l l a r y  forces wo-uld tend.  -to draw the con- 

densa te  toward. t h e  outer per imeter .  !!?he tulles are bent  tto form a, spiral ,  

so t h a t  their  l eng th  would be about double t h e  r a d i a l  d-istance between 

- the l i q u i d  and vapor manifolds .  A l l  of t h e  tubes vo1il.d be t h e  same 

length. The f r ee - tu rb ine -d r iven  b o i l e r  r e c i r c u l a t i n g  puni.p would be 

supplied with  vapor taken  from t h e  space j u s t  beneath t h e  c e n t e r  of the 

conical.  vapor manifold.  The s h i e l d i n g  p lugs  between t h e  r e a c t o r  and t h e  

b o i l e r  wou.1-d be formed i.n such a way .that th?y would. also act 3.6 a vapor 
s e p a r a t o r  so  t h a t  t h e  bu lk  of t h e  l iquid.  l eav ing  t h e  r e a c t o r  would be 

skinmetl o f f  and collected i n  catcher annul i i .  from which il; would. be 

c i r c u l a t e d  d t r e c t l y  -bo Lhe pmp,  thus reducin.g t h e  two-phase pressuxe 

drop on t h e  s h e l l - s i d e  of t h e  b o i l e r  tubes. If des i r ed ,  o s i f i c e s  could 

be i n s t a l l e d  i n  t i le ’ooi-I.ev -Ll_ibes irrmediateljr downstream o f  the l i q u i d  

manifold t o  s t a b i l i z e  t h e  f l o w  under b o i l i u g  cond i t ions  and t o  serve as 



5% 

Figure 15. 
boiling potassium-cool-ed r e a c t o r  cl.ose1-y c o u p k d  t o  the once-through 
b o i l e r  of I i g u r e  3 .  

Reactor a,ntr b o i l e r  assembly f o r  a system w i L h  a 



nuc lea t ion  s i t e s .  

p m p  would be condensed i n  a s m a l l  she l l -and- tube  condenser t h a t  would 

serve as an  upper s t a g e  of t h e  r egene ra t ive  b o i l e r  f eed  h e a t e r  system. 

The vapor discharged from t h e  f ree- tu . rb ine-dr iven  

One reason f o r  t a p e r i n g  t h e  b o i l e r  tubes i s  t o  red.uce the  vapor 

velocLty su f f i . c i en t ly  so  t h a t  it vi11 no t  -tend t o  induce ~ a v e s  i n  t h e  

l i q u i d  f i l m  t,raveI.irig ovev t h e  b o i l e r  t u b e  su r face  and t e a r  d r o p l e t s  

o f f  the top of t h e  waves. 

t h e  b o i l e r  tubes  i n  an  annular  film and cont inue t o  do so  up t o  very high  

q ina l i t i es  so  t h a t  t h e r e  w i l l  be  very  l i t t l e  l i q u i d  i n  m i s t ;  fo rm (whi.ch 

makes i- t  d i f f l c u l t  -Lo evapora t e ) .  

Thus t h e  b u l k  of t h e  l i q u i d  wj.11. move through 

B a f f l e s  would be arranged near t h e  ou$er pe r ims te r  011 the  shell 

s i d e  of t h e  bo i l . e r  t o  provide adequate fl..ow passage a r e a  f o r  t h e  l i q u i d  

t o  be returned. t o  t h e  b o i l e r  r e c i r c u l a t i n g  pump. The l i q u i d  passages 

wou1.d b e  so  designed t h a t  t h e  smallest passages i n  t h e  r e a c t o r  system 

would l i e  w i t h i n  the r e a c t o r  core, and hence c a p i l l a r y  fo rces  wou1.d tend 

t o  cause t h e  l i q u i d  t o  accumulate t h e r e  first i f  t h e  system were stopped. 

The dimensional  and weight data for t h e  b o i l e r  portion of t h e  as- 

sembly are g iven  i n  Table I2. Mote that pres su re  stresses make it 

necessary t o  employ a r a t h e r  t h i c k  and heavy s h e l l  €or .the b o i l e r .  

t h i s  mass of m a t e r i a l  i s  a l s o  e f f e c t i v e  as g m m  sh.iel.ding, only a por t ion  

of  it should be charged t o  the  b o i l e r .  

Since 

It appears  t h a t  t h e  conf igu ra t ion  of Fig. l 5  i s  a l s o  w e l l  s u i t e d  t o  
l i qu id -coo led  r e a c t o r s .  %he p r i n c i p a l  d i f f e r e n c e  ~ o u l d  be t h a t  a,n 

e l e c t r i c  motor-driven c i r c u l a t i n g  pump would be requi red ,  and t h i s  

probably shou.ld be loca ted  w e l l .  out  i n  t h e  s h i e l d  t o  get it i n t o  a f i e l d  

of low rad ia t i -on  i n t e n s i t y  t o  red-uce t h e  p o s s i b i l i t y  o f  ion tza t , ion  and 

corona d ischarge  i n  t h e  f i e l d  windings. %ne weight o f  t h e  b o i l e r  should, 

b e  a3ou.t the same as for t h e  b o i l i n g  r e a c t o r  of F ig .  15. 

Turbine-Generator Uni-ts 

Using the  AiHesearch tu rb ine -gene ra to r  u n i t  l a i d  out  f o r  the SNAP-50 

power p l a n t  as a point; of depaxture ,  envelope dimensions were es t imated  

f o r  t he  four power p l a n t s  under s tudy .  The determining f a c t o r  o t h e r  t han  



power i n  s c a l i n g  t h e  t u r b i n e  appears  t o  be the vapor d e n s i t y  leav ing  t h e  

t u r b i n e  s ince  t h e  a c t u a l  vapor v e l o c i t y  w i l l  be e s s e n t i a l l y  i-ndependent 

of t u rb ine -gene ra to r  s i z e ,  and t h e  q u a n t i t y  of vapor t h a t  can flow through 

a cas ing  w i l l  i nc rease  as t h e  square of t h e  cas ing  diameter .  

E f f o r t s  t o  sca1.e up t h e  genera-Lor may pose d i f f i c u l - t  probLems with 

t h e  bore  s e a l .  For t h i s  reason i t  w a s  decided not t o  attemp-t t o  s c a l e  up 

t h e  t u r b i n e  genera tor  u n i t  beyond 1 Mw oi” e lec . t ; r ica l  output;, b u t  r a t h e r  

t o  i n s t a l l  a m d t i p l i c i t y  of t u rb ine -genemtor s .  An obvious s t e p  was t o  

retai .n  the sex tan t  symmetry of -the MPRE r a d i a t o r  and employ s ix  tui-bine- 

genera tor  units. 

c e n t e r  of t h e  launch package, it i s  be l ieved  t h a t  t h e s e  u n i t s  can’be made 

t o  con t r ibu te  s u b s t a n t i a l l y  t o  t h e  ganma s h i e l d i n g  over -the t o p  of t h e  

r e a c t o r .  Propor t ions  est imated f o r  t h e  tu rh ine -gene ra to r s  a r e  given i n  

Table 13. 

By c lus te r i -ng  them witin t h e  gene ra to r s  c lose  t o  t h e  

S ize  and Weight of Integra-Led Power P l a n t s  

Tne s i z e  and weight of each of a s e r i e s  of power p l a n t s  was eskimated 

f o r  e l e c t r i c a l  ou tputs  of 367 kw, 1 Mw, and 5 Mw f o r  each of t h e  systems 

of F igs .  1 through 6.  The data of Ta.bles 4, 8, 10, 11, and 12 t o g e t h e r  

w i t h  Refs. 14 and 15 served as -ihe basis f o r  t h e  es t ima tes .  

Configurat ions were roughed o u t  f o r  s e v e r a l  s ing le - loop  systems of 

up t o  5 Mw of  e1ec’ir.ical output  us ing  the  MPRE r e fe rence  des ign  f o r  a 

launch package as the po in t  o f  depa r tu re .  I n  e s t ima t ing  -tile T e l a t i v e  

s i z e  and weight of t h e  var ious  1-, 2-, and 3-loop systems oT Figs .  1 

through 6, i-t seemed b e s t  t o  make use of t h e  2.2 M c r ( t )  outp11.t SNAP-50 

r e a c t o r  system as a po in t  of dzpa,:rture. Thz e l .ec i r ica1  output  from a 

2.2 Mw r e a c t o r  i n  a s ingle- loop  sys‘iem was found i n  Table 1:- t o  be 367 kw. 

The o t h e r  f i v e  systems were then  sca led  t o  main ta in  the same va lue  f o r  

t h e  e l e c t r i c a l  ou tput .  Assunring r e a c t o r - s h i e l d - r a d i a t o r  conf igu ra t ions  

s i m i l a r  t o  t h a t  used f o r  the singl-e-loop system, weights were est imated 

f o r  t h e  var ious  components o f  each of t h e  systems of F i g s .  1 through 6 
f o r  a des ign  output  of 367 kw(e). The same b a s i c  procedure w a s  t hen  
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Table 12. Diinens-ional and Performance Data for a Series  of 
Once-Through Boilers f o r  t h e  Reactor-Boiler 

Conf igurs t io i i  of Fig. 15 

Thermal. output ,  Mw 

Vapor density at e x i t ,  l b / f t 3  

Vapor velocity at exit,, f t , /sec 

Va,pnr f low rate ,  111/sec 

Vapor f l o w  passage at e x i t ,  ft,2 
Tube vapor o u t l e t  ID, i n .  

Tube vapor i n k t  ID, in. 
Number of t;i.ibes 

Tube I.engt;?i, f t  

Average heat fl.ux, Btu/hr-ft” 

Vapor header drum mean d i m ,  i.n. 
Vapor header drum height, in. 

Boiler s h e l l  OD, i n .  

Bo i l e r  s h e l l  i n t e r n a l  he igh t  a t  outer, 

Weight of tubing, 3.b 

Reader drum thickness, i n .  

Weight of headers, lb 

Shell. tlitckness, in. 

S h e l l  veight, l’~ 

perimeter, in. 

2.2 

0.226 

50 
2.72 

0.24 

0.50 

0.30 

- 1,76 
4.4 
85,000 
4.0 
8 
40 
0.4 

110 

0.4 

90 
1.0 

1100 

5 
0.226 

50 

6.19 
0.55 

0.50 

0.30 

400 
4.4 
85,000 

5 -5 
9 
42 
0.6 

220 

0.55 
120 

3. 0 0 

1200 

0.226 

50 

10.24 

0 -91 
0.50 

0.30 

800 

4.4 
85,000 

7-7 
1.2 

411- 
1 a 0  

440 
0.77 
200 

1.0 

1300 

25 

0.226 

50 

30.9 
2.75 
0.50 

0.30 

2000 

4.4 
85,000 

12 .o 
17 
49 
2 .o 

1100 

1.2 

500 
1.0 

1500 

El-ec t r ica l  Ou.tput, kw 

Diarnet,e-r, in. 

Length, in. 

I n l e t  pipe diameter, in. 

Weight , lb 

367 1000 

15 20 

42 7 2 

4 5 
825 2475 



ap-olied t o  e s t ima te  weiphts Tor the larger- output  p lan t , s .  Each of t h e s e  

th rec  s t e p s  i n  t,he work i s  discussed i n  a section below. 

Power P l a n t  Lzyou~t s 

The dimensional d a t a  of T a b l e s  10 and l 3  toget,her wi th  d a t a  COT ‘che 

r e a c t o r  and s h i e l d  from Refs .  14 and l 5  weY;c: used t o  layout  t h r e e  s i n g l e -  

l o o p  syste-rfls havi.ng des ign  c a p a c i t i e s  of  367 kw, 1 Mw, and 5 Mw of 

e l e c t r i c a l  output,.  These were prepared t o  s i v e  an idea  of ’ihe propor t ions  

that thesc  power p l a n t s  woirld have as w e l l  a s  t h e  more important space 

a l loca t , i on  problcms involved i n  i n t e g r a t i n g  t.he m a  jsr conponcnts . 
n lhe same ovcra . l l  design cons ide ra t ions  that led t o  t,he layout  f o r  

t h e  1 Mw(-L) MPEE ia:unch pxkage- -”  favored t h e  choice of an essential.1.y 

s imi l a r  layout,  &nrl set o f  proport iorLs f o r  tine la.rger power p l a n t s .  

Figuye 16 shows a, set, of layouss  f o r  single-loop systems dxsigned t o  

del . iver  e l e c t p i c a 1  outputs  of 367 kw, 1 Mw, and 5 Mw. While t h e  ?kngth- 

diameter r a t i o  of the r a d i a t o r s  f o r  the small. la;.Ir).ch packages could be 

vaicied s7,ibstantial:y w i ’ i h i h  tlie envelope of any of seve ra l  of t h e  a v a i l -  

a b l e  launch veh ic l e s ,  t h e  d.i.ameter f o r  the 5 Vw e l e c t r i c a l  ouiput  p l a n t  

das chosen .to f i t  i n   he lhrgest  v e h i c l e  a v a i l a b l e ,  t ,he Saturn 5. TL7i.s 

f i x e d  the maxi-rnula r a d i a t o r  diameter a t  33 f t .  

7 -  

In p r e p r i n g  l ayou t s  f o r  t h e  r ad ia t , o r s  of the largei-  power p l a n t s ,  

parLic i i la r ly  t h e  la.rgest ,  considzrat , ion was given t o  the use of Lhree 

o r  four baoks of t - ibes  t o  make up the required t o t a l  hc igh t .  11’ two 

banks of tu’oes were used, t n e  tubes  would ha.ve t o  ce 25.’7 I’t long, a 

l a r g e  bu t  not  unreasonablc l eng th .  Such I.ong o o l ~ m s  would. i-cquii-e 

in te rmedia te  s t i f f e n i n g  r i n g s  t o  avoid buckl ing under ?Ale launch loads,  

bu.t t h e s e  could r e a d i l y  be included i n  t,he foi-m of aluminum r i n g s  i n  

back of t h e  r e f l e c t o r s  behind t h e  t u b e s .  The use of th ree  banks of 

1-7 C-l l o n g  tubes ,  Oi’ four banks of 12 .5  f t  long tubes,  woi.i.ld reduce the 

arm vulnerable  to m2I;eoroids and hence the armor weight at t h e  expense 

of some complicat ion i n  -the duCti.i?g f c r  t h e  potassri-urn vapor and t h e  con- 

densa te  plumhi ng. Thrze-bank o r  f our-bank ra,dial;ors wou1.d be similar t o  

Lhe two-bank conf igu ra t ion  shown f o r  the 5 Mw polder p l a n t  except  t h a t  

s l a r g e r  nunher of smaller r i n g  manifolds and r a d i a l  d-ucts lmuld be re- 

quired.  

A -  
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I n  prepar ing  t h e  layout  of F ig .  1.6 f o r  t h e  pota,ssiu.m vapor duc t s  

i n  t h e  5 M w ( e )  power p l a n t ,  s t r u c t u r a l  cons ide ra t ion  l e d  t o  t h e  choice 

of 12 r a d i a l  spokes t o  each o f  'ikie r i n g  manifolds. This  w a s  considered 

necessary Lo s t i f T e n  Lhe r i n g  manifolds i n  view of Llle much l a r g e r  r a t i o  

of tlne diameter of t h e  ratliatm- envelope t o  t h e  di-a.-m.eter of t h e  tubc  

forming t h e  ring mani-fold. As discussed i n  the sect i -on on genera tors ,  

s i x  turb ine-genera tor  imi.ts were used. ii? pa.ral.!.el. w i - k h  f ou r  duc t s  ex- 

t ending  Prom each t u r b i n e  (two duc t s  going t o  each r i n g  manii'old) . 
l i n k i n g  -the inboard ends of bile geners'zors toge-Li1c.r a t  a comrmn po in t  a t  

the c e n t e r  of t he  a r r a y  ( s e e  F ig .  16), a s t rong  s s r u c t u r e  for launching 

i s  obtained with good flow of t h e  1oa.ds from t h e  t izrbine-generator  u n i t s  

ou t  'io t h e  r i n g  m n i f c l d s ,  a . d  I ' m m  the r i n g  manifolds down through t h e  

tubes t,? a, r.oi.mf,i.ng ~ t n g  t h a t  woul..d be Tnstal lkd a t  t h e  base of t he  lower 

tube  bank. 

launchi-ng opera t ions  if r e s t r a i n e d  f r o r  '2ucklin.g by t h e  s t i f f e n i n g  ef  .., 

f e c t s  0btai.nahl.e by us ing  pol.yu.retha-~e foam. t o  bond t h e  r e f l e c t o r s  and 

the o u t e r  s h u t t e r s  t o  t h e  finn.erl tubes,  and. ar3di.ng some addj - t iona l  s t i f -  

felling r ings  ir= back of ';,he r e f l e c t o r s .  The polyurethane f o a l  would 

vapor - i ze  and d isappear  dur ing  i?, slow wamup Tin Ilr'uit w i t h  no  r e s idue .  

?rhe s h i e l d s  for t h e  powei- pla-nts of F ig ,  16 were l a i d  out on t h e  

By 

The tubes  would be q u i t e  adequate t,o carry- 10 g loads dur ing  

p ren i se  that ,  t h e  367 kw(e) power piant,  w m l d .  be 

o r  satel.l.i.tes, whereas t h e  lai-ger power p l a i t s  wou1.d be employed f o r  

manned v e h i c h s  and hence would. require s u b s t a n t i e l l y  t h i c k e r  s h i e l d s .  

fo? ummnned probes 

Considera;tion was a l s o  given t o  maintenance problems includiiig both  

those  a s soc ia t ed  w i t h  ground t e s t i n g  and those  t h a t  might be involved i n  

a mannzd space v e h i c l e .  Access to the power plari i  dur ing rzac'ior opera t ion  

would be desira 'ole,  bu t  it does n o t  appear t o  be e i t h e r  e s s e n t i a l  or 

pract-icah1.e . 
t han  t h e  r e a c t o r  would c e r t a i n l y  be required a f t z r  shutdown du-ring ground 

t.est,s t o  pei-mit maintenance. To meet t h e s e  maintenance requirements,  t h e  

sh i e ld ing  must be designad not  only to a t t e n u a t e  Lhe fission p m d u . c L  decay 

gwmas but, it must zlso reduce t h e  ac t iva t . i on  of m a t e r i a l  ou t s ide  the 

s h i e l d  t o  a l e v e l  such that ii; will not, inte.tYer-e with maintenance a c t i v i -  

t , i es .  '!"ne ncutzon s h i e l d i n g  a.s l a i d  out  for t h e  power p l a n t s  of Fig. 16 
would be ad.eq;iate to keep activa,t , i  on of equipmeiit ou t s ide  t h e  react .or  t o  

Access t o  -the priiici.pal.. eiertlenis of the power p?.ant o t h e r  



a t;ri.vi-d.. l e v e l .  However, t h e  gannmla shieldi .ng ?;hat wou1.d. lie i n s t a l l e d  

'In a f l i g h t  shie1.d w o i ~ . l d  not be adequate i;o pcrm1.t direct access  oi" 

personnel  t o  t h e  v i c i n i t y  of t h e  r e a c t o r  imed ia t , e ly  after shutdown 

Access t o  equipment o-tiler t han  -the reactor is  a l s o  an important  

considerztion i l z  th.e coix-se of a r e a c t o r  t e s t .  The small launch package 

i n  F ig .  1.6 i s  so compact t h a t  access to coni-ponen-Ls such as t h e  tu rb ine -  

gene ra to r  u x f t ,  t h e  f r e e - t u r b  ine-d.riven feed  pixip, t h e  instrument pickups,  

and t h e  c o n t r o l  d r i v e s  would be d i f f i c u l t  indeed. It was f o r  this rea,soj? 

that, t h e  power plant, was separa ted  i.nto t.hree pa.ckages f o r  tine MPRE ground 

test, u n i t .  This sepa ra t ion  w m l d  not  be necessary  f o r  t h e  l a r g e r  power 

p l a n t s  i n  %7hIch t h e  space between t h e  r e a c t o r  shi.el-d and. the radiator i.s 

mi.ich g r e a t e r  than i n  the re ference  des ign  for a launch package ve r s ion  

of the MPEIE. 

With appropriat,e rnodiTicat ions  ,t.o incl!rd.e -the a d d i t i o n a l  equipment 

requi red ,  t h e  b a s i c  1ayou.ts shown i n  Fig. 16 f o r  t h e  s ing le- loop  system 

of F ig .  1 seemed w e l l  s u i t e d  t o  t h e  o t h e r  . f ive systems. For example, 

t h e  r e a c t o r - b o i l e r  assembly of Fig. 15 f o r  t h e  2-loop system o f  F i g ,  3 
e n t a i l s  l l t t i e  change i n  ?,lie ove ra l l .  pl.a,n.t layout3s. !&e same basi.c 

reactor-boi.1.e-r. conf i.gixst,i.on 8lso serves we1.3- f o r  t h e  l iqu id-cooled  

reactor s y s t e m  of F igs .  5 and 6. 
ra,tioii has  the advmtage that f i . s s ion  products  fron 1ea.king fuel elements 

would be confined wi th in  the shi.eld assembly s o  thaL t h e i r  deposi- t ion i n  
t h e  boi . ler  would not, li.i?crease t h e  r ad iab ion  dose t o  the  crew. 

This  r e a c t o r - b o i l e r - s h i e l d  configu- 

The she l l - and- t ihe  condensers of t h e  systems of' Fig. 4 and Fig.  6 
can be loca ted  imniediately ad jaczn-t .to tine tuybine-genera tor  u n i t s  t o  

mi-nirnize t h e  l e n g t h  of vapor d u c t h g  r equ i r ed .  This ,  too,  has l i t t l e  

e f f e c t  on t h e  o v e r a l l  power plant, I.ayouk. By- far, the m o s t  i npor t an t  

e f f e c t  i s  the increased r a d i a t o r  s i z e  for t h e  multli-loop syste-me; - th i s  

would be obtained. by i-ncreasiiig t'ne r a d i a t o r  he ight  whi le  ho ld ing  the 

diameter  cons tan t  

The he igh t  of t h e  la-unch package could be reduced by pla,cing at 

least a p o r t i o n  of t h e  r a d i a t o r  f o r  t h e  a u x i l i a r y  coo l ing  system a c r o s s  

t h e  ends of t h e  launch package, as shnwri ir!. F ig .  16. For the systems of 

F igs .  I, 2, arid 3, f o r  vh ich  the h e a t  load i s  f a i r l y  s m a l l ,  t h e  a r e a  

a v a i l a b l e  a t  the  ends i s  about equal to that, r equ i r ed  t o  handle t h e  



e n t i r e  a . imil ia . ry  hea t  h a d .  For t h e  oihei- t ,hree systems, the a u x i l i a r y  

heat, l o a 3  i s  i-ai-ger zixl Lhe a r e a  a,$ %he ends of the cy l inde r  w i l l  ilot be 

siifficien-L t.o dissipate all. of t h e  hcst t,o b2 rejec'bed from t h e  a u x i l i a r y  

cool ing  sysLem. A: l eas - t  a p o r t i c n  of t he  a u x i l i a r y  rad.:.at,or would have 

t o  l i e  on t h e  c y l i n d r i c a l  su.rI"a.ce ana z . M  Lo tAe leng'sh of t h e  power 

p l m t  

In a.11 ca,ses, t he  I.a.yout,s provi-ded i,ha,t +,he r ~ a c % o r - s h i e l - d  assenbly 

would be supported by a sheet. ne ta l  cone wi.t,h i L s  in te i -nai  su r f ace  

polishec! 'io r e f l e c t  t he  heat, emis ted  fmn. the shi.eld t o  space.  I n  al.1 

ins tances ,  the  hea t  genera.t,ed i n  the  shi-eld by n u r l e ? z  r a d i a t i o n  would 

be conducI:,ed t o  ?,he surfa.ce of t h e  shie!.d e i t h e r  by bery l l ium rods o r  

by heat, p i p e s .  'The r e l a t e d  design problems a d iscussed  in Refs 1.5. 
11' -he I .ar ,zst  Cf4XSL ?,.ayw~L € 0 ~  a 3-l.oop SNAF-50 power plant is shown 

i n  F ig .  1.7 f o r  eonvenienze i n  cmpa.ri-ng i t  wi5h tl-ie layouts  of Fi.g. 16. 
The most important, d i f f e r e n c e  between i t ;  an2 F ig .  16 i s  t h e  addi-Licn of 

the s i d e  sh i e ld ing  f o r  -the reactors  i n  Fig. 16, a ckange t h a t  makes it 

p o s s i b l e  t o  p l ace  t h e  r e a c t o r  and s h i e l d  a.asen?bly i n s i d e  t,he base  o f  Lhe 

cyl indrical . .  r a d i a t o r .  Thi.s ha.s t h e  ai'lvani,a.ge that i.:. lowers Lhe cen-ter 

of gravit ,y of the power pla.nk, assenbly, reduces -+;he s k r u c t u r a l  weight,  

reduces t h e  o v e r a l l  hej.g'i;ht, o f  t he  assembly, a i d  makes it poss ib l e  t o  

check Gut t h e  system immediately p r i o r  tc lhunch wi-t,hout having t o  

design the f l u i d  systems so that they w i l l  opera te  under a minus 1-g 

condi t i rm beca.use t h e  system w o ~ l d  be in-ver.tje:r3 on the Iaiinch pad. *?.le 

it i s  true tixat tile GY.LWL isyou'v g ives  a. lower shie1.d weight, f o r  those 

cases  i n  whi.clh no s i d e  shieI.3 on t,he reactor is requi red ,  the  nmre com- 

pacL j.ns-tall.ation and lower c e n t e r  o f  gmviLy of t h e  ia.yov.t of Fig. 16 
reduces Lhe s t ruc tu ra .1  wej.gh-t r3ecjuirernent, s u f f i c i e n t l y  so  that, a t  l e a s t  

i n  so:c?e in s t ances ,  t,k1e saving i n  st; r .uct ixal  wei-ghi-. 111,oi-e -than o f f s e t s  t h e  

added weight of mateyia;. In i,he s i d e  s h i e l d .  Even i.f it, d id  not ,  t h e  

a.dva.nt'ages of t.he n o x  comp power p l a n i  assem'oly i.n t h e  l a r g e  veh ic l e  

design are  1-ikely t o  rnore ,ban j u s t i f y  ?>he a.ddiZiona1 weigh'i; that may be 

a s s c c i a t e d  wi'ih t h e  side shieLding f o r  t h e  rea .e ior .  
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CONDENLATE PIMP 

AUX I L I AHY POWER FHtOUENCY 
W I T  (APU) CONVERTER L I ACCIMJL AIOH 

LOW TiMP 
RAD1 \TOR RAD I ATOR 

1UHUOAL T t K N A l  OR 

L B0II.F.H I 

CGII FI DENTI AL 
ORNL DWG. 66-1750 

' I  

LO'N TFMP RAD1 ATOR 
ELECTEN I CS ?AND 
PA'fLDAD I N  DFPILOYFD 
POS I T I  ON 

Figure 17. Laimnch package layout p r e p r e d  by CANJI,  f o r  a 3-Loop 
power plant similar to the system of figure 6. 
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Size  and Weight of 367 kw(e) P o m r  P l a n t s  

The d a t a  of Tables  4, 8, 10, I.]., and 12  toge the r  with r e a c t o r  weight 

d a t a  from Ref. I)-!. were used t o  e s t ima te  t h e  weight of t h e  varioirs com- 

ponents of t h e  six systems shown i n  F i g s .  1 through 6 .  The wei~ght zsti- 

mates a r e  summarized i n  Table 14 .  
systema prepared 'oy CAM3L a r e  -,resen-Led i n  the  f i r s t  two colixilris . For 

comparati.ve purposes,  values foi- a scaled.-up MPRE (a s t a i n k s s  s t e e l  

sing1e-l.oop system designed f o r  a rPa.ctor o u t k t  temperature of 1.5!1-0"F) 

a r e  gi.ven i.n t h e  t h i r d  col.uxin. Except f o r  t h e  seal-ed-up MPRE, all. of 

t he  syst.ems woiild be bui3.t of r e f r a c t o r y  meta l  and would employ a r e a c t o r  

o u t l e t  temperature of 2000°F. 

Corresponding vaPJes f o r  the SNAP-50 

The weights of i;he rrajor cornpofie'ntfs f o r  t h e  systems of F igs .  1 

through 6 were takeii  from T8bLes 8, l.l., 1.2, and 1.3, and from R e ? .  111 

which provided t h e  d a t a  f o r  t h e  r e a c t o r  weights .  

Pn systems 3, 5, and 6 with  sepa ra t e  r e a c t o r  cool ing  c i r c u i t s ,  a 

nwiibcr oi" important p o i n t s  l e d  t o  s u b s t a n t i a l  d i f f e rvnces  i n  the weight 

of t h e  primary c i r c u i t  pm.p, accumulator,  and p ip ing  as compared wi th  th2  

va lues  f o r  t h e  SNAP-50 s y s t e m .  The use of pokassiufl as a r e a d o r  coolant  

iii place of l i thiurn l e d  ' to t h r e e  -times ' ~ h 2  pumping 1;ower requirement f o r  

s y s t e m  5 and 6 .  P lac ing  t h e  b o i l e r  assenbly  close Lo t h e  r e a c t o r ,  as 

shown i n  Fi.g. 15, rediiced t h e  p i p i n g  weight, p a r t i c u l a r l y  f o r  system 3 
which employs a, f r ee - tu rb ine -d~ i -veu  ci i -cula , t ing pump. PossrilrJ1.e dif- 

fi .cult i .es with t h e  e f f e c t s  of I-adj.a.C,ioc I n  t h e  windings of t h e  e l k c t r i c  

motors made it seem hest, t o  p l ace  t h e  electri-e-laotor-driven circula.i ; ing 

pumps f o r  sys t exs  5 and 6 out,si.de t h e  sh i e ld ,  and ?,his l e d  t o  a greatel-  

pi-ping weight tha.n w o ~ i d  be requi-red f o r  t h e  boi.1.j:n.g r e a c t o r  c i - r c u i t  of 

syste111 3. 
Thc weights of t h e  s h e l l  a.nd tube  b o i l e r s  given i n  Table 12 were 

used i n  Table  1.4 f o r  sysi;erw 3, 5, and 6 .  Whi.le tlie configurati .on of 

P ig .  15 was assumed, t h i s  e n t a i l s  a h igh  cas ing  weight which, s i n c e  it 
would be  q u i t e  e f fec t ' ive  as ~ z r m i i a  sh i e ld ing ,  w a s  noi; included i n  Table 1.4. 

The weight of - i k  t u r b i n e  generator was sca led  f rom t h a t  f o r  t h e  

SxAP-50 ii.ni.t, asswiling tiiat the weight would be d i r e c t l y  p ropor t iona l  t o  

kh:: gross  genera tor  output,. LE adiliti-on, because of t h e  1.owei- vapsi- 
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T3;ble 14.  Summary of E s t i m t e d  Weights f o r  t h e  1-, 2-, and 3-Loop System9 
of F igs .  1 'i2lroagh 6 f o r  a Wet E i e c t r i c a l  Output of 367 Kwe ir, Zach Case 

(me r e a c t o r  o a t l e t  teraperature = 2000"~ f o r  ali cases  except f o r  ';he scaled-up MP,RE) 

System s w -  50 SwLP-50 1 2 3 4 5 6 
2-Loop 3-Loop Scaled-Up Single Loop Single  Loop 2-Loop 2-Loop 3-Loop 
Di rec t  I n d i r e c t  S t a i n l e s s  wi th  Bo i l e r  wi th  Bo i l e r  Boiling Boi l ing  

2 -Loop 
Liquid-c ooled Liquid- 

Cooled Reactor,  

1 1  ;Ti: ct Condea ser 

Coaden s e r  Steel Je t  P L G ~  Cen-tr i f  ugal Reactor,  ReacLsor, - 

C ocd e n s e r 

Condenser 
Mpm Fmp Di rec t  ind i r e  c t Reactor, I n d l r e c t  

C mden s e r 
Conde ns e r 

Reactor Out le t  Temperat a r e  (2O0O0F> (2000°F) (1540"~) ( 2003°F) ( 2300°F) ( 2000°F; ( 2300°F) ( 2000 OF) (2000°F) 

Reactor C i r c u i t  

Reactor 
Primary c i r c u i t  pwip 
Pririary c i r c u i t  ace-mula tor  
Prirriary c i r c u i t  p ip ing  

Thenodynamic Cycle 

Bo i l e r  
Turbine-generator 
Feed pump 
Condensers 
A c cumda'; o r  
Piping aEd va lves  
Miscellaneous 

Main Radia tor  C i r c u i t  

1 Main r a d i a t o r  (no  armor) 
Meteoroid armor 

Acemula- tors  
Piping and valves  

PLJmps 

A m i l i a r y  Radiator  C i r c a i t  

Radiator  ( m  a m o r )  
Neteoroid armor 

S-tructure ,  E l e c t r i c  Power 
and Controls  

St rue  t ure  
E l e c t r i c  power s q g l y  t o  no to r s  
Low tezp. r a d i a t o r  system 
Cc?ntrois and i n s  t rumentat ion  

T o t a l  System 

1800 
190 
100 
18i. 

200 
82 5 
100 

100 
_- -  

563 
--- 

1700 

--- 
- - -  

410 

430 
215 
100 
250 

7250 

1800 
100 
io0 
154 

200 
825 
100 
200 
75 
200 
- - -  

f- i250 

'r 450 

400 
280 
286 

400 
303 
12 5 
250 

7746 

1130 
300 
l 0 C I  
270 

230 
956 
30 
230 
75 
320 --- 

1520 
325 
460 
280 
286 

624 
218 

320 
320 

2 50 

8250 

- - -  

* 
Except f o r  t h e  SNAP-50 Systems. 



densi ' ty f o r  th.e scaled-lip MHU, the t u r b i n c  weight w a s  increased  by an 

estimated. 200 lb . No credit ,  was taken f o r  t h e  weight saving t h a t  should 

be made poss ib l e  as a consequence of  t hc  increased vapor derisi-ty en te r ing  

t h e  t u r b i n e  i n  systems 1 throiigh 4. 
The weight of tiie Feed pimp w a s  estfniated from layou-i; work which 

used the MPM b o i l e r  feed  pump as t h e  po-int of deparLure.l7 

des ign  For t h i s  f ree- turb ine-dr i -ven  p ~ r p  u n i t  has  been siJb j e c t e d  Lo over 

1000 h r  o f  watcr L e s t  work and about 2600 h r  of t e s t i n g  with potassium. 

The wei-ght o f  t h e  e l - e c t r i c  motor-driveii punips ~h~as based on t h z  CWhL pump 

we i.ght estiraates w i t h  al lowances f o r  reduct ions  i n  t h e  s p e c i f i c  weiglht 

t h a t  should r7,ccriie €rom tiie increasec? pimp e f f i c i e n c y  i n  'die Larger flow 

ranges.  

The b a s i c  

17 

The weight of t h e  expans ion  tank  for t h e  thermody-iicii-n.ic eye l e  c i r e u i  t 

of systems 1, 2, and 4 was iiicl..iided i n  Liie e s t ima te  of t h e  r e a c t o r  weight .  

The va lues  used by CANEX f o r  t h e  SNAP-50 systerns were employed f o r  t,he 

c i r c u i t s  of systems 3, 5, and 6. I f '  t h e  p ip ing  i s  designed on -the basis 

of a coilsi .stent set of f l u i d  vel.oci. t ies and pressure  drops,  i t s  weight 

w i l l  i nc rease  wi.th t h e  reac- tor  thermal  power onipu-t ,  t h e  l eng th  of t h e  

l i n e s ,  and - in the vapor p ipes  - Liie spec- i f ic  volume of t h e  vapor.  I n  

e s t ima t ing  t h e  welghi; o f  t h e  p i p i n s  aiid .valves Poi. t h e  t h e  rmodynami. c 

cyc le  c i r c u i t s  with d i r e c t  condensers,  t h e  wcisiit of t h e  r a d i a l  duc t s  

and. huh vas  included.  

Table  9.) 
pripi-ng, t h e  r egene ra t ive  Feed heater, the Val-ves, and L'ne j e t  pimps w a s  

a l s o  included.  I:n genera l ,  t h e  vapor duc t s  for t h e  d i r e c t  condensing 

sys-Le-ms gave a grca- te r  weight pe r  f o o t  of duct  than  f o r  the corresponding 

ind i rec . t  condensing systems, b u t  tiii s was l a r g e l y  compensated by t h e  

e f f e c t s  of the g r e a t e r  f l u i d  weight flow r a t e s  r equ i r ed  i n  the  systems 

wi th  t h e  i n d i r e c t  condensers and t h e  Lower vapor s p e c i f i c  vo.lmes i n  t h e  

p ipes  betryreen the boiler and turrbi.ne, and between t h e  t i i rbine and t h e  

condensers,  as w e l l  as t h e  hi.gher tiiermal por.rer ou tputs  f o r  t h e  l a t t e r  

systems. 

(This  w a s  obtained from t h e  secoud l.ast l i n e  on 

The weight of t i le condensate rtit,urn piping,  the  b o i l e r  feed  

The weights f o r  the  maZn r a d i a t o r s  and t h e  meteoroid armor were 

taken  from Table 10. Tne IJeight of  t he  pumps, accumulators,  piping,  and 

va lves  For t h e  i n d i r e c t  rad ia tor .  systems were ta,ken from - the SNAP-50 values  



f o r  t h e  3-loop system w i t h .  a c o r r e c t i o n  f o r  -the h ighe r  theY.ma,l ov.tput 

r equ i r ed  t o  g ive  a net; ou tput  of 367 kw(e) .  

The weight of -the strixtul-e was taken  as be ing  d i . r ec t ly  proportional 

t o  t h e  o v e r a l l  heighl; of the m d i a t o r  sys-tern as given 'oy Table 4 w i n g  

t h e  CANEL e s t i x a t e s  of s t r u c t u r a l  Tdeiglit, f o r  t h e  3-loop system as a 

p o i n t  of depar-Lure. The weight of t h e  e l e c t r i c a l  power supply f o r  the 

eleetr ie-motor-d.r iven pumps was t aken  as be ing  d i r e c t l y  propos- t ional  t o  

t h e  pump power reiiiAirements as gi-ven i n  Ta-ble  4. The low-temperature 

r a d i a t o r  system wei-ght was es-tirnated. i n  tihe same faslii.on. ?&e' weight 

of cor i t rols  and i n s t r i m e n t a t  ion  w a s  scaled f rom t'ne number of co i l t ro l  

functions r equ i r ed  as ouLlined la te r  i n  this r e p o r t .  The sum of t h e  

component weights WRS then  o b t a i m d  t o  g . v e  1;he t o t a l  weigh.t of' t h c  

sysCem wi thout  the s h i e l d .  

I n  appra i s ing  ttie values given i n  Tab.k 14, it appears  t h a t  the 

only def i n i k e  incons is tency  i s  t h e  r e l a t i v e l y  s m a l l  d i f fe rer ice  i n  weight 

between t h e  2- and 3-loop CANEL systems as cornpasred t o  the :;iu'~stan.tial.ly 

l a r g e r  d i f f e r e n c e  i n  weight f o r  systems 5' and, 6 of t h i s  ta'ole. 

t h i s  appears  t o  l i e  i n  the r z d i a t o r  which, i n  the CNVEL e s t ima tes ,  i s  

450 l b  l i g h t e r  f o r  the 3-loop system than f o r  -the 2-loop system, whereas 

the c a l c u l a t i o n s  for systems 5 and 6 of Table 10 i n d i c a t e  t b e  r eve r se  

e f f e c t .  A review of the ?et,ailed. rad ia . tor  weight est-iuiakes presented  i n  

t h i s  r e p o r t  i n d i c a t e s  t h a t  t hey  a r e  c o n s i s t e n t ,  and that; t he  CA,WL 

ra.dj.ators were probably not designed on t h e  basis o f  t h e  same set  of 

premises.  Most of -the ba lance  of t h e  d i s p a r i t y  between .the CANEL and 

si ibject  weight estimates stems from t h e  f a c t  tha t  the CANEL e s t ima tes  

were f o r  a cons t an t  r eae  tor thermal  outpui;; al lowance i"or .the 7% dtfferer ice  

i n  n e t  e l e c t r i c a l  ouLpiit iiicreases the difference in weight between the 

.two CANEL systems by abo-ut 500 l b .  

Much o f  

It i s  i n t e r e s t i n g  t o  compare t h e  sca,l.ed-u.p s t a i n l e s s  s t e e l  MPRE 

system ope ra t ing  a.t  1 5 b o " ~  wi th  t41e r e f r a c t o r y  metal systems ope ra t ing  

a t  temperatures  of 2000°F. Table  14 cleal- ly  i n d i c a t e s  'chat; t h e  c o s t  

of the m a t e r i a l s  development, work associsiied. wikh the r e f r a c t o r y  m e t a l  

systems has  less , j u s t i f  ica-tion from the  power p l a n t  s i z e  and weight stand- 

point t h a n  the development casks amsociated with the  s p e c i a l  probl.erns of 

t h e  b o i l i n g  pota ,ss i im r e a c t o r  SysteIiI. 
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Foi .:.owing t h e  prccedures out.i.'lncd i n  the  previous section, the data. 

o f  %ble I& were ex-ler-ded t ,o  show t ,he eCfects of systern de:sl.gn output. on 

t h e  r e l a i - ive  s i z e  and weight, of i.he va r ious  sysscrr,~.  %e r e s u l t s  are 

summarized i n  .s"sbl.e 15. I n  estimzT,ing ,Lie effe of t.he increased  size, 

i~t was assixred t h a t  except f ' x  t he  r c a c t o r  s.ii.6 %he ineteoroid armor, -the 

weight, o f  the componen5s wou?..d 'oe d i r e  .y proportional -to the des ign  

powe-r ~ ~ 7 , p i - L  The react,oy weights wewe c'ot.a,i.md fr9n Ref. 1-11, while tbc 

i.d a.rmor b7eigh i was ob.ta ined. fcl.L:;wi.ng t.he procedure ou t l ined  in 

the sectioLi ';n radia.t i?r weiglit,s NoLe ?ha:, t h e  mereoroir? a r m o r  wei.ght., 

increases  mijch more ra.pidl y i-han I lnea.rLy b7iTh design power out-.put, whereas 

t h e  r23CtGl- i n c x a s e s  EL', ~ S E  than ?,he :linea-=. r a t e .  

i n  appra i s ing  Tabi.e 1.5 f o r  cr?;ssis cy3 i?; i s  z bit s u r p r i s i n g  ?o 

see that, thz b o i l i n g  reaetl;r wc' t.s f 3r t he  s i n g l e  - l..oop sys Lex of 

F ig  
weigh-ks f o r  systern No. 6 i n  s p i t e  of t.he fai . t  sha-i; the b o i l i n g  reactors 

have a s l i g h t l y  g r e d . e r  idianzter a Z G e J  ?-lgwC'v?r, t h a t  -:lie reac t ,or  Lhermal 

out,put for t.he 3-lc,op syst 

the aingle-?oop systen a s  a consecji;.erAze of :.he ex a purflping pcwer re- 

q?~.irerilent.s e Use of a, l iq-did-coci23 co y.ed.uc.es +he cool.anl., v o l m e  

f.rac Lion and diameter,  but t h e  weight, i s  grea5er because the gi;rea.ter 

t.herms1. output. requircd for t h e  saixe e l e  r ica . . l  cu iput  also req-ui.res a 

g r e s t e r  weig5[, or IJQ2 as a. conseyusnce of fuel. burniq 1imi-Latioi;s. 

1 a,i-c a.boilt 7% lower than  [,he coryesporiding liriiiiLd-cooleci ~ e a c t o r  

oP Fi ,%o 6 i s  abou?, .L5% &-eater t.han t'irst f o r  

While the meteoroid a,Y'fllilor we igh t  i s  O C ~ Y  about LO$ of Zhe power p l a n t  

weight f o r  the 36'7 kwjz) systems, it i s  roughly 20% of t h e  power p l a n t  

w2igb.t f o r  t he  5 Mw(e) systexs. 1% i s  p a r t i c u l a r l y  i n t e r e s t i n g  to note  

t h a t  even by us ing  smaller dismet,er ':;iibes i n  ILhe i nd i r cc - t  r a d i a t o r s  a.nd a 

fact~r of 10 hi-qher p r o b a b i l i t y  fa-.. meteoroid pene t r&ion ,  t.hc meteoroid 

ayfiioy weigh'; f o r  the 3-loop ayst-em is s % i E  abr)u.t the samc as the ne teoro id  

s . m o r  weight for t h e  single-locip systez. 

Tdk-.i.lc t h e  va..:.:xes ven i n  'Tebles l b  a.nd 15 r ep resen t  estimates .-.- the 

absclute values a r e  nbviously debs tab le  - it: i s  bei.icvzd that t h e  relative 

values  al-2 sound; and %zt m y  reason6,ble modif ica-Lions of t h e  a.pproacii 

x s e 3  her-e wcrulci yie3.3 c z z e n k i a 2 y  sfrriilar r e s u l t s  e 
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Shie ld ing  Problems 

So many f a c t o r s  i n f luence  t h e  s h i e l d  weight t h a t  t h e s e  e f f e c t s  a r e  

t h e  sub jec t  oi" a sepa ra t e  r e p o r t .  l5 For tihe purposes oi thi .s  r epor t  i t  

has seemed best t o  examine t h e  s i x  systems uinder s tudy  and compare them 

from the s h i e l d i n g  s t andpo in t .  

The most important fac'i;rir i n f luenc ing  t h e  s h i e l d  weigh-t i s  t h e  core  

d i a f l e t e r .  Table 15 shows that, f o r  any given power p l a n t  e l e c t r i c a l .  ou t -  

put ,  bhe rzactoi. core diameters  f o r  -the s i x  d i f f e ren t ;  systems d i f f e r  by 

o n l y  aboiit ai? inch ,  2 n d ~  hence the b a s i c  s h i e l d  weights should d iCfe r  

r e l a t i v z l y  li.t,tl-e. 

c 

1nti"oduci.n.g a, void i n  t h e  s h i e l d  by inco rpora t ing  a hoi l .er  such as 

tha- t  of F i g .  1.5, o r  a \iapn:c separa tor -expans ion  t ank  assem'ol-y such as 

proposed f o r  t h e  r e a c t o r s  of systems 1 and '-1, l e a d s  t o  an. iincrease i n  

shie1.d. weight tht depends mainly on 'Lhe void. volume. S ince  the vapor 

separator-expansion tack assembly- f o r  t h e  r e a c t o r s  o f  systems 1 and 11. aTe 

sma l l e r  than t h e  b o i l e r s  of systems 3, 5, and 6 t h e  s1i:i.el.d weight pena l ty  

should be smal.ler. Note that, t h e  vapor sepa ra to r  of system 2 iieed no-L be 

insid.e t h e  s h i e l d ,  hence it would ilot i nc rease  t h e  s h i e l d  weight .  

One of the p r t n c i p a l  ob jec t ions  t o  a s ing le - loop  sys-iem has been t h e  

p o s s i b i l i t y  of r ad ioac t ive  material movi. ng oii ts ide t h e  s h i e l d  aiid e n i e r i n g  

the ra ,diator  where it w o u l d  c o n t r i b u t e  t o  t he  dose t o  t h e  crew. This prob- 

lerii has becn exarnri.:ried i n  consid.erable de-Lai.1, 3,a~ 'J-9 l5 Ac-ti vation of t h e  

r e a c t o r  coolan t  i.n a fas - t  r e a c t o r  i s  riuch lower than  one migkt expect be- 

cause t h e  neutron spec-trim includcs a re1 .a t ive ly  small f r a c t i o n  of thermal  

i ieutrons.  The u s e  of a b o i l i n g  r eac to r  f u r t h c r  eases  t h e  a c t i v a t i o n  prob- 

lem because roughly 75% of the coolant  passage volume i s  occupied by vapor 

r a t h e r  t han  l i q u i d .  A s  a consequence, €or t h e  1 M w ( t )  MPRF,: t h e  dose t o  

t h e  crew i s  estimated. t o  be about  3 mr/hr f o r  n a t u r a l  pokassixm and a 

reactor-crew separation dis tar ice  of 1-50 f - t  wi th  no c r e d i t  t aken  f o r  t h e  

shiel.d.ing benel"i.ts t h a t  could be obta ined  i ' i v r n  a jud ic ious  d i s p o s i t i o n  of 

s u p p l i e s  and equipment i n  'ihc spaxec ra f t  . This  dose could be redu.ced by a 

f a c t o r  of about 100 through t h e  use of sepa ra t ed  potasslum which i t  i s  

es t imated  would cos t  around $420/l'o from a $2,500,000 p lan t  designed t o  

produce 2000 l h / y r .  l5 The NIPRE: would r e q u i r e  abou-i; 50 l b  per reacboi.. 



The t o t a l  g a m  dose r a t e  i n .  (;he crew compartment; w i l l  probsbly be 

kept  t o  1 %o 5 mr/hr,' hence, wi th  the 'aeriefi t  of t h e  s h i e l d i n g  efrects 

of equipment :ad. suppl.ies, i.ne d n s e  'io &he crew from po-i;assi.um i n  -the 

rad-i.ato of a s ing le - loop  system nii  ght be acceptab le  wiLh n a t u r a l  po tas -  

siiun, and c e r t a i n l y  voiild be acceptable tr;.t,h t h e  high1.y enrielzed '"K. 

E v e n  f o r  2, 30 M W ( - L )  r e a c t o r ,  the  d.ose t o  ;;lie crew from a separa ted  i so tope  

wou1.d be on ly  about 1 mv/br wi.t'nout any a.ll.owance f o r  t h e  red.ucti.on i n  dose 

obtainable by a fizvorable d i s p o s i t i o n  01 equ.ipmentf and s u p p l i e s .  

.L. 1 

Very l i t t l e  work has  been car r ied .  out on Lhe possi'uili'ir,y of arrangir-g 

%he equ,i,pment and. sixpplies i n  a spacecrzft so  t h a t  -tt.i?re would be a re- 

d i ~ t i o n  in the ia-t,ion dose to t h e  c - r s ~ .  IIowever, interposing 10% o~ 

t h e  nass of a, 180,000 l b  veiij.cle betweerr. the-. i-eactor a n d  t h e  crew would 

reduce the dosz t o  t h e  ciws by s f a c t o r  of about foixr. T h i s  wou.ld. be 

h e l p f u l  120% on ly  f o r  nor.ma.l. ope ra t ion  'mt a. lso under such abnornal con- 

d i t i o n s  8.0 j e t t i s o n i c g  -sne reactor while  r e t a i r i i ng  t h e  b u l k  of t h e  s h i e l d  

wi th  t h e  s p a c e c r a f t ,  

I "  

Corrosion and m a s s  t r a n s f e r  have been examined a s  rnechan,isrns :for 

t r a n s p o r t i n g  a c t i v i t y  from the reactor co re  t o  t h e  radi.s.tor oT a sj-ngle- 
IS 1.00p systei-fl. Briefly, .the ITass il-~a::lsfer raJc,2 i s  very  low ami, i n  the 

systems ol" Figs. 1 and 4, 'ihe cviderice from both  a m l y s i s  and t e s t  systems 

i s  'tSi8.t; whatever rna tc r ia l  movement does o c e i ~ r  w i l l  be f rom the conderzser 

t o  t h e  b o i l e r  r a t h e r  t h a n  v ice-versa  because, in e f f e c t ,  %he recirculating 

b o i l e r  a c t s  as a, s 'cill,  and Ltie vapor l eaves  t h e  b o i l e r  i n  r e f ined  forrn. 

A s m a l l .  amount of d i s so lved  s o l i d s  will be c a r r i e d  i n  a srnall f l u x  of 

li.qu.id, 'out, t e s t  experience i r d i c a t e s  t l i s t  t h e  amount of ra'cerial t h a t  

could poss ib ly  move in this f a s h i o n  i s  far  l e s s  %ban t h e  anoun t  required. 

t o  give a significant dose t,o t h e  c~ew."  

A leak. i n  a4 f u e l  element; will permit fission products to conLaminate 

t h e  radiator. The d a t a  t h a t  hatre been obta ined  f r o m  experience with sodi im- 

cooled r e a c t o r s ,  in-pile t e s t s ,  and. b a s i c  s tud. ies  of f i s s i o n  product  move- 

men.t i n d i c a t e  t h a t  about; 3 c u r i e s  r11igh.t l eak  I"roi-n an  MPLU fuel .  element and 

be car r ied .  t o  the m d i a t o r . "  This would give 3, ra.di.a:;ion dose at the crew 

of l ess  than 1 mr/hr.  

die dose t o  t h e  crew w i l l  depend miin ly  Oi; the :t-etic.t;or. power output  and 

the f u e l  1;ernperai;urz. The latter in t u r n  depend-s on t h e  e x t e n t  t o  wliich 

n 

Since  much of t h e  a c t i v i t y  i s  f a i r l y  s h o r t - l i v e d ,  
L 
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t,hE heliu-n in th? f -de l  capsi;l? may be replecec? by potr,ssiu!n vapor which 

ha.s a i?ela.tiiTely  OW t h e m a 1  conduct iv i ty .  If all. or" t h e  helium i n  the 

i;ie1. capsc.;le i s  repiaced by potassi-uE vapon., -the fu.21 i n t e r n s 1  icrnperature, 

and hence the f i s s i o n  p r o d ~ . e t  r z l e a s e  rs.t.Fi, can be kept snffi.cient;i.y low 

that  the equi l ibr ium ac t iv i+ ,y  in the rsdj.a.t,or w i l l  be below 3 c u r i e s  i f  

the reactor oiitpu-t, is kep.'; to ,-TO% of f u l l  power. 

t ha t ,  for the  sma!.ler diameter f u e l  e:!ment des iyc  cont-,enplated f o r  the 

-i-eacl;ors oi' this study, the f issi3r_ p-Toduct release ger e k n e n t  should be 

lowe? i n  sp i te  of the higher  s - x f e c e  t,ernpera.t,ure idhile ';he experimental  

data on which the ana,lyscr; wer'cj ba.sed wero ob-taine-l for a ?ia:-i.~j;y of fuel. 

elenents and ope ra t ing  ccnd~itions, n:>ne were  f o r  e x s z t l y  t h e  cond i t ions  

oi" t ,his s tudy,  and hence ail i n - r i l e  :,cjst. s h o u l j  bc rim wi th  a dcl iberatel-y 

de fec t ed  f u e l  elernent t o  providz a. higher I ? ~ ~ ? ; Y . F : :  ol a.ss-nrance t h a t  th? 

f i s s j -on  proJ~xtY relezse wouZCr indee3 be  quit,^. siiiaI.1. 

Analysis  a lsc  i n d i c a t e s  
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'The f i r s t  s t e p  i n  e s t ima t ing  t,be r e l i a ' o i l i t y  of t i  power p l a n t  i s  

t o  e s t a b l i s h  t h e  p r o b a b i l i t y  of the  va r ious  types  of component f a i l u r e  

t h a t  might occur .  I d e a l l y ,  the  data,  used. t o  es t ima te  the r e l i a . , b i l i t y  

of t h e  i d i v i d u a l  components shoiild be f o r  wel-l developed types  of 

eq-uipmen'c from w h i c h  des ign  d e f e c t s  have been elj.minai;ed by a develop- 

ment t es t  program. T h i s  s e c t i o n  smm~ri .zes  t h e  p e r t i n e n t  i j lformation 

that could be found. R o t  s u r p r i s i n g l y ,  it bas been found necessary -to 

i n t e r p o l a t e  between ex tens ive  da '~a  f o r  w e l l  devel.oped convent iona l  equip- 

ment arid l imited.  d a t a  for only  partia1l.y developed high temperature 

equiprilenit. Surpri:;ingl.y, the f a i l u r e  rates were genera.l ly foinnd t o  be 

wi th in  a f a c t o r  of 1.0 1,o 1.09 f o r  a g-iven component, i;hu.s g iv ing  credence 

t o  t h e  s i g n i f i c a n c e  of -the i n t e r p o l a t i o n .  

Basic R e l i a b i l i t v  Considerat ions arid Data 

Materials C o q a t  i ' o i s .&  

A first and obvious requirem.ent f o r  a long- l ived  piaai; i s  a s e t  

of compatible materials. In steam plan-Ls and i n t e r n a l  combustion engines  

d e p o s i t s  i n  t h e  f o r m  of ash, s ludge,  or scale o f t e n  l i m i t  the l eng th  of 

ope ra t ing  peri-ods without  maintenance. Deter iorat , ion of organic  l u b r i -  

c a n t s  becaiise of ox ida t ion  or breakdown at e l eva ted  teniperatures i n  

machines such as i r i t e rna l  combustion engines  @a,uses the  g radua l  bu i ldup  

of d e p o s i t s  i n  p i s t o n  r i n g  g r o o ~ ~ e s ,  on valve stems, and t h e  Like which 

lead 'GO e i . t he r  a d e t z r i o r z t i o n  i n  perfo:ma.nce o r  a c t u a l  f a i l x r e  of p a r t s .  

Mass kransfer such as t ha t  i n  mercury systems whe:re m a t e r i d  i s  d isso lved  

i n  a hot  zone and depos i ted  out i n  a. cold  zone  i s  a k i n  i20 cor ros ion  ex- 

cept  thal; the material .  depos i ted  may p lug  passages arid hatve ill e f f e c t s  

more serious than. t hose  a s s o c i a t e d  wi th  t h e  l o s s  i n  wall t h i ckness  where 

t h e  material w a s  removed. 

Both t'ne opers,ti.ng tmpera ture  and thermal  cyc l ing  'nave importiant 

effect,s on the l i f e  of equipment, pa r t i cu l - a r ly  f o ~  organic  l ~ u b r i c a n t s ,  

gaskets, and diapliragns.  E l e c t r i c a l  equipment i s  a l s o  sensi-tFve, e . Q .  , 
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p r e c i s i o n  wire-wound r e s i s t o r s  a.nd germa.nium diodes (which w i l l .  be  d i s -  

cassed l a t e r ) .  

problem, and i t s  effects a r e  dependent on t h e  opera t ing  temperature  of 

t h e  material . .  

For nuclear p l a n t s ,  r a d i a t i o n  damage i s  al.so a major 

Wear i n  rubbing p a r t s  i s  always l i k e l y  t o  l i r i i i t  t h e  usefi17. lLife. 

If f u l l y  developed hyarodynamic-lubricaiioll condi t ions  prevail., t h e r e  

should be no wear, b u t  boundary iubrica.-t ioil  condi.t,i ons a r e  usual.ly 

unavoid.ab1.e dur ing  s t a r t i n g  and stopping so Yflat wear may occur at 

t h i s  t ime.  Once a su r face  i s  sc?Jffed., i.ts load capac i ty  i s  reduced 

a.nd f u r t h e r  d e t e r i o r a t i o n  i s  ii.ke’ly t o  fo l low at  a r ap id  r a t e .  If‘ it 

i s  noL possible t o  des ign  f o r  f u l l y  developed hydradynamic l u b r i c a t i o n  

condi t ions ,  wear rate:; can be reduced by t h c  proper  choice of 1.iJ.blbri- 

can t s ,  su r f~ , . ce  materials, ope ra t ing  temperacure, and mai.ntena.nce of a 

clea,n sij.pp?y of  Lubricant .  

Materials problems arc so d ive r se  and so  complkx t h a t  t hey  o f t e n  

become very confusing.  

-proposed system, it i s  important to distingii i-sh between b a s i c  f e a s i -  

b i1 i t . y  pmblemo t h a t  depend. on r m t e r i a l s  research  and sepai3ate them 

from engineer ing developmeiit problems. Whi- le  l a r g e  e r r o r s  can be made 

i.n a t t c n p t i n g  Lo p r e d i c t  t h e  tirile and the c o s t  involved i n  so lv ing  t h e  

engineeri-ng problems, t h e r e  i s  no way t o  estima.tc t h e  t ime and CGS-L r e -  

qu i red  t o  solve the  m a t e r i a l s  problems, as c l e a r l y  a.i,tested by some of 

t h e  l e s s  foriiunate experience i n  t h e  A i r c r a f t  Nilclear Propuls ion Program. 

In attempking Lo eva lua te  the reliabri.lFt,y of a 

The f l u i d  system. i n  a. space power plant.  no t  only must be struc- 

kura i ly  strong so  that the pro’oabi.l.ity of a convent ional  s t ruc-Lural  

Ta i lu re  w i l l  be very  low i-ndeed, b u t  it must also have an  excep t iona l ly  

high degyee of Leak t i g h t n e s s  s ince  l o s s  o f  the f l u i d  Lo t h e  mmounding  

v8cuu-n can occur through even a very t i n y  l eak .  The l a r g e  background of 

experience t h a t  has  been ncciunulated i n  the dzvel.npmen1; of the ASMF, 

Pressure Vessel. Cod-e gj-ves a sp lendid  basis f o r  desigr! work ths-i; w i l l  

assiLre a.n extremely low probabi.I . i ty of a burst  type of fa i l inre ,  and 

thyre i.s a, widespread acquaj nt.ance w i t h  Lhe requirements and. ciesi..gn. 
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procedures .  The specI.a.lized experience on Ttrhich t o  base  t h e  des ign  of’ 

a red  hot system f o r  a high degree of l e a k - t i g h t n e s s  i s  q u i t e  li.mited, 

b.owever, and without  i t  more than  one otherwise h igh ly  competent organi -  

za’cion has  found t h a t  much time and money can be expended with l i . t t l e  -to 
show f o r  t‘ne e f f o r t .  Some indicaLion o f  t h e  na tu re  of t h e  problems and. 

&he probab i l i - t y  of d i f f i c u l t y  - orice personnel  have l earned  how -to cope 

wi th  t h e s e  problems - i s  gi-ven by t h e  OIEiNI, ope ra t ing  experience surmarized 

i n  Table 16. 
were obtained wi th  six h e a t  exchanger tes-L r i g s  i n  which the f l u i d  systems 

were roughly comparable i n .  s i z e  a.nd complexity to i3, f l u i d  system f o r  a 

100 kw e l e c t r i c a l  outpiit nuclear sp  e power p l a n t .  The r i g s  were de- 

signed and. b u i l t  under the ANP P r o g ~ m ,  mid were intended t o  have a l i f e  

expectancy of -the orden: cf 1000 h r .  M,ost o f  them were operated f o r  

pe r iods  of from 5000 t o  225,000 h r  wit,h teniperatures of 1500nF t o  1600”~ 

i n  t h e  h igh  temperature  p o r t i o n  of t h e  systems and 1000°F t o  1300°F i n  

.the lower temperature  porti-ons . A f t e r  t h e  i n i t i e l  shakedown opera t ions ,  

t he  d i f € i c u l t i e s  experienced were most ly  i n  equipmen-t ou ts ide  t h e  h igh  

temperature  f l u i d  systems Personnel engaged i n  t h i s  work a x e  unable t o  

:recall. a sirigle in s t ance  of a. f a i l u r e  i.n e i t h e r  t h e  bas- m t a l  o r  the 
welds i n  components having wall th i cknesses  of 0.020 i n .  o r  more, except 

where - i n  r e t r o s p e c t  - such a. f a i l u r e  could have been zn t ic ipa ted . .  Tne 
l a t t e r  f a i l u r e s  t h a t  were experienced could be c lass i i ’ ied  i n  one of t h r e e  

ca t egor i e s :  (a) those  r e m l t l n g  from thermal  s t r a i n  cyc l ing  caused ’oy 

thermal  t r a n s i e n t s  and off-design cond i t ions ,  ( b )  t hose  r e s u l t i n g  from 

fsiliires i n  e l ec t r i ca l . .  hea.ters,  and ( e )  c a t a s t r o p i c  oxid.atiori from .the 

a i r - s i d e  as a result, of th.e improper use of materials i n  the ins -Lal la t ion .  

140s-t; of t h e  f a i l u r e s  induced by tkernial. s t r a i n  cycli.ng occurred i n  com- 

ponents t h a t  were be ing  t e s t e d  -to f a i l u r e  by d e l i b e r a t e l y  severe  thermal 

c y c l i n g  condi t ions  i n  o rde r  t o  e s t a b l i s h  design c r i t e r i a .  Is’ 19’20’ 21 Tlie 

ba lance  stemmed from OUT i n a b i l i t y  t o  a n t i c i p a t e  t h e  p o s s i b l e  e f f e c t s  of 

cer<ain tlnemal t r a n s i e n t s  and off-design cond i t ions .  

It should be noted- -i;hat about 70,000 hr of th i . s  experience 

The h igh  degree o f  system i n t eg r iLy  denons t ra ted  i n  the Ox_TJL tests 

c i t e d  above sterrvried f r o m  s e v e r a l  important precep.ts. The T i r s t  of these 

was khat a l l  of the m a t e r i d s  shouid be fa.’oricated to c lose  s p e c i f i c a t i o n s  

arid inspec ted  i i i t ens ive ly  . ‘This increased  t h e  c o s t s  f o r  such i1;enis as 



r I 1  iaolt. 16. Surrunzry of ORNL Opemti  ng Experience with H i g h  
'1'ml~erat~a-e T l i  quid Systelns (1100°F to 2000°F) 

T,i.quid m e t a l  (Na, NaK, K, L i )  and Iriolt,en salt, systems operated under t h e  
AN.? and Mol t e n  Sa! t Reactor Progi-ams: 

Thenria 1. c on ve et j. ori Ihop s , 

pumps (3 LO 20 g p m ) ,  hi- 

h r  l ,000,000 

80,000 

465, coo 

Sinal 1. 1.00ps w i t h  e lcctromagnet ic  

Small loops wi th  centr i . fugal  

Intermediate  loops w i t h  c en t r i~ fuga , l  

pumps ( 3  to 20 gpm), h r  

~ 

p m p s  (20 t o  200 g ~ ) ,  hr 

Large loops with c e n t r i  f:.rga,l. 
pimps (200 t o  1500 gpm), hr 

NaK S y s t e m  f o r  Space Power Planks: 

SNAP-50 l o o p  

S ~ p - 8  Loops 

Boi l ing  Potassi-urn Sys t em:  

Capsules, h I- 

ilierrnal Tonvecti an loops,  hr 

Sing'l- F i re rod  c a g s i l e s ,  hr 

Smal L forced  convezticn loops, hr 

Scale mockups of MPRE system, h r  

T o t a l  hours  

$1 

Stainless S t e e l  

60,000 

1L0,000 I..-___- 

1,715, COO 

5,000 

25,000 

30, ooo 78; 000 
15,000 21,000 

85, ooc 
20,000 3,000 

I-_ 

157,000 102,000 
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-tubing by- f a c t o r s  of from two to ten - much of i.t f o r  i n spec t ion  alone. 

Bie e f f o r t  and expense t o  assure freedom from d e f e c t s  i n  tub ing  w a s  

demonstrably worthwhile, however, s i n c e  t h e  number of d e f e c t s  found i n  

some l o t s  of corn-erc ia l  tub ing  i n  t h e  e a r l y  s t ages  w a s  so  great t h a t  

n e a r l y  every p iece  w a s  found t o  'oe i~.nac:ceptabl.e. I n  selecti-ng tube 

s izes  and propor t ions ,  i.t was found t h a t ,  t h e  wa,l..l. t h i ckness  should not  

be less  than  0.020 1.n. sin.ce t h e  gmi.n s i z e  i n  striic-tural metuls i s  oc- 

c a s i o n a l l y  as much as 0.01.0 i n .  so  t h a t ,  wi th  thinner than  0.020 i n .  

wal.ls, there are boi.xnd to be areas i n  :yrbich only o m  o r  +,ws g r a i n s  w i l l  

extend across the enti.:re t;-ilbe wal.1. thickness. An accasional .  i n t e r -  

granul-a.r crack o r  d e f e c t  i n  t h e s e  g r a i n  bound.ariei3 w i l l  l e a d .  t o  a l e a k .  

Sim.i lar ly ,  sylphon 'oel_iows shou.13. be avoid-ed i f  at, d l .  possible. Where 

t hey  cannot be avoided, t r i p l e - p l y  be1.l.ows should be employed., and a 

carefu.l. s t r e s s  a .nalysis  should be made t o  ass1.n-e t h a t  at, the operu t ing  

temperature  the required. bellows d e f l e c t i o n  wi3.3. not give s t r e s s e s  that 

exceed t h e  e las t ic  1i .mi . t .  All joints should be welded w i t h .  f i l l 1  pene- 

t r a t i o n  welds. If - as i n  tube-'c.o-l-iead.er j o i n t s  - t h e s e  cannot be ob- 

t a ined ,  the weld should be ba,ck-brazed t o  elimina-Le t h e  stress concen- 

t r a t i o n  i n  the  reentran:; cra,ck behind the  weld if  i t  can be arranged.  

It i s  s i g n i f i c a n t  th .a . t ,  i n  t h e  f i r s t  t h r e e  hea t  exchangers with thin- 

walled tubes that were t e s t e d  on the ORBL program, l eaks  occui-red. both 

i n  welded and in bmzed. j o i n t s .  Because of this, it izras decided khat  

a l l  fiuture tube-to-header  j o i n t s  shou.1.d. be faumed. by first  welding and 

t hen  back-bmzing,  a,nd., i.n subseqiienk t e s t s ,  approxiniately '7000 welded 

and back-brazed tube-header  j o i n t s  were operated without( a sing3-e i n s t ance  

of a leak through such R j o i n t .  i n  20 x 10" tube j o i n t  iiours of ope ra t ion .  19 

Thus i t  appears  -that, by proper  des ign  wi th  p a , r t i c u l a r  a t t en t , i on  

t o  minimizing thermal- stresses arid thermal  s t r a i n  cyc l ing ,  and by care- 

f u l l y  cont,rolled wl.d.ing and brazing procedures  w i t h  propel- inspec t ion ,  

a f;iloroi~p;:hly hermeti.cal.ly sea.1ed system can be assured with a very  h igh  

degree of re1 . i . ab i l i ty  -= proba'u1.y i n  excess  of 99$ a f t e r  suff i .c i .ent  shake- 

down Les t ing  has been c a r r i e d  out  LO show 1.1p des ign  and. i n s t a , l l a t i o n  

e r r o r s .  D a t a  on s t a i n l e s s  steel-UOz f u e l  elements,  f o r  exampl.e, i n -  

d i c a t e  that, wi th  proper q u a l i t y  con-tr.olf3the we1.d f a i l u r e  rate can be 
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kept  lower t h a n  one f a i l u r e  per  10" weld opera t ing  hours, aiid l e o s  t han  

one f a i l u r e  i n  z tube  wall- p e r  10" tLibP-feeL-hoi~rs. 

Mete or0  i d  Punctures 

While major u n c e r t a i n t i e s  were formerly a s soc ia t ed  wiLh e s t ima tes  

o r  the  probabi l . i ty  of a meteoroid. punc'cure of a space r a d i a t o r ,  suf- 

f i c i e n t  d a t a  a r e  now air. hand S O  t.ha'i it i s  possible t o  ecL" ~ i m d ~ e  - . L - -  t h e  

probabi1i t .y  of 8. meteoroid puncture t,o wi'ihi-n about a. f a c t o r  of 2, arid 

hence suff i -c ien t  m t e s r o i d  a r n i G r  can be prov idc l  f.c a s s i x e  t h a t  t h e  

p r o b a b i l i t y  of a metzou.oid puncture of a r a d i a ? o r  w i l l  be  l ess  -than any 

nwrlber thatu t h e  des igner  may choose. Est imates  of t h e  r e s u l t i n g  weight, 

penalt ,y f o r  a r ~ o r  ou t l ined  i n  t h e  s e c t i o n  on r a f i a t , o r  weig'nts. 

In comparing d i f f e r e n t  systems, it, i s  impor!,ant t h a t  t h e  wei-ght of 

'Lhe metieoroid armor be ealcula.t;ed on t h e  bLsis of t h e  sun of the r a d i a t o r  

tube su r face  a r e a  and t h e  surface area of %he exposed man i fo i l s  and hea t  

exchanger cas ings .  For example, i n  t h e  des ign  of a. l una r  base power 

plan;- designated L.J?;aa.r I, 1 I 3  s epa ra t e  r a d i a t o r  circui.f,s were ernpl-oyzd 

t c  reduce t h e  vu1riera:cility of the  system 'io a meteoroid p i . m c ? , ~ ~ ~ e  of t h e  

rad.ia.,i;L?r .,24 l ?~weve~- ,  ?.hi s l e d  tc: the USE of a. I.a,:?q? '~o: Gida.1 heaf, ex- 

changer wizh t h e  cycle workirig f l u i d  on the shell side ?'he sur face  

a r e s  o f  t h i s  hea t  exchanger w a s  s eve ra l  t i m e s  t h a t  of .tile t . s ta .1  su r face  

a r e a  of t he  radia.t .or tubes  and rnanif'ol-ds khat, r.roul.d have been i-equired 

f o r  a s t a i n l e s s  & e e l  s ingle- loop  b o i l i n g  potassium r e a c t o r  power p l a n t  

of +,he m m e  output  

It, i.s important. to cons ider  t he  consequences of a rad ia tor ;  l eak  

cailsed. by a meteor0i.d. If t.he meteoroi.d i npac t s  i n  a. zone filled w i t h  

l i qx id ,  it may cause 'ihe tube Lo b u r s t  even i.f it does not  p e n e t r a t e  the 

wall, e s p e c i a l l y  i f  +.he back s i d e  of t h e  t-due i s  left. t i i in  as i n  the 

desigii o! i t , l ined i n  a previous secti .on.  If t h e  t i h e  w a l l .  i s  strnply p e r -  

f o m t e d ,  %%e leakage r a t e  w i l l  Lend t o  be high, and f o r  t h e  regi.on of 

i n k r e s t  -the hole w i l l  probably have a d i .me te r  about equa l  t o  i h e  armor 

th i ckness ,  j -ee, about 0.2 i n .  For .thj.s s i z e  hole ,  l i q u i d  l o s s  from the  

s y s t , m  vi11 occix- rapidly, and wiihi.n much Jess than  a minute thc c i r c u -  

lating pump w i l l  ?.osc i:s prine a.nd cease -Lo function. If a. iiieteoroid 
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were t o  puncture a 0 . 2 - i n . - d i m  hole  i n  a tube  o r  manifold ca r ry ing  vapor,  

t h e  very much lower fluid. densit;y w i l l  lead. t o  a much lower rate of l o s s  
of fluid from t h e  system. If' the 1ea.k can be sensed s h o r t l y  a f te r  it oc- 

c u r s  and .the system power output  reduced s o  t h a t  t h e  presslire i n  t h e  

d i r e c t  condenser > r i l l  be  dropped to 10% of the p res su re  a t  f u l l  power, 

t h e  rate of leakage w i l l  be  only  aboxt 0.001 l'o/sec, or 3.6 Yu/hr. 

2000"F, 367 kv(e) s i n g l e  loop system of Table 15 was designed so t h a t  i'c 

can  lose aabout 10 Ib of liyu-id. potassium without  encounter ing any serious 

d i f f i c u l t y .  Fu r the r ,  i n  a manned v e h i c l e  it should be possible t o  add 

f l u i d  -to .the system from a supply t a n k  s o  t1ia.t an even g r e a t e r  q u a n t i t y  

of f lu id .  could be l o s t  without seri.oua e f f e c t s .  This  sugges ts  t h a t ,  i f  

'tihe leak codd be de tec t ed  s h o r t J y  a f t e r  it formed, some r e p a i r  measure 

mi@t  be p o s s i b l e .  

The 

Turbines,  Generators ,  Pumps, and Motors 

Several. se ts  of d a t a  have been excmLined i n  a n  e f f o r t  'GO a s s e s s  t h e  

r e l i . ab i . l i t y  of t h e  tu rb ine ,  genera tor ,  pimps, arid motors.  The f i rs t  of 
t h e s e  i s  f o r  t h e  s t e m  tiirbine-.geri.rrato-r u n i t s  i n  t h e  ste,w. power p l a n t  

f o r  t h e  Oak Ridge Gaseous Dif fus ion  Plant .2"  R second se t  of d a t a  w a s  

compiled from experience wi th  t h e  steam tur%i.:ne gene ra to r  u n i t s  i n  t h e  

TVA power plants.25 

course of ORNL tes t s  of' h igh-temperature  I.iquid pumps,2G while  a f o u r t h  

set  of d a t a  has  been obtained f o r  e l e c t r i c  motors i n  t h e  Gaseous D i f -  

f u s i o n  P l a n t .  

A t h i r d  se-i; of d a t a  has heen accwnulatxd i n  t h e  

27 

The d a t a  f o r  steam tu rb ine -gene ra to r  u n i t s  i n d i c a t e  that Lhe proba- 

b i l L t y  of t h e  u n i t  ope ra t ing  f o r  a year  withoul; a forced  shutdown i s  only 

about  0.05. However, a review of t h e  log  books: showed that, a Large 

f r a c t i o n  of t h e  Porcecl outages stemmed from brush troubles i.n t h e  e x c i t e r .  

These can be ami-ded throu.gh -the use of a type  of genera tor  i n  which t h e  

f i e l d  e x c i t a t i o n  i s  obta ined  from s o l i d - s t a t e  equipmen-t. A l a r g e  p a r t  of 

t h e  ba lance  of t h e  t r o u b l e s  stemmed Irom d i f f i c u l t i e s  with s t i c k i n g  of 
the thrott1.e va lve .  These can 'ne e l imina ted  by us ing  t h e  c o n t r o l  system 

contaiipl.ated f o r  t h e  MPRE The s'ceam tu rb ine -gene ra to r  da t a  i n d i c a t e  

t h a t  e l i m i n a t i o n  of t h e  brush and t h r o t t l e  va lve  t roub le  would inc rease  



tiie p r o b a b i l i t y  of opera t ing  for a year  without  a forced  shutdown from 

0.05 t o  0 . 6 0 . ~ ~  Provj-sion of generous z i p  clea.rances f o r  i;~ie turbine 

bucke-Ls, and generous ciearanc-s  i n  t h e  s e a l s  a,nd o t h e r  reg lons  along 

t h e  r o t o r  will elirr , inate "r-Jbs", one of :;he most important o the r  s o i ~ r c e s  

o€ forced  outages.  The experi.ence wii..h ORNL, p u p s  f o r  h igh  temperature  

l i q u i d s  discussed. below imp1.i-es that ,  d i f f i cu l -Ly  wi th  d i s t o r t i o n  and rubs 

can be kepi, t=, an e x i r e m i y  low ievel.. By using t h e  pol;assi.um vapor 

cyc le  working f l u i d  as %he l u b r i c a n t ,  t.he b a s i c  supply- of l i q u i d  shouid 

be unusua1.l.y free of s o l i d s  o f  t h e  t y p e  found i n  ore i c  compounds R.S a 

c on s e que ne e of +,he mm, i il e c. Dmp o s it i C I ~  an3 ox id. or,. While ORNL experience 

indie3, tes  t h a t  pGta,ssiiur-iubrica+.cd bear ings  a r e  very sensi l ; ive t o  s m a l l  

d i r i  p a r t i c l e s ,  t h e  same experlen-e olso ind ieabes  ;%at t h e s e  p a r t i c l e s  

can be e f f e c t i v e l y  rerrnvd t l ? ~ ~ ~ ~ i ; g h  idle 'use cf micropo-re f il!-,ers that will 

not pass  particles JLa,rgeY t , I r L r j , i l  2 p - - '  Since the  bear ings  are l i g h t l y  

loaded., bear ing  failures caused by Pai;igi;.e in (.he bea r ing  material. should 

not  'ne a problem. 'Thus it appears  ti1a.t t h e  prl9ei.pa.l  po+dentia. l  cause of 

f a i l u r e  i n  a tturbine-generaTtor unit i s  l i k e l y  t o  be ail e k c t r i c a l  o r  

rrLechanical f a i l u r e  st.emniing f m m  e i  1. strair: cycI.i ng o r  thermal. 

d i s t o r t i o i i  th2. t  may d~ve loy ;  as a cmseqcznce nf t,hermal. strsir, cyc l ing .  

The 'core seal i n  t h e  general..or ant-! i.;hc; < a c a n i  c insuh:t,i .  on i n  .the vindings 

appear t,o be parti .eular 'Ly likely s n ? ~ r z e s  c.f i , rodble .  However., it appears 

tha t , ,  through proper design,  t h e  proba.bi-I.i%y of t h e  f a . i l u r e  of R tu.ibine-- 

generrstor u n i t  r i g h t  be reduced -;r,o around 10% foi- J-@,OOO hr  of opera t ion .  

OW% opera t ing  experi5nce w i t h  centrifuga,J. p m p s  i n  h i g h - t e q e r a t u r e  

.- 

1iqui.d sys-terns (above IOOO".F) jJota1.s over 450,000 h r  . 
nas been summarized i n  8T~bl.es l'-( and. J.8.25'29'30 Note - tha t  the inc iderxe  

of d i f f i c u l t i - e s  i n  Table .I7 has  been expressed i n  terms of pump opera t ing  

ho-urs, and tha , t  'iiie d i f f i c u l t i e s  have been div ided  in+.o two ca t egor i e s ,  

i a c ' .  , -those in -kke purr:p i t , s c l f  z.nd t.hose a.ssgeiatei3 with t-h- - test  equip- 

meat, such as the d r i v e  motors and t h e  r e l a t e d  conti-ol eqi:i.pment. 'The 

f a i l u r e s  t'nar, occurred wi+.hin the  l a r g e  pumps took pl.s,ce 7.n t h e  

Thi s experience 

I .  1 

L, L\ 

f i r s - ! ,  few thousand hours 0.i' tiie dcveloprrient t e s t  work and l e d .  t o  small 

desi-gn change:;. These were s o  e f f e c t f i v e  t.ha;L during t h e  subsequent 

160,000 hr o f  opera t ion  t h e  only f a i l u r e ;  t'n8.t occurred were i n  tiie t ,est  

cqui.pnent, n o t  t h e  pumps The experience w i t h  '.11pe ra. t ion of the s m a l l  



T a b l e  17. Summary of Malfunct ions i n  ORNL GentL-ifugd Pimps 
Having Capac i t i e s  of I50 gpm t o  1500 gpm Endurance 

Tested a t  Temperaturcs from 1100°F t o  lL300°F 
T o t a l  Bmning Time - 168,000 hr. 

Average Operating Nuri70er of  
Inc iden t s  Malfunction Time Between 

I_ Failures-Hcur  

Pumps ** 
Excessive seal- o i l  leakage 1* > 1-60,000 
Seizure  journal ’nearing 2% > l60,000** 

r c g i o ~ i  between shaft and cas ing  I* > 160,0@~0** 
Sei ziire i n  close c lcarance  

Dr’ivea, Controls I and Tnstmrnentation 
-7 

E l e c t r o n i c  d r i v e  system c o n t r o l s  3 
Break i n  resisbarice g r i d  1 

I)ri.ve motor 

Heplace brushes -20 

Seized r o t o r  1 

Hydraul ic  d r i v e s  ( w e d  only  on 
a f e w  pumps) 4 

Shorted probes -15 

Pump t a n k  o v e r f i l l  2 

Liquid leve 1 ind i c a t  i on 

56,000 

150, 000 

’-(, 000 

15 0 , 000 

- 2,000 

11,000 

84,000 
Gas system 

Frozen meta l  plug 

Frozen sal t  phng 
6 28,000 

5 33,000 

3t. 
F a i l u r e  took  p l ace  dur ing  Pirss’t few thousand hours of  t e s t i n g  of a 

new model. 

**Exclv.d ing f a i l u r e s  that occurred dur ing  t h e  first few thousand hours  
o f  t e s t i n g  a new model. 



Table 18. Sunma.ry of Malfunctions i n  ORNL Cent r i fuga l  
Pumps having Capaci i ies  of Aboat 5 gpm Endurance 

Tested a t  Temperazures from 1000 t o  1300°F. 
'Total  Runiiing 'Time - 290,000 hr  

(Capaci ty  5 gpm) 

Averase Operating 
Time Setween 

Failures-Hour 

Eiucher of 
h e  i d e n i s  Malfiinct ion 

l______ll___--~-_ p.-.--p 

Vee 'oe1.t ( d r i v e )  

Motor m a r i n g  f a i l u r e  (360~ rpr ) 

8* 

17 
.x 

2l, 000 

9,900 

* 
Deta i led  records a v a i l a b l e  only  168,000 h r  o f  ope ra t ion .  

-H- __ 
lnvol-ved replacement o f  brushes and p i l o t  bear ings .  



pumps covered by Ta’ule 1.8 w a s  s i m i l . a r .  

t h e  pumps i.n Tables 17 and 1.8 were ope:rated f o r  a yea r  o r  more without  

t r o u b l e  i n  t h e  pump proper,  and f i -ve of t h e s e  ra.n f o r  over 20,000 h r  

wi-thout any t r o u b l e  wi-Lh the pump. 1lhi.le most of t he  pumps t e s t e d  

employed o i l - l u b r i c a t e d  b e a r i n s s  loca~ ied  iii coo l  zones, t h r e e  were run 

with molten sa l t  o r  1i.quid me ta l - lub r i ca t ed  bea r ings  with no t r o u b l e .  

Thus ORNL tesi; experience i n d i c a t e s  t h a t  roi;at’i.ng machinery can be de- 

signed f o r  opera t ion  i n  l.-iqu.id metal- systems i n  t h e  1000 t o  1300°F 

ternperabure range to gi.ve component r e l i a b i l i t i e s  i n  excess  of 97% f o r  

10,000-hr per iods .  

It shoiild be noted tha‘i. l 7  o f  

I n  revi.ewing t h e  ORfiJL des ign  p recep t s  t h a i  y-iel-ded t h e  surprising1.y 

good p m p  r e l i a b i l i t y  ind ica t ed  by Tables  17 and 1~8, several. p o i n t s  a r e  

apparent.30 I n  a d d i t i o n  t o  a carefiil choice of materi.aI.s t o  provide good 

cornpatibili.ty, t h e  pumps were designed so t h a t  -the s t r e s s e s  a,nd bea r ing  

3.oads would be mod-erate - w e l l  below l e v e l s  l i k e l y  t o  g ive  d ~ i - f f i c u l t y .  

The cas ings  were designed so  tha-L the d.j-stortions t o  be expected under 

load o r  from temperature  g r a d i e n t s  under o f f -des ign  condi t ions  and i n  

t rans ien ts*’  would have a minor e f f e c t  on t h e  load capac i ty  of t h e  

bea r ings .  The pumps were rmd.e mechanLcally sirnp3.e t o  minimize t h e  

culriinlative e f f e c t s  of wear o r  d i s t o r t i o n .  The bearing m a t e r i a l s  and. 

lubricanLs ijere chosen t o  provide good wet t ing  of -Lhe bea r ing  sui-faccs 

by t h e  l u b r i c a n t ,  and l i t t l e  or no tendency o f  mating rubbing su r faces  

t o  self -17el.d. i f  no hbr ican-L were p r e s e n t .  

An i-nsight i n t o  t h e  r e l i a b i l i t y  of e l z c t r i c  motors i s  given by a 

s e t  of d a t a  cornpiled f o r  some 10” motor opera t ing  hours iii t h e  Gaseous 

Diffus ion  P lan t  a t  Oak Ridge. Table 1.9 summari-zes d a t a  obtained over the 

p a s t  l 7  y r  f o r  var ious  s izes  of e l e c t r i c  motor. 27 

were i n  t n e  wi.ndings, t h e  leads ,  01- t h e  bear ings .  ‘1”hese moLors are 

normally operated a t  s t e a d y - s t a t e  condi t ions  contirniously year  i n  and 

year  out,, wi th  shutdowns oilly when rnaintenance i s  r equ i r ed .  It i.s s i g n i f -  

i c a n t  thai; t h e  1-owest incidence of f a j - lu re s  experlanced f o r  any of t h e  

va r ious  c l a s s e s  of motor i s  approxj.mately 0.005 f a i l u r e s  p e r  mo-Lor 

ope ra t ing  yea r .  Thi.s, of course, i s  f o r  a w e l l  developed s tandard  com- 

merc i a l  mo.Lor with no bore  seal, ceramic i n s u l a t i o n  f o r  high-temperature 

Most of t h e  f a i l u r e s  
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i i l u r e  Experience wi th  E l e c t r i c  Motors i n  t h e  Oak Ridge Gaseous Eii"f;lilsion Plal?t 
~~~~~ 

N o .  of Motor F a i l u r e  Mo. of Years Motor F a i l u r e s  (by Calendar Year) 
Operat ing P r o b a b i l i t y  Motor 

of Operat ion Uni t s  per  Year 1964 1963 1962 1961 1960 1959 1958 1957 1956 1-955 1954 1-953 1352 1951 '195c 1949 1946 HP 

2000 

1750 
950 
700 
600 
500 

560 
400 

300 
200 

200 

150 

100 

'75 
60 
50 

30 
25 

20 

15 
10 

7-112 

5 

320 

320 

13 
287 
200 

100 

200 

100 

'Loo 
360 
600 
1014 

h50 

967 
491 
834 

726 
300 

120 

576 
576 

10 

0.0121 

0.0270 

0.0118 

0.0411 

0.0379 

0 .a564 
0.0775 
0.0125 

0.0345 
0.0102 

0.0L89 
0.0128 
0. 0123 

0.0047 
0.040 

0.0065 
0.0269 
0.0395 
0.0233 

0.0186 

8 
6 

8 

9 

12 

14 

5 
1.4 

17 
17 
16 
1-7 
17 
16 
10 

17 
14 
12 

10 

io 

1 

9 

I 

4 

3 

1 

1 

2 

6 
12 

5 

1 

1 

4 

3 

8 

3 
12 

4 
20 

13 

2 

2 

1 

6 

5 

- r 

4 

1 

7 

3 
1.1 

5 
12 

12 

6 
i 

3 
1 

2 

10 

2 

14 

3 

15 

9 
,3 7 
i 

'15 
20 

9 
4 
1 

2 

1 

8 

2 

11 

12 

9 

1 

7 3 )L.  

18 
- -  
I ,  , ,  -- 

13 
4 

3 

3 
1 

6 
31 

7 

25 

8 
10 

5 

9 
38 
20 

12 

16 
2 
I 
4 

3 

1 

2 

i 6 

4 

5 

4 
33 
3 

3 
;2 7 

10 

7 
24 

5 
2 

0 

3 
0 

1 

2 

0 

2 

2 

3 

3 
30 
19 
5 
13 

2 

5 
0 

3 
3 
3 
1 

0 

6 
2 

1 

3 

4 

4 

3 
32 
8 

15 

18 

5 
2 

0 

1 

25 

6 

1'7 
L 

6 
L 

1 

1 

6 

5 
1 
L 

1 

24 

13 
1-7 
15 

5 
1 
0 

3 
37 

24 
8 

11 

6 
1 

8 

5 
6 

13 
13 
21 

14 
0 

s 
5 

5 
0 

4 
12 

2 

3@ 
23 

1 

- 
i 
44 

4 

15 
6 

33 
8 

5 
3 
8 
4 
0 

L 

- 
4 
6 

15 

2 

5 
3 
34 

3 
4 

5 
24 
12 

2 

10 

7 
2 

1 

5 
4 
L 

9 
6 

4 

i 

3 
9 
5 
3 
4 
4 

3 
1 

6 

3 
1 

12 

6 

3 
0 

0 

6 

9 
0 

20 

15 

13 
1 

24 

15 

13 
14 
10 

1 

14 

7 
I 
i 

ij 

10 

10 

7 
4 
6 
10 

20 

18 

7 

7 
11 

I L 

5 
2 

3 
11 

15 

(1) 

(2) 

(3) 
(4) 

Most 1750 hp rnozors f a i l  because of a l e a d  t o  s t a t o r  winding break  - a manufacturing 

Most 500 hp motors f a i l e d  5ecause of d e f i c i e a c y  i n  des ign  (I952 SS 1953) - r o t o r s  were r e b u i l t  ori program basls by m n u f a c t u r e r .  

Motors opera ted  overloaded - subsequent ly  rewound t o  560 r a t i n g  because of high f a i l u r e  r a t e .  

Operat ion of most 3600 rpm equipment phased out  i n  1964. 

def i c i ency  - no program f o r  c o r r e c t i o n .  



windings, o r  s p e c i a l  coo l ing  system t o  c o n t r i b u t e  t o  t h e  f a i l u r e  proba- 

b i l i t y  . Lt seems doubtful Y h a t  the  r e l i a b i l i t y  of 3 high-temperature  

el.eci;ric motor could be as hi.gh as this. 

- 

Over 120,000 h r  of ORNL experience wi th  electrornagnet ic  pumps i s  

swmmrized i n  Ta’o1.e 20. These p u q s  have been l a r g e l y  of two types ,  

sirr:ple low-head I-i.nea,r a.c u .ni ts  with & l a r g e  sc magnet t o  prod.uce a 

magnetic f i e l d  t r a n s v e r s e  t o  the elec’ i r ic  current flow Ynrough a f l a t -  

tened porti.on of the  channel,  and. moderatel-y high head electrodynamic 

pumps which make use cf a1 el.ectr*ic motor-driven rotating magnet running 

insid~e a c i r c u l a r  loop of p ipe  through which a current i s  passed normal 

t o  t he  plane of t h e  1 .00~ .  

Tab1.e 20 i n d i c a t e s  tha.5 the mechanical. reliahi.1-it.y of t h e  simple, 

lo?:-head linea,? a c  pimps i s  gocd, while  that; of  t h e  moderately h igh  

head ro-tatYi.ng magnet, pmps i s  poor.  The data. of Table 20 h c l u d e  only 

f a f l u - r e s  w-ithin t h e  piimps - numerous outages because of’ iaiLures in t h e  

paver supply or switchgear  were not incl-uded. 

P m p s  of -tile he]-icai i nduc t ion  type have been piXCl-lased, b u t  no 

s i g n i f  ica.nt, ope ra t ing  experience has beer, gained wi th  them as y e t  a t  

ORPJL. It i s  understood. that a-bozt 1’7,000 h r  of opera;t;ing sxper ience  

has been accumulated with helical. i i idu.ction plumps by General E1ectri .c 

at Evendale, 0ln.i.o under MASA conxrac ts  . 
Thermoelectr ic  punips do no% depend on an electric power soiu-ce o r  

switchgear ,  bu.t t h e  p re s su re  rise a v a i l a b l e  i s  only about 1 psi., and 

they  i n h e r e n t l y  reciuire a l a r g e  temperat,ure d i f f e r e n t i a l  between t h e  

ho t  and cold junctions on the liquid l i n e s  t h a t  i.nduce t h e  flow of 

e l e c t r i c  c u r r e n t .  This i n e v i t a b l y  lead:; t o  l a r g e  thermal  s t r e s s e s  and 

consequent ly  thermal  s t r a i n  cycling 

been accumulated. on 14 punips. 

6000 hr.”l 

About 18,000 h r  of testing has 

The Longest l i f e  obtained has  been about, 

Valves -- 
OKliL experience with valves  i n  high-temperature  l iquid.  systems i s  

surr;ma.rized i n  Table 21-a. The operating d i f f  i c u l - t i e s  lia.ve been div-ided 

into two major  types ,  i . e . ,  t hose  i n  which a. bel lows failure resul1;ed 



Table 20- Summayj of  OLINT, Operaiir-g Experience 
'Yiiii El ec  Lnmagnetic riirnps 

Altei-na Ling ICurreilt Conduction (L inea r )  mpe  

Systern 
Cpe ra  ti. ng 

Ti.me 
(hr) 

ATTP h e a t  excnangpi. t z s t s  

Corlosion loops 

S X A P - y J  loop 

SNAP-8 loops 

6,700 
73,850 
5 , coo 
30,000 

115,570 T o t a l  

No T a i l u r e s  i h a t  Caused leaks i n  ti-e l i q u i d  metal sys- 
tem occurred a f t e r  t h e  pimp c e l l  was redesigned as a COLI- 

sequence of t w J  f a i l u r e s  dur in2  the  r":rst thousa id  miirs 
cf o p e r a t i o n .  borne loss  i n  per fc rmanei  occurred 3s a con- 
sequence of oxidation o f  t ie lcacls a t  LzmpPi-aturez above 
1000°F. 

Rlectrodynarni c Pump? (Rota t ing  Magnei) 

Sys t m  
Opera-Ling 

Ti me 
(tu-) 

Forced convectj  on b o i l i n g  
po ta s s i urn sys  terns 

Smal l  potassium sys:c.m 

To'm 1_ 

s.6,000 

4,000 

20,000 

No fa7.lures caused leaks  i n  t h e  l i q u i d  metal. system 
after tke p-~mp ce1.l was redesigned €DllowiLig a n  early i ' a i l -  
u r e ,  The I.ongest per i  od w- i tho i i t  s e r i o u s  t r o u b l e  wi t r i  'me 
r o t o r  bcar i l igs  was 21300 h r .  
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Table 21. S m a r y  of Operating Experience wl th  Bellows S e e l  Valves 

(a) GRKL Experience with Valves i n  A l k a l i  Metal I n  she  Period 1961 Througk 1365 

Valve 

HOLU-s 

Type of Valve Number of Valves ilours of System 02erating a Number of F a i l m e s  
i n  Stem Mechanism t h a t  Fa i l ed  per  Sjrsten Operat ion 

BTmber of Leaks 
t o  Atmosphere 
Through Bellows 

Remarks System 

i 0 5 , 0 ~ 1  A l i  va lves  a r e  operable  a'c t h i s  
d a t e .  A t  l e a s t  two va lves  have 
leakage ac ross  seat when c losed .  

One valve p r e s e n t l y  i n  sys t en  
l eaks  a c r o s s  s e a t .  

24, 000 

2 Hoke, except  f o r  35 
2 Mason-Neiian 

-3,000 IPS 
(Bolling K) 

0 

Hoke 4 - W473 
and 1 - ~ ~ 4 4 5  

6 primary va lves  
s i z e s  318 - 1/27 

5b -4, COO. Average 
l i f e  of va lves  
t h a t  f a i l e d  - 
2500 t o  3000 h r  

SPS - 1 
(Boi l ing  K )  

0 

1 Hoke 47c 70 , ooo Two valves  in system p resen t ly  
aye l eak ing  ac ross  seat. 

175 , 000 

SPS-2 
(Bo i l ing  K) 

SNAP-8 
( NaK 1 

0 

4d 

-1,500 

1402 S e r i e s  Hoke ?e 
which were bought 
f o r  rnP 

and one Ti-445 
Hoke HV-473 10 

f 
25,000 

-5 , 000 50,000 SNAP-50 LOOP 
( X a K )  

0 

% a i l u r e s  where valve had t o  be r epa i r ed  o r  rep laced .  

bFour 'bonnets r epa i r ed .  

%alms t h a t  f a i l e d  q e r a t e d  f o r  480, 1300, 1600, and 5880, r e s p e c t l v e l y .  

One valve renoved because of leakage a c ~ o s s  s e a t .  A l l  f i v e  valves  removed from systerri. 
C Inc lua ing  sample system va lves .  

e Th i r t een  loops were operated,  each having seven va lves .  One loop operated f o r  5880 h r  before  one of t h e  va lves  f a i l e d .  

f T o t a l  opera t ing  t h e  f o r  a l l  loops. 

( b )  Oak Ridge Gaseous Di f fus ion  Plan-t Experience wi th  930 Valves 

Year 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1955 Tota l  

16 7 7 10 14 41 23 37 251 K b e r  of bellows fa i lures  55 22 

Number of f a i l u r e s  of stem 
ne chanism 6 0 22 8 14 I 0 4 3 3 6 67 



i n  a l e a k  t o  atmosphere and those  i n  whi.ch t h e r e  was some d i f f i c u l t y  

wi th  s t i c k i n g .  V i r t u a l l y  a l l  of t h e s e  va lves  were 1-ocated i n  t h e  lower 

temperature  portj-ons of t h e  systems. Only t h r e e  of those i n  Table 21-a 

have been operated r o u t i n e l y  a t  tcrflperatum?s above 1200°F; t h e  bulk  have 

been operated i n  zones t h a t  r a n  from GOO t o  1.000"F. 

w a s  sub jec t  'LO continuous operation by automaLic pimcess c o n t r o l  a c t i o n .  

Nom of t h e s e  va lves  

The lower p o r t i o n  o f  Ta.ble 21  s m a r i z e s  some 10' valve  ope ra t lng  

hours of expei-j m c e  with  val.ves t h a t  were contj.nuously sub jec t  t o  c o n t r o l  

a c t i o n  by aintoma'iic p rocess  c o n t r o l  equi.pment i n  thc. Oak Ridge Gaseous 

Di.ffusion Plax'c. The d i f f i c u l t i e s  c i t e d  i n  Lhe stern mechanism involved 

only s t i c k i n g  i.n t h e  valves;  they  do no'c inc lude  d i - f f i c u l t i e s  wi th  t h e  

mechanical ope ra to r .  

temperatu.re. Since bile plant has  been run cont inuously,  the number of 

hours l o s t  through outages i s  a s m a l l  f r a c t i o n  of t h e  nii.m'oer o f  hours 

per  yea r .  

r 

A l l  of the va lves  were run wi th in  200°F of room 

Add i t iona l  d a t a  on va lve  ope ra t ing  experience i n  t h e  Gaseous D i f -  

f u s i o n  Plant, were obtained f o r  e a r l i ~ e r  years ,  hu.t t h e s e  were not  i n -  

c1.ii.ded because the i-ncidence of f a i l l a r e s  w a s  1.0 i o  100 times g r e a t e r  t han  

for t h e  period covered by Ta.ble  21-b. 

e a r l y  years w a s  co r rec t ed  by r e v i s i o n s  i n  t h e  des ign  of t h e  va lves  o r  i.n 

the i n s t a l l a t i o n ,  and hence t h e r e  a m  no i n f a n t  m o r t a l i t y  f a i l u r e s  7.n- 

eluded i n  Table 21-b . 

The h igh  fa i lure  rate dur ing  1;he 

Bellows Expansion Tanks 

The only data t h a t  appear t o  be avail.ab1.e on bellows expansion tanks  

are those  obtained by Atomics I n t e r n a t i o n a l  i.n t h e  course of t h e  mercury 

Ranktne cyc le  improvement program. Tes t s  of about a dozen u.ni'is: i n -  

d i c a t e  a mean Lime t o  f a i ~ l u r c  of t h e  bellows of about 3000 h r  wi th  no 

in s t ance  i n  whi-ch a bel lows has been operated. f o r  more than  6500 lir with-  

out a f a i l u r e .  

32 

Major f a c t o r s  a f f e c t i n g  t h e  l i f e  of bel.l.ows i n  e i t h e r  va lves  o r  ex- 

pansion tanks  a r e  t h e  number of a c t u e t i o n  cyc les ,  the  nimbrr o f  the imal  

cyc les ,  and the arql.i.tu.de of t h e  cycle:;. The va lves  i.n t h e  ORNL tes t s  

w e ~ e  sub jec t  t o  r e l a t i v e l y  few a c t u a t i o n  cyc le s  w i t 2 1  a somewhat la rger  



number of thermal  c y c l e s .  The va lves  i n  t h e  

sub jec t  t o  l a r g e  numbers of a c t u a t i o n  cyc le s  

thermal  cyc l ing .  

E3.ect r i c  Heaters  

gaseous d i f f u s i o n  p l a n t  were 

with only a l i t t l e  very  mild 

Table 22 s u m a r i z e s  over 300,000 h r  of 0RNL experience wi th  1./2-in.- 

diam F i re rod  e l e c t r i c  h e a t e r s  immersed i n  potassium i n  t h e  1200 t o  1 6 0 0 ' ~  

temperature  range.  33 

2500 h r  for  tine lowest h e a t e r  ou tput  range of t h e  - tab le  (most of t h e s e  

h e a t e r s  r a n  a t  2 t o  3 kw). 
trol and t h e  f a b r i c a t i o n  processes  w i l l ,  it i s  'oelieved, l ead  t o  an i m -  

provernent i n  t h e  mean t ime -to f a i l u r e  by about a f a c t o r  of 2 i.n t h e  coiii'ing 

year  

The d a t a  i n d i c a t e  a mean t i m e  to f a i l u r e  of about  

A d i l i g e n t  e f f o r t  t o  improve t h e  q u a l i t y  con- 

Reactor  Control. Drive Mechanisms 

Experience wi th  t h e  c o n t r o l  rod mechanisms f o r  t h e  ORR over a per-iod 

of  about e i g h t  yea r s  provides  sorm i n t e r e s t i n g  and. u s e f u l  r e l i a b i l i t y  

d a t a .  The s i x  i d k n t i c a l  c o n t r o l  rod mechanism:; i n s t a l l ed .  when the r e a c t o r  

w a s  b u i l t  gave a. modera-Le m o u n t  of t,rou.ble over a per iod  o f  about f i v e  

y e a r s .  Most of t h i s  troubl-e took t h e  forin of s lugg i sh  or f a l s e  scram 

a c t i o n  r a t h e r  t h a n  f a i l u r e  t o  ope ra t e .  'fie d i f f i c u l t i e s  were diagnosed, 

new rod d r i v e s  were designed and b u i l t ,  and t h e  redesFgned mechanisms 

were i n s t a l l e d  i n  a l l  six p o s i t i o n s  of tile DRB dur ing  t h e  sumnier of 1964. 
These have functi.oned f o r  18 months withoiit, an i n s t ance  of misoperat ion.  

This  corresponds t o  a t o t a l  of more thari 60,000 rod d r i v e  ope ra t ing  hours 

without a f a i l u r e .  Thi.s experi-ence i n d i c a t e s  t h a t  t h e  p r o b a b i l i t y  of 

f a i l u r e  i s  less t han  2 x lo-* per  rod d r i v e  operat,i.ng hour.  

Ins t r iment  s 

Typi.cal OfiTL experience bea r ing  on t h e  r e l i a b i l i t y  of t he  primary 

sensors used on h igh  temperature  (above 1000°F) l iqu- id  meta l  and mol ten  

salt  systems i s  s m e r i z e d  i n  Table 23. This  inc ludes  only complete 

f a i l u r e s  of t h e  senso r s .  Mo a t tempt  was made t o  eval imte t h e  degrada t ion  

of i.nsi;rument systems o r  t h e  f a i l u r e  of read0u.t equiprrlent. I n  a l l  cases ,  
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only Lhose ins t rwnents  which Tv,jere proper ly  ins-Lal-led and had. operated a t  

least  200 h r  vere considered.  N o  fai.I.ure was charged ii" a f a i l u r e  re- 

s u l k d  from a n  ope rat i.onal e r r o r  o r  physical .  dama,gc. 

PMD's (p re s su re  measuring dev ices )  rnaauf'actured by the Taylor  

Lristrument Corqmny have been (>.sed Uy OHNL f o r  10 yea r s .  Thzse u n i t s  

are suppl ied  a s  i n d i c a t o r s  0-1- w i t h  s t ra- in  gage e l e c t r i c a l  ou tput  and 

pneumatic outpii t .  'They can be used t o  mcasure a'osolutc, gage, and d i f  -- 

f e r e n t  i a l  pr rc. The failures t h a t  were foufid di.d not  seem t o  be a 

f u n c t i o n  of an,; of t h e s e  f a c t o r s .  

Recen-tly, ORNT, plArchased s e v e r a l  p re s su re  -Lrammi.tters from the  

Foxboro Ins'inmic,it Company. Five of Liiese i ini is  have operated in t h e  

Intermedia-Le Potassium Loop f o r  2800 hr withouL f a i l u r e .  The Foxboro 

t ransmi- t - ters  are l i m i t e d  t o  kOO"E opei-at ing i,emperature . 
There have been sevc-ral generations of l e v e l  elernents a t  ORNL, t h e  

progress ion  be ihg  from t h e  "J" tubes  t o  "I" tubes  w i t l r i  current modif i -  

c a t i o n s  be ing  designa-Led "H" tubes and "M" t ubes .  Triose l i s t e d  i n  t h e  

table are bo th  "J-" and "I" types  which a r c  s i n g l e  e k m e n - t s .  The "M" 

and "H" types  empl-oy two "I" tubes  wi th  e lect ; . r ical  in te rconnec t ions  on 

a s i n g l e  l e v e l  measurement. Therefore,  t h e  new u n i t s  would have a 

re l iab i . l . i ty  of o~ie-'naI.f o f  Liiat of t h c  "1" t ubes .  

These el.e-ments a r e  c u r r e n t l y  a v a i h 3 l . e  w i  til an ac tcve  l eng th  of 

6 i n .  to 4 f'i and have been used t o  rIie3s;ire d i f f e r e n t i a l  p re s su re  by 

measinring the l e v e l  i n  a 1i.quid meLa3. manometer. 

The flow r a t e  of high tcmperature  1iq;lid metals has been measure? 

by t h r e e  d i f f e r e n t  methods a t  ORNT.,. 'The most  common inst-?ixnent, the 

magnetic flobiiieter, i s  l i s t e d  i n  Llie t a b l e  of ope ra t ing  experience.  932 

other t w o  me-thous ernploy a flow r e s t r i c t n r  and e i t h e r  a d i f f s r e n t i a l  

p re s su re  -traiisi-ni-t t e r  o r  a l i q u i d  l e v e l  manome-ter . Operating experience 

on both devi-ces i s  lirnlited. However, t h e  d i f f e r e n t i a l  p re s su re  t r a n s -  

m i t t x r .  should. have Lhe r e l i a b i l i - t y  of 2 PMD's. %%.e l i q u i d  level rmno1ne'Ler, 

when proper ly  designed and instal.l.ed, would he a simple l e v e l  eleiiierit . 
A device t o  sense Lhe speed of the tiJ.r 'oine purnps i n  thc  In te rmedia te  

Potassium Loop has been Lcsted. 

t hen  f a i l e d .  Ailother has run  f o r  2000 h r  at  600°F and i.s about t o  fail. 

One u n i t  r an  f o r  2000 h r  at '700°F and 



The manufacturer had r a t e d  t h e s e  u n i t s  f o r  

Lhis seems overly- optimj. st,i.c. Development 

5000 h r  a t  1000°F. However, 

of t h e s e  devices  cont inues .  

Mechanical R e l i a b i l i t y -  of t h e  F l u i d  Systems 

Est&l.i.shing meanj.ngfiil e s t ima tes  of t h e  1-el iabi . l i ty  of a Rankine 

cyc le  space power system i-s a most d r i f f i cu l t  task because experi-ence wi th  

t h e  unique components required. i s  small compared wiLh t h e  requi red  high 

r e l i - a ' o i l i t y  foi- long per iods  of ope ra t ion  (> 10,000 h r )  without  main- 

tenance.  Because of t h i s ,  most space power p l a n t  r e l i a b i l i t y  s t u d i e s  t o  

date have cons is ted  of sei-ecting a t a r g e t  f o r  t h e  o v e r a l l  mission. r e l i a -  

b i l i t y  and theri a r b i t r a r i l y  a s s ign ing  a s e t  of i nd iv idua l  component 

r e l i a b i l i t i e s  t h a t  would. make it p o s s i b l e  t o  achieve t h i s  goa l .  This 

type of anal.ysis i s  of val.ue i ~ n  establ.i.shj.ng development goa ls ,  b u t  it 

i s  not  very helpful.  i n  comparing va r ious  systems. 

For t h e  purposes of - th i s  study, i t  seemed b e t t e r  t o  de r ive  com- 

ponent r e l i a b i l i - L i e s  from t h e  s t a t i s t i c a l  d a t a  presented  i n  t h e  previous 

s e c t i o n  and ernp1.o~ t h e s e  component r e L i a b i . l i t i e s  'LO assess t h e  r e l i a -  

b i l i t y  of t h e  va r ious  systems be ing  compared i n  thi .s  s tudy.  T h i s  ap- 

pears  t o  be a v a l i d  a:pproach because t h e  rel iabi l . i . t i .es  found f o r  t h e  

s p e c i a l  purpose components operated i.n high temperature  l i q u i d  metals 

a r e  wi th in  a f a c t o r  of 10 t o  100 of similar w e l l  developed i .ndus-trial  

components operated near  room temperature ,  hence i n t e r p o l a t i o n  between 

t h e  two appears  t o  be  reasonable .  Fur ther ,  s ince  most of t h e  components 

i n  t h e  var ious  systems under eonsi .derat ion are simi.I.ar, t h e  f a i l u r e  r a t e  

f o r  a component such as a pump should be the same i r r e s p e c t i v e  of the 

p a r t i c u l a r  system i n  which it may be used. T'ius t h e  r e l a t i v e  r e l i a b i l j - t y  

of t h e  va r ious  systems can be assessed  even though t h e  abso lu te  va lues  

used for -the components a r e  approximations.  

t h i s  way t o  show t h e  p r o b a b i l i t y  of a f a i l u r e  i n  the  p r i n c i p a l  mechanical 

components. Thc re l iab i l . i . ty  va lues  g iven  a r e  f o r  t h e  components them- 

se lves ,  and do not incI.ude t h e  e f f e c t s  of' malfuiictions o r  f a i l u r e s  i n  t h e  

e l e c t r i c a l  power supply, instrumentat ion,  o r  control .  equipment. These 

a r e  t r e a t e d  i n  a la ter  see-Lion. 

Table 24 w a s  prepared i n  



Table 24. Estimated P r o b a b i l i t y  of Outages Camed by Mechanical Components I n  
t h e  Course of 10,000 hr o f  Operation of Systzms Designed to Produce 367 kwe 

(Does not include f a i l u r e s  of ins t rumenta t ion ,  c o n t r o l ,  o r  e l e c t r i c  power systems) 
\ 

System Fmber 1 and! 2 3 4 5 6 
Nmber of P r o b a b i l i t y  Nmber of P r o b a b i l i t y  Number of ?ro'os,bilr'Lty Nmber of ProbaSiLity Mmber of ProbabikLty  
Components of Outage Compocents of Outage Canponents o f  Outage Coxponents of Outage Conponents of Outage Type of F a i l u r e  F a i l u r e  Rate 

~ 

Leaks, i n  welds 10 -9/we id 500 

i n  tu-beS io - I0/ft 1003 

meteoroid p m c t u r e s  ( s e e  p .  47) 

Turbine dr iven  pump lo-6/p-mp I 

600*600* 0. cos 
0.0301 

0.00i 

* 
1000+600 o .005 

e .001 
0.001 

1000 0.010 

0.001 

0.002 

0.020 

io00 0 .010 

0.001 

0.002 

0.010 

0 .goo1 

3.002 2000 

2 

1003+i000 2300 2033+1000 

3 .e10 i 0 .0l0 1 0 .om 0.010 i 

E l e c t r i c  motor d r iven  p m p s  

Temp. > 1800'3' lo-5/pump 

Temp . < 1300°F 3x13 - 6/plup 

1 

1 

0. io0 

o .030 

0.100 

0.014 

Main t ar-bine 

Generator 

3x19 - 6/t urb  i n e  1 

3 x l 0 - ~ / g e n e r a t o r  1 

3.030 

0.030 

o .030 1 3.030 0.030 

0.030 

i 

i 1 0.030 - 1 0.030 i 

Accumulator 
(no c o n t r o l  dev ice )  1 0 - 7 / ~ ~ i t  1 

( c o n t r o l  device required) 3xlO-'/unit 

J e t  p m p s  6 

0.001 1 

1 

0.001 

3.030 

0.001 

ci.314 3 

2 

3.090 

0.002 

3+ 4 

?L 

3 .  io4 

0.004 0.006 0.004 2 0 .e02 

Valves 

F i l l  ( l e a k s  t o  space)  10 - '/valve 2 

Control  ( l e e k s  t o  space)  3xlO-'/valve 

( s t i c k i n g  i n  va lve )  10-6/vaive 

( opera to r )  3xl0-"/drive 

Reactor c o n t r o l  d r i v e s  3xio-"/drive 4 

0.040 

0.060 

0.020 

3.063 

2-b8 0.026 0 .Ob0 

0.060 

3.023 

0.060 

4+8 
2 

2 

2 

4 

0 ,046 
0.060 

0 .o2o 

3 .o60 

0.020 

0.014 0.014 4 0.014 0 .014 

0.504 
(0.398) 

0.014 

0.499 
(0.399) 

e. 320 
(0.220) 

0.150 
(0.12k.) 

0.726 
( o .802 ) 

0 .86l 
( 0.883 

0.607 
(0.67ij 

0.604 
(0.672) 

0.888 +++ 

(0.907) 
System R e l i a b i l i t y  

* 
* Components i n  s e r i e s  plus redundant components. 

Value obtained by e l imina t ing  va lve  l eaks  t o  space.  



I n  prepar ing  Table 24 t h e  p r i n c i p a l  components i n  the .;ystem were 

l i s t e d  i n  t h e  f irst  Columil, and a. failure rate was estimated. from t h e  

d a t a  i n  t h e  prev ious  s e c t i o n  and. listed in a second. col-umn. 'The f a i l u r e  

rate from each type  of component was then cs lmi la ted  f o r  Each of t h e  

systems of F i g s .  1. through 6 and l i s t e d  i n  the  columns t o  .the r i g h t .  The 

ra t i -ona le  used i n  es-Limating a. reasonably com- i s t en t  s e t  of f a i l u r e  r a t e s  

f o r  t h e  va r ious  ccmponeuts i s  s m m i . r i z ~ ~ d  i n  t h e  subsec t ions  below. 

Leaks 

The incidence of leaks i n  welds was estircatecl from Lhe d . a t a  on fuel 

elements,  as was t h e  incidence of l e a k s  i n  tu'oes. In bcjth in s t ances  ex- 

cellen-t; q u a l i t y  control.  r reasu~es were assumed I Expe- >ri I.-: L ~ ~ , , >  -n with  s t a i n l e s s  

steel enc~psuI.ateil.-U02 fuel. e l e n e n t s  fol- wnteP-conled reactors has demon- 

s t r a t e d  t h a t  one vendm has obtai-ned o v e ~  509 x lo6 fuel. element opera t ing  

hours without  a fail.i,re .3 

opera ted  a t  around 1200°F i n  a gas-cooled r e a c t o r  f o r  over 10,000 iir with-  

out  a si.ng1-e d e t e c t a b l e  Since t h e r e  i s  a weld. at each end of ea,ch 

fuel. element, t h i s  g ives  over 1.0' weld. operst i i ig  'c?oi.irs without a, f a i l u r e  . 

Fur ther ,  30,000 similar fue l  elerrients have 

9 

7312 f u e l  element ' exper ience  i n d i c a t e s  a simi.1.ar integrity- for t h e  

tube w a l l  f o r  thicknesses from 0-015 in. t o  0.020 i n .  Since w a l l  t h i c k -  

nesses  zbout doub1.e this would be w e d  i n  the ou te r  e n v e l o p  of a space 

power plant, the  p r o b a h i l i t y  of a leak through ti?.;? tube  wall should be  

s t i l l  Lower - a value  of 10-lo pes  foot  of t ub ing  seemed- i n  o rde r .  

Tdlli.le t h e  tempera tures  i.n a. space power pla.nt. wozi.ld be  higher ,  t h e  

ratir:, of operating s t r e s s  t o  t h e  a, l lowable s t r e s s  would be kept t h e  same 

o r  lower t h a n  i n  t h e  fuel .  elements c i t e d  for waher-  and gas-cool-ed 

r e a c t o r s .  

The incidence of Leaks caused by nieteoroiils a,s ealculalied i n  a 

previous  s e c t i o n  was t aken  as 0.001 f o r  khe dLrect  cond-ensers and 0 .01  

for the i n d i r e c t  radiators. 

No allowance was included f o r  leaks i n  t h e  r egene ra t ive  feed  h e a t e r s  

p a r t l y  because t h e  gro-und r u l e s  g ive  a proba 'oi l i ty  of such a Leak of Less 

?;ban 0.001, and part1-y becrzuse i.f such a leak were t o  develop it would be 

imternal. and would probably l e a d  t o  only a s l igh t ,  loss  i n  perlorrflance. 
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Table 25. F a i l u r e  Modes of m p s  

Free-Turbine-Driven Peed Pump 
(Maximum Operating At - 600"~) 

Primary E l e c t r i c  Motor Driven Pump 
(Maximum Operating at; - 1 3 0 0 ~ ~ )  

Bearing f a i l u r e s  

Impel le r  f a i l u r e  

Turbine wheel f a i l u r e  

Cssi-ng l eaks  (140 i n .  welds) 

Bearing f a . i l u re s  

~ r n p e l l e r  f a i l u r e  (2) 

MoLor. rotor f a i l u r e  

Casi.ng l eaks  !l60 i n .  welds) 

Dynxmic seals ( 2 )  

Theririizl insu la t i -on  between pimp a,nd 

Sore seal 

Windings - i n s u l a t i o n  f a i l u r e  

motor 

l e a d  to th.e canelmion t h a t  t h e  t e n p e r a t u r e  of t h e  coola?A Tor t h e  si ,stor 

ought no t  exceed about 600°F. 

pumps f o r  t h e  i -nd i rec t  r a d i a t o r  c i r c u i t s ,  Lhe d i f f e r e n c e  bei;ween t h e  pump 

temperature  (which will be about 1200°F) and the motor coolan t  tempeva- 

tiire (approximately 6 0 0 " ~ )  w l i l l  be  about 600°F. 
pimps f o r  tine reactor coolant  c i r c u i t ,  f luid.  will e n t e r  t h e  pumps at, about 

1900"F, g iv ing  a temperatire d.iPference between t h e  motor wi-ndings and t h e  

punp cas ing  of 1300°P'. 

effects, thermal  d i s t o r t i o n ,  and, eonaequently,  ths: p r o b a b i l i t y  of a 

f s i l u r e .  For t h e  plurposes of  t h i s  study, it seemed reasonable  to assume 

t h a t  t h e  incidence of f a i l u r e  ssou1.d be increased  by a f ac to r  of abou'i, 3 
i n  t h e  h ighe r  temperature  imi . ts ,  hence t h e  component f a i l u r e  rate f o r  the 

prim*ary c i r c u i t  pumps w a s  t aken  as p e r  pump ope ra t ing  hoar .  

As a consequence, i n  t h e  &,I( c i r c u l a t i n g  

In. e lec t r ic -motor -dr iven  

This will grea.t,ly i nc rease  thermal  s t r e s s  cyc l ing  

Operating experience wi.th f r ee - tu rb ine -d r iven  feed  pumps with  

potass ium-lubr ica ted  bear ings is l i m i t e d  to t h a t  obtained dur ing  t h e  

p a s t  yea r  a t  ORNL. While t h i s  experienee i s  eneouragi-ng i n  t h a t  a pump 

has been operated without  d i f f i c u l t y  f o r  over 2509 h r  a f te r  a c o r r e c t i o n  

of bea r ing  d i f f i c u l t i e s  which showed up i n  t h e  i n i t i a l  run of 18 hr ,  far 

more ope ra t ing  experieilce must be obta ined  be fo re  t he re  w i l l  be  a 
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s t a t i s t i c a l l y  s i g n i f i c a n t  b a s i s  f o r  estifflati-ng t h e  f a i l u r e  r a t e  o f  t k i i  s 

component. However, f o r  t h e  purposes of t h i s  study, i t  appeared t h a t  a 

significant estimabe of t h e  f a i l l i r e  ra t ,e  r e l a k i v e  t o  t h a t  of e l e c t r i c -  

motor-driven MaK pmips could be riiadt: by coayzriag Lhe f a i l u r e  inodes -to be 

expected i n  the two components. T2i.s has been done i.n Table 25. 'The 

i.t,cns ccaninn ti: the tido uni t . s  w e x  l i s t e d  fj .vst ,  fcllowed by those  i.tems 

peculis;; to ozle o r  :.he othe- of t'ne two types of  p-,irnp. I n  view o f  t he  

3.arge number of cornponen-ts i n  the r totor- ,dr iven pump t o g e t h e r  wi th  'ihei-r 

gre&;ier s y n s i t i v i t y  to thermal  stresses and the!mia,I. cyc l ing ,  it appes.red 

Lha-t, the r_on!.r,o?.enC, f a i i u r c  m t e  fo- LlLe f-ee- L-SJrbine-driven pump should 

be l o w e r  by z,t; least; a. Ta.cLor of 3 e 

- .In e;t,ima.ticg t h e  f a . i L - c e  -a,t,es ?or -i,he rtlain turbirLFi and genera tor ,  

it appea.red i.n order  t o  iise ';he I-aluc c'rosen f o r  t h e  e l ec t r i c -moto r -  

d r iven  pumps (as developed above) .  I n  view of the Larger s i z e ,  t h e  

g:rea,%er complexity,  t h e  higher  xpe:-ature, t h e  great .er  temperature 

d i f f e rences ,  and t h e  b.igkL;e;:. -0ea.ri.sg I.oa,cls inhercn-1- i n  thz n z i n  t u r b i n e  

r e l a t i v e  tc +,he tu.Tbiile-lxxp w>iLt, it a~pears 'chat t h e  f a i l u r e  r a t e  would 

be h e r e a s e d  by a f a c t c r  c.f ap~iroxirnzseiy 3 .  This  reasoning l eads  Lo 

va.I.ues of 3 x IOp6 f a i l u r e s  per opera t ing  hour for the t u r b i n e  and t h e  

s a x  v L u e  f o r  t h e  g e n e m t o r .  

Va !-Ye 5 --_ 

Expericcce a t  t k  Cak Ridge Gaseods Di.ffusioii P l a a t ,  as sumjicavized 

i n  Table 21-b, i n d i c a t e s  t h a t  t h e  incidence o f  s i ickir ig  wi th in  t h e  Val-ves 

w a s  abou?, 10 per  va,lve opera t ing  hour even wi th  w e l l  developed com- 

rnerc:ia.l compments i n  a relat;ivel_y benign atmosphere e OWL experience 

-6 

i n  h igh - t tqe ra . tu . r e  l i q c i d  systems as summa,l-i.zed i n  Table 21-a 

hz'c st3ickirig of t,hc s t , e m  niechmni.sm i n  in f r equen t ly  operated 

hi  gh-texpeyr.t,u?--e val.ve6 has been a seri-ous problem, w i t . h  f a i l u r e  i-aLe;r; 

of the oyder of 3 x 1.0 fai 'Luz-?s pe:: va.lve ,operaLing l-cuiq. For t h e  

pu.r?cses of i;hjs s t u d y ,  it was e.ssl?;mcd l;hatJ szicking tToubies  i n  the 

two valves  reqij.iyed i-n ezcb LOOP f o r  f i l l i n g  operatj.ons could be ignored, 

- c  



and t h a t  t h e  f a i l u r e  rates f o r  sticking of t h e  process control valves 

could be i-educed to the  di . f fusion p l a n t  valiie. 

ORTL experience i n d i c a t e s  t h a t  leaks i n  t h e  bel lows s e a l s  f o r  the 

stenis of i n f r equen t ly  operated va lves  a.re l e s s  l i k e l y  t k m i  s t j -cking of 

t h e  operaLirig rr~chanism, and tha t  the failure ra.to i s  1C pei- va,l-ve 

operat  i.ng hour Yor leak:; i n  t h e  bellows of in f r equen t ly  operaked high- 

bemperature va lves .  ThLs ccjnipares w e l l .  wi.sl? the ? . i f fus ion  p l a n t  d a t a  

which i n d i c a t e  a f a l l u r e  ra . te  of 3 x 1-0 p e r  val.-ve operati.ng 1iou.r for 

I-ow-temperature control. vzlves . It i s  h e l i  eved t h a t  s,n I.~qwoverrierr'; i n  

t h e  r e l i a b i - l i t y  can be imde w i t h  careful design,  instal ls t , i .on,  sr:d 

dkvelopment work, and t h a t  i n  val.ves for l i q u i d  metal. s e r v i c e s  the  

bellows f a i l u r e  r a t e  may poss ib ly  be reduced L O  lo-" fa . i I .u res  p e r  valve 

operai;ing hour for infr.cquea3.y operated. valves, a.nd t o  3 x lo-" f o r  

va lves  con'iinuously sub jecked t o  control  act ion. .  

-5  

.>.. . 

-6 

Acc1mulat o r s  

I n  view of  the lofig h i s t o r y  or difficulty wi-th bellows i n  high- 

temperature  zones as der ived  from expel-iencz wi th  b z l l o v s  seal va lves  

and accuriiu%a'cors (as o u t l i n e d  i n  the previous  secl,ion), it seemed. best 

to base the r e l i a b i l i t y  ana , lys i s  on the preKise 'ikiat a bel lows-type 

liq1YLd. acc~imula tor  would not be used. i n  any of the systems, 'out that 

t h e  des ign  o f  t h e  accimul.ator would be based e i t h e r  on capil.l.ary forces 

o r  on f l u i d  dynamic f o r c e s  i n  a t ank  i.n which t h e  l l q u i d  would he swir led .  

The r e l i a b i l i t y  of such expansion tanks wi.13. depend. on p o s s i b l e  diffi- 

c u l t i e s  wi-Lh depos i t s ,  p rov i s ions  f o r  pressu , r iz ing ,  or" provi-si-ons for 

-maini;aining t h e  spacing of' p l a t e s  intended t o  give t h e  d e s i r e d  c a p i l l a r y  

ac-Lion. 

i n  OPJIL high-temperature  test r i g  experience, it i s  be l ieved  that t he  

rel i&bi .Li ty  of these irni-Ls can b e  v e ~ y  high,  wi th  that for  t h e  dynamic 

expansion tank  approaching t,he r e l i a b i l i t y  of a h .ea t  exchanger wi th  ten 

tube-to-head-er j o i n t s .  

expamion Lank to p o s s i b l e  d i f f i c u l t i e s  w i t h  plate spacing as a. consequence 

of thermal  dis'coi-tion and warping, i t s  i - e l i a b i l i t y  would probably be a 

factor  o f  1.0 lower thzn that  of t h e  dy-namic accilmul.ator. 

Since there has never been any di f f icu l -Ly with an expansion t a n k  

Eecause o f  t h e  greater  s e n s i t i v i t y  of a. c a p i l l a r y  
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Jet Pumps -- 
ORNL opera t ing  experience with l i q u i d  meta l  j e t  pimps t o t a l s  only 

!-8,OOO j e t - p m ?  opeJ:aki1ig ho-ars -- n s t  nea r ly  enough t o  c o n s t i t u t e  a b a s i s  

f o r  maki-ng a r e l i a b i l i t y  estirfisk. Bowever, t h e  conponents a r e  i n h e r e n t l y  

s o  simple and a r e  sub jec t  t o  only ore fa i lui-e  mode -- plugging - t h a t  i.t 

appears  t h a t ,  ii1 a system. i n  7Jhi:h mass t m m s f e r  i s  a t r i v i a l  problem, 

'ihere should be no dif l i .zul i ,y  wi th  these u n i t s .  Hence, the inti-dence of 

failiire should be exceedingly 1.0~~ and was ta,ken as lo-?. 

Reac tor Cont,r.ol CrivPs and Cont ro l  Valve goera to r s  

The ORR c o n t r o l  d;-i.ve experiEnc;. c i t e d  i n  '-' :~ie previous secti-on i s  

f ' o ~  a water-cooled r e x k a -  i n  which a . 2  p a m s  are at o r  near room tempera- 

t , u r z  f o r  an  a p p l i c a t i o n  re<quirir:g a Tairjy f a s t  scram a.ct,ion. The higher  

bearii ig l s a d s  implied by -the IsLter consti.tui;e somef;hi.ng Like as di.ff i c u l t  

an  obstacle t o  high r e l i a b i l . i t y  as the high-temperatures  and vacuum of a 
space power p l a n t  i n s t a l l a t  ion .  

The ?..ow incidence of comple-k faj-1x-e t ,o opera te  dur ing  the  f i r s t  

f i v e  yecrs of OK? cperat!i?n c ~ u p k d .  Wi.th t h e  coxplete absence o f  t r o u b l e  

once t h e  design defec5s w e ~ e  c o r r e c t z d  i n d i t e t e s  t h a t  t h e  f'aili.x:.e rate 

wi .L l  ~ m v e  to 'De lower tha-r. 1.0 per d r i v e  operz,ki.ng hour - -6 

Yest and developrmnt wcrk -Lo d a t e  on -the MBKE c.ontrol sysLem has i n -  

cl.uded f a b r i c a t  t o n  and iesting of two pro to type  mechanical chive systems 

which l?..z-ve been cycled a t  roox 'iempcrature -f;hroiigh a b o i ~ t  2000 cycIe3, a t  

1.east 1CO tifries t'ne iiiimber io be exsected i n  t h e  l i f e  of a space power 

plan-i. No component o r  system f a i l u r e  has been experienced.  

It appears  -that t h e  j-ncidence of f a i l u r e s  t o  be expected i n  t h e  con- 

~ r o l  plug d r i v e  mechanism of t h e  r e a c t o r s  of Table 24 can be kept  l o w  by 

des igning  f o r  a l o w  rubbing v e l o c i t y  and l i g h t  Loads. The principal .  

prciblem wi3.1. be i o  s o  choose the m z - L s r i a l s  'r.ha.t self-weld- ing will not 

occur  i n  space.  It Ls be l i eved  t b s t ,  by proper  design and choice of 

m a t e r i a l s ,  a component f a i lu - r e  ra t?  similar +,o J;iiat est imated f o r  e l e c t r i c -  

motor-driven N a K  pi,unps - i . e . ,  3 x 3.G per  drive mechanism operai i i ig  hour 

-- w i l l -  be achievabl.e, and t h i s  w2ij.e w a s  used i n  Table 24. 

-6 
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Overall Incidence of Mechanical F a i l u r e s  - 
Using t h e  corqmneiit ftzi1.ii.x-e r a t e s  summarized. i n  Table '24, the 

1 throilgh 6 was estimated.. I n  r e l - i a b i l i k y  of t h e  systems of Pigs 

doing t h i s ,  al lowances were n2de f o r  redundancy of t h e  r e a c t o r  c o n t r o l  

d r i v e s  and t h e  ind i . rec t  radi-at,or c i r c u i t s  by cons ider ing  a Pailiire s e r i o u s  

only if t w o  of  t h e  four p z , r a l l e l  components were t o  beco:me j-noperative 

as a consequence of f a i l u r e s  of the component i n  ques t ion .  For example, 

f o r  t h e  e l e c t r i c  motor-driven BaK pumps i n  t h e  r a d i a t o r  c i r c u i t s ,  t h e  

compoIient f a i l u r e  r a t e  o f  3 x l0 was nl t l l t ipl ied by t h e  per iod  o f  

opera t ion  (10,000 hr), t h e  nulll'cer of pumps i.n t h e  f o u r  c i . rcu i t s  (four), 

and t h e  product  squared.  "bis i s  equ iva len t  t o  saying t h a t  t h e  f a i l u r e  

of one pu.mp would lie c o i i s i d e r d  acceptabl.e? bu t  that the fr,i.lure of  two 

NaK punips should be  consi.dered ser-ious. ?be sc7;me m t i o n a l e  was used f o r  

t h e  o t h e r  elements i n  the MaK c i r c u - i t s  and for t h e  contY-.ol plug d r i v e s .  

(This assumes tha.1; t h e  co i l t ro l  system w i l l  be  desi-gned so  tlhat it will 

contiriue t o  ope ra t e  ever1 i f  one o f  t h e  f o u r  independent, plug d r i v e  

rnnchanisms were to s t i c k . )  

-6 

Where t h e r e  are n number of components 3,ny one OP whi-ch would cause 

an outage of t h e  system (e.g., t h e  two p-umps of system 31, t . he i r  pro'oa- 

b i l i t i e s  f o r  producing an outage were simply added. 

The s i m  of the f a i l u r e  ra-tes f o r  t h e  ma,jor components of a gi.ven 

power p l a n t  g ives  a n  i n d i c a t i o n  of i t s  re3.iability. Td-i.le soriewhat di .f-  

f e r e n t  valu-es mi-ght have been used f o r  t h e  coniponent f a i l u r e  r a t e s ,  it 
i s  be l i eved  t h a t  t h e  y e l a t i v e  mechanical r e l i a b i l i t y  of t h e  va r ious  

systems would not be greatl ly d i f f e r e n t  from t h a t  Fildica-Led i n  Table 24. 

It must be  emphasized -tkat, Ta'ole 24 i s  only f o r  t h e  mechanical r e l i a -  

b i l i t y  of t h e  major components; it does not  inc lude  any allowances for 

toe d i f f i c u l . t i e s  w i th  t h e  ins t rumnta-Lion ,  c o n t r o l ,  o r  e lec-Lric  p o w r  

supply and d i s t r i b u t i o n  systems, inc luding  the power supp l i e s  f o r  t h e  

elec-tric-motor-dl.i-rreii pixnps . These problem:; a r e  t r e a t e d  i.n a la te r  

s e c t i o n .  

I n  examining t h e  r i n e  s t r u c t u r e  of Table 24, it i s  ev ident  t h a t  t h e  

p r i n c i p a l  sources  of t r o u b l e  are  the g e m r a t o r ,  e l ec t r i c -moto r -d r iven  

pumps, con-trol  va lves ,  and p rov i s ions  f o r  accumirlators i n  orice-through 



boilers. These suggest that, if a ?-loop system is deemed essential 

because of hazards  considerati oas,  system 3 would be at tractive from 

the reliability standpoint if a r2circulati ng boiler similar to that 

of systems 1, 2, and 11 were crnployerl. 



In atte:rnptijlg t o  cumpare t h e  re1 i ab i l i - t ; y  of the control equ i .pen t  

f o r  t h e  systems of F i g s .  1 through 6 011 a c o n s i s t e n t  basis, it seemed 

best t o  d e l i n e a t e  t h e  con'irol func t ions ,  ucLli-ne 'che pr'iricipa,l f a i lu re  

modes and hazards  probl.ems sixrmari z e t b.e i n s t  rime n-ka-Li oc re qu i  r e m  ut s 

u s i n g  a set  of d-esign precepts  a.ppl.icable -Lo a l l  six systems, review t h e  

data avail.r,ble on the r e l i a b i l i t y  o-f components of e1cctroni.c equipment, 

and t h e n  employ t h i s  inI"orma'tion t o  8,ssess t h e  r e l a t i v e  r e l i n h i . l i t y  o f  

the c o n t r o l  systems f o r  the  vauiou-s power p l a n t s  of concern i n  t h i s  s tudy .  

The survey  of system requirements presea ted  i n  Ref. 1 i n d i c a t e s  t h a t ,  

f o r  power outputs  of 100 kw(e) to 5 M w ( e ) ,  t h e  control system should be 

designed- S O  -t'nizt the r e a c t o r  w i l l  ope ra t e  at reduced power when t h e  e l e c -  

t r i c a l  load  i s  red-wed.  CARJL reached this conclus ion  i n  t h e  l a t t e r  

stages of t h z i r  e f i o r t  bu t  r e t a i n e d  a, small p a r a s i t i c  e l e c t r i c a l  l oad  t o  

reduce swings in voltagt: o)1" f requency i n  'ihe course of e l e c t r i c a l  l oad  

'crai2sients. I n  view of the  poor r e l i a b i l i t y  of elect-cic, h e a t e r s  immersed 

i n  high-temperati irs l i q u i d  meta l  as i n d i c a t e d  by th.e d a t a  presented  i n  

'Table 22, and i n  view of the i n d i c a t i o n s  from t,he survey o f  %ef. 1 that 

s u b s t a n t i a l  voltage and frequency swi~igs could be to le i -a ted  i n  t h e  C O U I - S ~  

of l oad  ti-ansien-ts, it appears best t o  e l imina te  a parasitic e l e c t r i c a l  

I.oad from -the power p l a n t  con t ro l  systeni, The survey of Ref.  1 also i.n- 

d i c a t e d  t h a t  restomti-on of vo l t age  and €reqiiency t o  d .es ign  values in t h e  

course of I load. t r a i s i e n t  need not  be accomplished q u i c k l y  - a per iod  of 

a minute o r  more t o  r e - e s t a b l i s h  equ i l ib r ium tJould be accep tab le .  

Boiler Control. .- 

Because of thermodycami.~ , fliuid flow, and c o n t r o l  cons ide ra t i ans  , it 
appears bes-t to control t h e  t u r b i n e  ouipiit, i n  all czses  by operat i .ng t h e  

Rankine cyc le  system w i - t h  no vapor throi;tI-e valve st t h e  t u r b i n e  inl.et and. 

wiLh the boiler o u t l e t  pressure e s s e n t i a l l y  pmpor ' i i oml  t o  the theruial 



output  of thi? r e a c t o r .  

SNAP-8,' and. SNAP-50."") 

(This  cppromh. has 3ee-i. fol.lowed i n  t h e  MPW,"* 

One of t h e  most complex and. d i f f i c u l t  problems iv .  the  c o n t r o l  o f  a 

boillei- is t h e  maintenance of the proper  1iq:iid inventoyy i n  the system. 

In rec i r cu la t i -ng  b o i l e r s  f o r  conveniioriai stezm power p l a q t s ,  it has been 

';he p r a c i i c e  t o  sense %he l iqu id-  level i r  t h e  mai.~ stearn d . rum and use i - t  
GO cont iml  -the bolil..er feed f l o w  raLe by varying e i t h e r  t h e  Spe?d of tile 

b o i l e r  f eed  pump o r  a t . h r o t t l e  valve i c  the l i n e  be-tween t h e  feed. p m p  

znd il l? boilzr , Becaixe of time l ags  ard system stabi3.ity considcrations,  

i . t  has  bee- found w c e s s a r y  t o  meter the  steam f l o w  l eav ing  t h e  boiler and 

use -LlizL s i g m l .  t o  mod~nlate t h e  co rk ro l  a c t i o p .  This arrangement has been 

known 2s a Lhree-element 'coi1.er fee3 c o n L r o l  syzberr.. Other cor i t rols  are 

a lso  r?qui .w4 i r !  $he power plan-'i; f o r  example, t h e  b o i l e r  prcssui-e i s  main- 

h i r e d  cons tan t  by varying tlie f i r i c g  i a z l c , e  t o  ;ne furnace ,  aiid t h e  t u r b i n e  

spee?. i.s held consta;i'i -3y varying %!le pos i t io i i  of throttle valves  at the  

kuYb1'.I?Ff i - d e t .  

Experience w i L h  once-through boil. e:-s i n  convzn'sional steam pl.a,nts has 

shown t h a t  t h e y  pose z more d i . f f i c u l t  s e t  o f  problems. There i.s no 7.iquid 

level c l i ~ t  cat1 i.)e mee.si:red. if: the boil-3-- '50 det?:3nir-.e whether the l i q u i d  

i:lv?-nLory d i s t r j  bu<ion i.c -tile sj;s';::i!l i.s proper;  i.ixteurl it i s  necessary t o  
m a m r e  t h e  amount of supc~rnent  i.v. t h e  exi-1; vapor , Operatir?g esperi ence 

hax s'nown thsi; ,  to o b t a i n  ressoriab1.y stab1.e power p l an t  opera t ion ,  i.t i s  

m c e a s a r y  bo r e s o r t  t o  8. systeni of e l e c t r o x i c  "black boxes" which regu7.ate 

th? major q-m-?.ti-Lies according t ,o  a se t  of sche;iules. The resulting 

arrarT.gerneni; i s  much more. complex thzE f o r  a r e c i r c u l a t i n g  b o i l e r ,  and t h e  

l o a 4  range over which i'; lias bee3 foun-rj p r a c t i c a b l e  t o  ope ra t e  t h e  system 

wi$h ac:tomai;ic c o c t r o l s  i.s imch i-edinced, usually r-miij .fig on1.y over the 

mxge from zbou-t, 50$ to 5.~1-1 power i n  cerii;ral si;ati.ons. It i s ,  of course,  

n e c e s s n y  t o  go throGgh a low-powcr regimc during s t a r t u p  o r  shutdown, but  

this i s  done w i t h  much inkervec t ion  on the p a r t  of t h e  operators t o  main- 

keia condit,ions w i % h i i ~  n.cccp-';able l i r n i t s  
, I  Ihe reci.rci,nlating b o i l e r  sys;::rn of t h e  W K E :  has been dzsign.td t o  gi.ve 

R. set of sys-terr c'riersc'i-rj-sti~cs such thai; the 1iqu.i.d i.rventoi-y d i s t r i b u t i o n  

i s  inheren>Liy sta.b!..r: a.r).d w i t ' n i r :  acceptable l i m i t s  over a vide range of 

power ou.';pu.is w i - t ; h o u t  Tequiri  rig a n y  ins ' i rxmen'wti  or, or c o n t r o l  equipment . ? A  - *  



The e f f i c a c y  of t h i s  approach ha,s 'oeeii derionstraLed by ope ra t ion  of large 

t e s t  r i g s .  36 

The once-through. b o i l e r  systems p resen t  a mu1-h more co:mplex s e t  of 

problems. A review of s t a t i o n a r y  power p1an.t experierice,  work on t h e  

SNAP-2 and SNAP-8 prog:rams, and. work on t h e  SDAP-50 program coupled wi th  

a n  eYfor-t at ORNL t o  f i n d  some b e t t e r  approach i n d i c a t e s  t h a t  it w i l l  

probably not be p o s s i b l e  t o  f i n d  a n  a.rraiigement s impler  than -Lhat given 

by two cont inuous ly  coi-hrolla'ole va lves ,  one between t h e  f eed  p u ~ p  and 

t h e  b o i l e r  and t h e  o t h e r  ei.-Lher between t h e  expaasion t a n k  and. t h e  f eed  

pump i n l e t  or between t h e  condenser and t h e  f e e d  pump i n l e t .  

must be coupled through some s o r t  of e l e c t r o n i c  o r  se rvo  eq1Liprnen.t t o  

i n a i r i t a i n  a c e r t a i n  scheduled r e l s t i o n s h i p  'oe-tween t h e  p r i n c i p a l  parameters 

of t h e  Wnhine cyc le  system, incl i lding in p a r t i c u l a r  t h e  1iqiii.d inventory .  

While o t h e r  arrangements riqy be rflc.de, e . g . ,  a "p res su r i zz r "  can be used, 

t h e s e  are no l e s s  coiiiplex and a r e  l i k e l y  t o  give poorer  sta.'oil-ity and 

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

s e t  of c o n t r o l s  t o  hold t h e  p r e s s u r i z e r  t a i k  .within a narrow sc'ne&uled 

temperati ire range ) 

These valves  

(A p r e s s u r i z e r  requ-ires e l e c t r i c  h e a t e r s  wi th  a 

Condenser Temnerature Control 

I n  convent ional  s-team power p l a n t s  t h e r e  i s  no need t o  c o n t r o l  t h e  

condenser temi)erature because on t h e  one hand t h e  temperature  of t h e  

a v a i l a b l e  cool.i.ng \<ate-? supply i s  beyond control. and on the o t h e r  hand. 

t h e  lower t h e  condmse? terriperaiure t h e  h igher  the thermal eff icie-ncy of 

t h e  power pl.ant.  The systems are designed so  t h a t  -the s t a t i c  head of t h e  

l i q u i d  i n  t h e  hot  we l l  w i l l  'oe s u f f i c i e n t  to provide c a v i t a t i o n  suppres- 

s i o n  liead f o r  t h e  condenser scavenging pump i r r e s p e c t i v e  of eondenser 

pressux-e. I n  a space power plan'c designed f o r  zero-g operaation, however, 

t h e  s i t u a t i o n  i s  complicated by t h e  f a c t  t h a t  c a v i k t i o n  suppress ion  head 

f o r  t he  condenser scavenging j e t  pump can be obta ined  on ly  by subcool ing 

t h e  condensate l e a v i n g  t h e  condenser - 'This means t h a t  t h e  abso lu te  p re s -  

s u r e  i n  the coridenser must not be allowed t o  drop  below a l e v e l  such t h a t  

a reasonable  &IO~JXI~, of subcool ing of t h e  condensate w i l l  s u f f i c e  t o  pro- 

v ide  t h e  c a v i t a t i o n  suppress ion  head r equ i r ed  f o r  the condenser scavenging 
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pump. 'This, i n  t u r n ,  means t h a t  - with  unshut te red  d i r e c t  condensers -- 

t h e  power m - u s t  no-t be aJ.J.owed t o  drop below a l e v e l  such  t h a t  the  above 

requirement can be s a t i s f i e d ,  o r  - with  i -ndi rec t  condensers - t h e  l i q u i d  

c i r c u i t  t o  t h e  radia-Lors fiust be equi.pped. wi th  con'irol devices  t o  maintain 

t h e  condenser temperature within Lhe proper range .  

The problems Lnvolved are ill .ustra-Led by F i g ,  1.8 which shows ' G ~ C  re -  

s u l t s  of an a n a l y s i s  c e r r i e d  OU'G f o r  t h e  s ing le - loop  sysLen o€ t h e  W R E .  

The upper curve shows t h e  Lurbine i n l e t  temperature ,  while a second curve 

below and roiighly p a r a l l e l  -Lo it  shows t h e  t u r b i n e  o u t l e t  temperature  

Im-edie- te ly  bel ow t h e  ' iurbinc o u t l e t  temperature  curve i s  a tliir=d C U . L ' V ~  

which de f ines  t h z  m.xi mum r a d i a t o r  i n l e t  temperature f o ~  sonic  velocity 
j~ >- L.i.o t the rad.itiLor tubes .  The m a s o n  for ibis i s  that,, as the vapor tilin- 

pera  Lure of potassium i s  reduced, khe s p e c i f i c  voJ.u:me of the saturated.  

v-apor i;;creases ~ P - O - V  .*-u y -  6pidl.y so  i l i a ' i  Lhe volume fl.oiri r a t e  of vapor f o r  a 

given weiglht f low qu ick ly  l e a d s  $0 chokj-ng a t  res'Ur*ic-i;ed poin+;s i.n t h e  

in . l e t  vapor passages when t h e  condenser tcmperature  i s  red.u.ced. Immedi- 

a t e l y  bema-th t h i s  curve i s  a f o u r t h  curve d e l i n e a t i n g  t rniriimum rad1 - 

ator o u t l e t  temperzture  f o r  wnicl? provisio-cl can r e a d i l y  be made for 

s u f f i c i e n t  subcool ing t o  scppress  cavlita-t,ioI: t.,t -the in leL to t h e  condenser 

scavenging pvmp. Below t h i s  i s  a curve which defin.es t h e  i d e a l  averagi;!: 

rad ia . tor  temperature  t h a t  woulb p r e v a i l  i f  no shuCters were employed a i d .  

t h e  r a d i a t o r  run with a -JnifOi*rn t e a p e r a t u r e  d i  strj.butri.on wi th  t h e  hea t  

r e  j ec t ior?  m - L e  varyi9.g as t h e  f o u r t h  power of t h e  rediator  s-x-face -tern- 

perat,u.re. Recausc of t h e  flow r e s t r i c - t i o n  e f f e c t s  of s0ni.c v e l o c i t i e s  a t  
t h e  i : i l e t  t o  t h e  t i tbes,  t h e  condenser caziiiot i - 1 ~  a t  a uniform temperature  

but  r a t h e r  t h e  teiiiperzLtU!'e wi.IL.1 drop along Liie le:r.gt'n of t h e  tubes  as a 

conseqwnce of a s e r i e s  of obl ique shocks e Consequently, the temperature at 

-Lhe ilAbe iri.l.et,s w i l l  be mmch above t h e  average, while  t he  temperati ire of 

t h e  condensate l eav ing  t h e  r a d i a t o r  will be very rniich below the i d e a l  

av~erage r a d i a t c r  terrpers ture  at any pa r t - lohd  condi-ti or! ' o e l o w  ab0u.t ijO$ of 

t h e  ful l -power ciu.'cpu.t. 'The Lcziperature at t h e  condenser o u t l e t  wou3.d drop 

below t h e  veJu.e requi red  Lo s u p p ~ z s s  c a v i t a t i o n  ir the condenser scavenging 

p w ~ p  so  th8At  it, woul-6. not f u n c t i o n  properly,  c,nd t h e  condenser wou-ld load  

up wiLt8h l i q i i i d .  
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Figure 18. Effects of reactor power o1xtipu.t on the temperatures 
at. key points  in the system o f  figure 1 as estlirriated for the MPEB for 
various modes of operation. 
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The dashed l i n e  across t h e  bottom of F i g .  1.8 i n d i c a t e s  t h e  opera- 

t i o n a l  l i m i t a t i o n  imposed by t h e  f r e e z i n g  poin t  of potassium. 

The b a s i c  probl.ems ou t l ined  above a r e  -present i n  any Rankine cyc le  

power p l a n t .  Where a. g r a v i t a t i o n a l  o r  centri.rfugal f i e l d  of 0 .1-g o r  

g r e a t e r  i s  a v a i l a b l e ,  -the d e s i g  can be such t h a t  a s t a t i . c  head can be 

b-ui1.t up between the condenser owt le t  and t h e  in3.e-L t o  -tile condenser 

scavenging pump t o  siippress c a v i t a t i o n .  

w i l l  s u f f i c e  t o  suppress  c a v i t a t i o n  i n  a je-t pump a t  low o u t p u t s , )  

plant. mus-t ope ra t e  und.er zero-g condi t ions ,  means m ~ s t  be provided i n  Lhc 

power p l a n t  c o n t r o l  system t o  keep t h e  condenser pressure  high enough so 

tha t  en~~~g'il cav i t a t io l ?  suppress ion  head. foi- t h e  condenser scavenging 

pump can be obtained b y  subcool ing t h e  cond.eusste i n  t h e  l i n e  between $he 

con.den.se~ and the pump. 

(Only a few i.nches of s t a t i c  head 

PY a 

Radia tor  'Temperature Control  

Tf a d i r e c t  condensing r a d i a t o r  i s  employed, mean.~ must be provided 

t o  ho1.d i t s  temperature  wi th in  a.n acceptab le  range.  One way t o  accomplish 

v n i s  i s  t o  provide s h u t t e r s  similar t o  those  shown i n  F i g ,  10-c ,  These 

shut le rs  can be close6 t o  ii2terpose a thermal  r a d i a t i o n  hea t  s h i e l d  be- 

tweeii t h e  radiat ,or  tubes  and space and thus  d - r a s t i c a l l y  r e d m e  t h e  heat; 

losses at  any  given r a d i a t o r  temperature. A dashed curve has been s u p r -  

imposed a t  t h e  l e f t  o f  F i g .  18 t o  show t h e  average r a d i a t o r  temperature  

'iihat, would preva i l  i f  a set of shut-Lers were pi-o-vided and these were 

c losed .  It can be seen from these  curves t h a t  t h e  condenser temperature  

shou1.d. be maintained somewhere between the minimum r a d i a t o r  out lc- t  tern- 

p e m t u r e  to suppress  c a v i t a t i o n  a : d  t h e  t u r b i n e  o u t l e t  temperatu.1.e. 

F u r t h e r ,  a t  any given power outpu'c t he re  i s  a wide range of s h u t t e r  

openings 6'na.t wou1.d. be acceptab le  because t h e  power plan-t ope ra t ion  would 

bt: i n sens i - t i ve  t o  t h e  condenszr temperature as l.ong as i .L fell between 

t h e  t u r b i n e  o u t l e t  temperature  and t h e  minimum tempera ta re  t o  suppress  

c a v i t a t i o n  i n  t h e  condenser scavenging pump. 

+ 1 ~* 

A simple,  rugged. thermosta t  fo-r c o n t r o l l i n g  t h e  p o s i t i o n  of each 

s h u t t e r  bl.ade can be obta ined  by mounting a long molybdenum rod -0.15 j .n. 

OD on a fin. The r z f r ac to - ry  metal  rod  would b e  a t t ached  t o  t h e  r a d i a t o r  
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f i n  a t  one end and allowed 1;o s l i d e  i n  ceramic b w h i n g s  choser, t o  avoid  

t r o u b l e  wi th  g a l l i n g  o r  welding,  D i f f e r e n t i a l  t l i e m a l  expansion between 

{;he r e f r a c t o r y  metal rod and t h e  s t a i n l e s s  s t e e l  uadi-ator tube wi.11 l e a d  

-to a rela-Live moveinerlt of abourf; 1/2 i n ,  a t  t h e  f r e e  end of t h e  rod.  

movement can he used t o  actuate  a l i nkage  t h a t  w i l l  c o n t r o l  t h e  p o s i t i o n  

of t h e  s h u t t e r  b l a d e ,  

Th i s  

Shi i t ters  of t h i s  -type a.re a,ttra,cl;ive not  on ly  because t h e y  a f fo rd  a 

promising meaiis of c o n t r o l l i n g  t h e  condenser temperature  under p a d - l o a d  

cond-i-tions, .but also (as w i l l  be d i scussed  in a la ter  s e c t i o n  a n  S t a r t u p )  

provide a, nice solu<;ion t o  many of t h e  sbar‘;up problems The rarii.ators 

can be designed so  ths . t  each tube  wl.1.1 have i t s  own independent shil-Lter 

con , t ro l ,  and t h e  stru.ctur.al design of the r a d i a t o r s  cazl be such t h a t  t h e  

misopera t ion  of a.ny i n d i v i d u a l  s h u t t e r  blade w i l l  not have any s e r i o u s  

consequences so far a s  t h e  r a d i a t o r  as a whole i s  concerned. S ince  it 
appears t h a t  t h e  condenser w i l l  be i n s e n s i t i v e  t o  s u b s t a n t i a l  dev ia t ions  

i n  s h u t t e r - b l a d e  opening from the  d e s i r e d  mean, this approach -Lo t h e  con- 

t r o l  of th.e condenser temprr:ra.ture would provide a h igh  l e v e l  of r e l i a -  

b i l i t y  because of the extens ive  rediiundancy. 

Th i s  system of sh~i;:;ers also looks a- t . t rac t ive  f o r  i n d i r e c t  ra.dia.t;ors 

because of startup and. r e l i a b i l i t y  cons ide ra t ions  ~ The redwfidancy o’atain- 

able should g ive  a much greater system r e l i a b i l i t y  t h a n  could. be obta ined  

with. t h e  convent ional  bypass c o n t r o l  va lve  f o r  t h e  1.iquid c i r c u i t s  of 

systems employing i n d i y e c t  r a d i a t o r s  s i n c e  it e1iminat;es no t  on ly  t h e  con- 

t r o l l a b l e  Val-ve bu t  a l s o  t h e  need for e l e c t r o n i c  equipment t o  c o n t r o l  it. 
T h u s  f o r  the purposes of t h i s  st-u.d.y t h i s  method of condemei- temperature  

con t ro l  has  been assimed f o r  a l l  s i x  systems of F i g s .  1- through 6.  

Reactor  Cont ro ls  

I n  e s t a b l i s h i n g  t ? i e  gcound r u l e s  t o  be used i n  t h i s  conparis011 of 

t h e  systems o€ F i g s ,  1 through 6, it seemed. i n  o rde r  to r e q u i r e  tinat i n  

a l l  systems t h e  r e a c t o r  ou tp i i t  be c o n t r o l l e d  t o  provide t h e  hea t  ri2qiJired 

by t h e  b o i l e r  I n  t h e  r e c i r c u l a t i n g  b o i l e r  systems the r e a c t o r  c o n t r o l s  

will respond t o  a n  e r r o r  s i g n a l  from the genera tor  vo l tage  and/or  f re -  

quency, an.d t h e  rate of chsnge o-f r e a c t i v i t y  w i l l  ‘oe low - of t h e  o rde r  
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bo th  t h e  vel-tag? and t h e  frzquency vary when t h e  e l e c t r i c a l  load changed, 

and .  opera te  t h e  c o n t r o l  plugs t o  b r i n g  z i t h e r  t h e  vol tage  o r  t h e  frequency 

back t o  i.ts proper range. Thi~s woul& keep both va.?.iies wi-thin ?lo$ of t h e  

des ign  va.1ue i f  s t e p  changes ii?. t h e  e l e c t c i c a l  loa? were l i m i t e d  t o  +15'$, 

a.s w i l l  probably be the c8se.l. A somewhat wlorz complex system could be 

used i o  ma,iri.tain t h e  f requency cons-(;a.:ik by varyiris ?;he genera-tor f i e l d  

sbrengt 'n and allowi.ng Ghe vol tage  .'io vary .  Thus a s t e p  inc rease  i n  load 

would be absorbed by a.l lowing t h e  vol tage  to drop throughout -tile sys  tein 

s o  tiiat, i n  e f f e c t ,  t h e  step change would be absorbed by the same s o r t  of 

].odd sha r ing  arrangement as i s  used i n  most e1eci;ric power sys tems. l  

e ikhe r  case t h e  coirpling bptween the ex -o r  s i g m l  a.ild t h e  c o n t r o l  plugs 

w i l l  s imply a,ct 'GO b r i c g  %he voltage a,rld f requency back t o  t h e  des ign  

va lues .  

&/k per  second.. The simp1es.t zrrangei-nent wou1.d be t o  let 

i n  

I n  t h e  once-through hoil.er sys-terns t h e  r e e c t o r  control-s w i l l  respond 

t o  a n  e r r o r  signal from t h e  axount of superhea t ing  i n  t h e  vapor l eav ing  

t h e  b o i l e r .  The coupl ing w i l l  be complicated by requirements t o  m,!tch t h e  

r e a c t o r  o u t l e t  temperz-Lure t o  a prescr ibed  schedule t h a t  i:lust be r e l a t e d  

i;o s i g n a l s  f rom o the r  i:istrument,sCion i n  t h e  system. 

I n  all cases the r eac t iv iLy  w i l l  be c o n t r o l l e d  by inovement of t h e  end 

ref]-ector  wi th  an end plug and d r i v e  mechanisrri similar t o  t h a t  employed. 

for t h e  NPl?E, 

To provide good systzm s t a b i l i - t y  a-?d con t ro l  c h a r a c t e r i s t i c s ,  t h e  

r e a c t o r  w i l l  have a nega.tive l;emperstu.re coef'ficieni; of t h e  o rde r  of 

lo-" Ak/k oC- 'L,  e.nd w i l l  have small, negat ive  power axl void coe f f5c ien t s  e 

E: 1 e ex r i c a l l  y D r i v e  n Purn-p s 

Power f o r  tLLe e l e c t r i c - n o t o r - d ~ i v e n  punps w i l l  be suppl ied  Yrom 

s o l i d  - s ta te  power conversion equi.pnent connected t o  t h e  gene ra to r .  T h i s  

cqiilpment w i l l  incJ.u.de i - t s  own vol tage  and. f requency repul.ating circui . ts  . 
I n  T,hc systems w i  til i.ndirec-i; r.a.di-ators f o r  t h e  main tbeornodynarni.c 

cyc le ,  two sets  of power condi t ion ing  equi.pmer_L shouid be employed w i - t i l  

eilch sirpplying power to t h e  pimps i n  two of t h e  radiator c i - r c u i t s .  
For  mamed veh ic l e  a.pplica.t,ions of l i qu id -coo led  r e h c t o r  sys-teras , the 

best eri-angegent, tha t  could be &vised  t o  rninirni.ze the  hazards essociated 



wi th  a pump ou-tage would be .to provide one o r  two low-head electromag- 

n e t i c  pumps i n  s e r i e s  i n  t h e  react,or cooling c i r c u i t s .  

pumps would ope ra t e  cont inuously thro-ugho1u.t t h e  l i f e  of t h e  p l a n t  wi th  

powei: suppl ied  from. i-ts own sei; of b a t t e r i e s .  

would be cont inuous ly  recharged. through i t s  own sepa ra t e  power condi- 

t i o n i n g  equipment connected t o  t h e  gene ra to r .  Each of t h e s e  e l e c t r o -  

magnetic pumps should have i t s  o w n  indi.vidu.al coo l ing  c i r c u i t  f o r  -the 

magnet windings,  with a.ii electroniagne-tic pimp t o  ci.rcu.late t h e  coolan t  

t o  a sepa ra t e  r a d i a t o r  i n  each i i is tznce While t h i s  arrangement wou1.d 

i n c r e a s e  t h e  p r o b a b i l i t y  t h a t  a pump would be aval i lsble  t o  c i r c u l a t e  

l l q u i d  through t h e  reactol-, t h e  l a r g e  temperature  d. i f  f e r ences  between 

t h e  windings and t h e  pumped f l - u i d  would i.ritrodilce +,herma1 stress problems. 

A h e l i c a l  i nduc t ion  pu_rnp would be less subject t o  t h i s  s o r t  of brouble ,  

bu t  it would reyu.ire a n  i n v e r t e r  between t h e  b a t t e r y  power supply and the 

pump, and t h i s  would s e r i o u s l y  degrade t h e  r e l i a b i l i t y  of Lne sysbern. 
Other  f a c t o r s  t h a t  make t h e  use of elec'Lromagnetic pimps n less  than  

p e r f e c t  s o l u t i o n  are  t h e  requirements f o r  a cooli.!Ig c i r e u i . t  f o r  t h e  f i e l d  

c o i l  wi th  a pump, r a d i a t o r ,  va lves ,  expansion tank ,  arid v i t a l  instrurnen- 

t a t i o n .  

pumps of t h i s  s o r t  have not been included. i n  any of t h e  t a b l e s  of t h i s  

r e p o r t .  

Each of t h e s e  

Each se t  of b a t t e r l e s  

Because of all t h i  s ,  extra colnplicetion and.  weight allowances f o r  

Requirements f o r  E l e c t r o n i c  Eqi-iipmeni; I 
m 

Many of t h e  c o n t r o l  func t ions  ind ica ted .  by - the above d i scuss ion  w i l l  

r e q u i r e  e l e c t r o n i c  "-black boxes" G h a t  w i l . 1  be i n t e g r a l  elements of t h e  

powej: p l a n t ,  and w i l l  'oe v i t a l  t o  i t s  r e l i a b i l i t y .  

func t ions  r e q u i r i n g  e l e c t r o n i c  ecpipment a r e  sunma,rized i n  Ta 'ole  26 f o r  

t h e  :;ystems of F i g s .  1 through 6.  

'The b a s i c  c o n t r o l  

F a i l u r e  Modes and Hazards Problems 

The va r ious  types  of f a i l u r e  t h a t  may occur  i n  a space power p l a n t  

rmy be divl.ded i n t o  three major c a t e g o r i e s ,  i . e . ,  t h o s e  t'rn-i; r e s u l t  i n  a 

degrada t ion  i n  system performance o r  output ,  t h o s e  t h a t  r e s u l t  i n  a 



n laale -' 26. Basic  Cont ro l  Funct ions Requi r i r ig  t he  Contlnuous Action of  E lec t ron ic  Equipment 
f o r  Kormal Opers~zjori of the Power Plants of Figs .  1. 'i'hro-~gkl 6 

- - --_I-- I__-- 

Boil ing Rescto-. : -hop  Boi l ing  Rea::tor 2 - b o p  Bo i l ing  Reactor  2-Loop Li qui  d- Coo l e  d Rea c t o  r, 
System 3 Sys ten  11 S y s t e m  5 and 6 Sys-Le~s  1 2nd 2 

I_ ~- 
AdZust  posl-l ion o f  COG- AdJus t  t h r o t t l e  valve ir; AdjLst p o s l t i o n  of' cor;- Adjusis  t h r o t t l e  valve 
t m l  plugs t o  vary t h e  feed  line t o  bo:ler t o  
r e a c t o r  ~ai-itgUt t o  main- mzintain t h e  geriera-tor reac~cor  0utpv.t t o  main- t o  rrisintain the gene- 
ta i r?  -the generator  vc l t age  and/or freq4ency t a i n  the gerlerat.or r a t o r  vo l tage  and/or 
vol tage and/or frequen- wilhir?  the d e s i r e d  range. voltage and/or f recpency freq:Jency witl ; in t h e  
cy wi th in  t h e  des i r zd  w i t h i n  the des i r zd  range. des i r ed  racge. 
range. 

t r o l  plugs t o  vary t h e  ir; feed l i n e  t o  boiler 

Secse -the temperature  
a m  superflea t of t he  
vapor Leaving t h e  tiie eI_ec-kr.ical power snd  superk,eat oi t he  
boi-ler and a62ust  scpply for ti-le e l e c t r i c  vspor l eav ing  t h e  
pos i t io r -  or control.  motor-driven pumps t o  Poiler and a d j u s t  
plugs t o  vary the mair:tairL t h e  vol tage  p o s i t i o n  o f  c o n t r o l  
r e a c t o r  ompus  t o  and crequericy wit 'nin plugs -to very the  

r e a c t o r  o u s l e t  tempera- 
t u r e  . reactor o u t l e t  ~cenpera- 

Cont ro l  - h e  outp: i t  of Sense tl?e tempera t u r e  

ma-; n t a i n  a sched~dled t h e  a e s i r e d  range. reactor .  output i;o t-J P 
m i n t s i n  a scheduled 4- 

Sense subcool ing of  con- 
densate  r e t u r n  from con- 
denser  and ad2v;st device  

ir iventory d i  s t r l b u t l o n  
'between t h e  accunula tor  
and t h e  Rankine cyc le .  

to c o n t r o l  t h e  - iq .~<, j  

t u r e .  

Sense su-bcooling of  con- 
densate  :-etarE from cori- 
denser  and a d j u s t  devlice 
t o  coilt:*ol t h e  l i q u i d  
i nve n t  o r y  d i s 3; r i but  i on  
between t h e  accumulator 
and the Rankine cyc le .  

Cont ro l  '';he output  of  
t h e  e l e c t r i c a l  power 
supply for t h e  e l e c t r i c  
"io t o r  -d r iven  pkmps t o  
main ta in  tkle vol tage 
2nd Freyzency wi th in  
des i r ed  range. -- -I--- 



complete power outage,  and those  t h a t  would endanger t h e  crew i f  t h e  

power p l an t  were in s t a . l l ed  i n  a manned v e h i c l e .  It i s  a l s o  informative 

t o  ca t egor i ze  t h e  var ious  € a i l u r e s  on t h e  basis of t h e  f a i l u r e  mode, i . e . ,  

t h e  manner i n  which t h e  f a i l u r e  develops.  Table 27 nas been prepared t o  

r e l a t e  t h e  component f a i l u r e s  considered i n  t h e  previous s e c t i o n  t o  t h e  

system f a t l u r e  modes and t h e i r  consequences i n  terms of reduced system 

performance, complete power outage,  o r  hazards .  

An examination of Table '27 i s  informat ive .  While provis ions  can be 

made i n  t h e  des ign  o f  a small. r e a c t o r  (about 1 Mw) t o  obtairl  hea t  l o s s e s  

from t h e  r e a c t o r  s u f f i c i e n t l y  high t o  remove t h e  a y k r h e a t  i n  t ho  event 

of a l o s s  of coolan t  f low through t h e  core,  i n  l a r g e r  r e a c t o r s  thermal 

conduction e f f e c t s  would not be adequate t o  prevent  excess ive  temperatures  

i n  t h e  c e n t e r  of t h e  r e a c t o r  core  and consequently excess ive  p re s su res  and 

mel t ing  of t h e  f u e l  elements would occur .  If t h e  l o s s  of coolant  f low 

through t h e  core occurred as t h e  r e s u l t  of a l e a k  t o  space,  f i s s i o n  pro- 

duc t s  escaping from t h e  melted f u e l  elements could escape through t h e  l e a k  

and some f r a c t i o n  would depos i t  on the e x t e r i o r  of t h e  s p a c e c r a f t .  Exper- 

i ence  wi th  Gemini 6 and 7 showed t h a t  c louding of t h e  windows occurred as 

a consequence of the depos i t i on  of organic  m a t e r i a l  from waste aqueous 

f l u i d  emissions from t h e  s p a c e c r a f t .  The v o l a t i l i t y  of t h e s e  organic  

materials must have been much 'nigher t han  t h a t  of most of t h e  f i s s i o n  pro- 

duc t s  t h a t  would be emi t ted  from a melted f u e l  element, and hence t h e r e  

would be a much h igher  p r o b a b i l i t y  t h a t  f i s s i o n  products  would s t i c k  t o  

and form d e p o s i t s  on t h e  su r faces  of t h e  s p a c e c r a f t .  Amounts f a r  smal le r  

t h a n  those  s u f f i c i e n t  t o  cloud a window would give excess ive  r a d i a t i o n  

doses t o  t h e  crew. 

If l o s s  of coolan t  f low through t h e  r e a c t o r  were t o  occur as a con- 

sequence of a pump stoppage, and i f  t h e r e  were no c e n t r i f u g a l  f i e l d  t o  

provide a b a s i s  f o r  n a t u r a l  thermal  convect ion of t h e  coolan t ,  exccssive 

temperatures  would develop quick ly  i n  t h e  c e n t e r  of t h e  co re ,  b o i l i n g  of 

t h e  coolan t  would occur ,  and - i n  a l iqu id -coo led  r e a c t o r  system - exces- 

s i v e  pressures  i n  the c i r c u i t  would lead t o  a rup tu re  in t h e  primary 

coo l ing  system. This  would probably occur i n  t h e  r e a c t o r  ves se l  sirice it 
would be t h e  h o t t e s t  and weakest element i n  t h e  system under t h e s e  con- 

d i t i o n s .  If t h e  f a i l u r e  occurred when t h e  r e a c t o r  w a s  iunning a t  a h igh  



power output ,  even a prompt shutdown of t h e  f i s s i o n  r e a c t i o n  would not 

prevent  t h e  a f t e r h e a t  from r u p t u r i n s  t h e  pressure  v e s s e l  i n  a matter of 

minutes .  

'To reduce t h e  p r o b a b i l i t y  t h a t  a f t e r h e a t  w i l l  cause a react,or core 

me1:tdown i n  manned vehicles, i t  would be poss ib l e  to employ a m u l t i p l i c i t y  

of e l ec t i - i c  motor-driven pmps - perhaps two o r  t h r e e  i.n para l le l - ,  each 

w i t h  i t s  own independent p w e i '  condi t ion ing  equipmen-t . The l a . t t e r  could 

inc lude  switching devices  t o  makc use of b a t t e r y  power i n  the event  of a 

from the 3ain gene ra to r .  However, i - t  i s  be l i eved  t h a t  any 

su.ch arrangement would ectai l .  so  much s o l i d - s t a t e  e l e c t r o n i c  equipment 

wi th  provisions for swi.tchri.ng from t h e  generaator t o  t h e  b a t t e r i e s  t h a t  

Lm reliabil.ii;y- wou.ld f a l l  shark of t5at r equ i r ed .  1 . t  was f o r  this reason 

-Lkla+, e lec- t  rornagnetic pumps f o r  a u x i l i a r y  c i r c i . da t ion  of t h e  l i q u i d s  i n  t h e  

key c i r c u i t s  WES suggested ri.n the pi-evious s e c t i o n .  

- C I  - 

Note t h a t ,  i n  a d d i t i o n  -to t k e  mechanical f a i l u r e s  s-t~marl:.zeci i n  

Table  24, many types  of f a i l u y e  tirat might occur  as a consequence of m a l -  

f u n c t i o n s  i n  t h e  e l e c t r i c  power supply,  ins t rumenta t ion ,  and contro1.s have 

beer: imluded .  i n  'Table 27. Whil.:: - as will be d iscussed  i n  a la te r  sec- 

t i o n  - the p r o b a b i l i t y  of t h e s e  la%tei. f a i l u r e s  i s  gene ra l ly  much h igher  

bhen f o r  -the meche.nica1 components, so  much d e t a i l e d  informat ion  i s  re- 

qu i r ed  to estimate them that, n1lmerica.l. va lues  XnTere not included i n  the  

t a b l e  . 

L 

Anou n t  of X s s e n t  ia3. T n s t  rume n t  a t  i on -- .__.._ 

'The amount of e s s e n t i a l  instrumenhatj-on for each of t h e  s y s t e m  of 

F i g s .  1. through 6 gives  an  ind-icat ion of t h e  conipl-exi-ty of t h e  control 

sys'ie;:i, hence it i s  importaiit t o  review t h e  ins t rumenta t ion  requirements . 
I n  addition t o  t h e  instr-Lx:nentttt'lonentation r equ i r ed  t o  c a r r y  ou-t the  b a s i c  con- 

- t i ~ ~ l .  fur,ctiiins rzqGiYed f o r  11orir.el ope ra t ion  as ou t l ined  above, s u f f i c i e n t  

i n s  %rumeiitaf,-i.on m i l s t  be  provided in power p l a n t s  f o r  bo th  manned and 

u ; m a m e d  veh ic l e s  t o  permit e reasonably good d iagnos is  of t h e  p r i n c i p a l  

malfuncti.ons envj-sioned. In m a n e d  vehic les ,  t h e  ins t rumenta t ion  and 

con-trol. syste.cn should be designed t o  provide warnings of i n c i p i e n t  
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Table 27. ( Cont h u e d  ) 

(b) 2-Loop Systertl of F ig .  3 

Incicence of 

10,000 h r  
F a i l u r e  Mode Prime Cause of F a i l u r e  F a i l u r e s  IC Poss io l e  Corisequences 

Loss of r e a c t o r  coolant  LPump rclalf unct  i on  
f low Bearing f a i l u r e  

Turbirie wheel f a i l d r e  
EZubb ing  

Loss of r e a c t o r  coolant  Bo i l e r  tGbe f a i l u r e  and system l eaks  

Loss of power conversion P u p  m a i f  uriction 
f l u l d  flow Bearing f a i l u r e  

Turblne wheel f a i l u r e  
Rdbb i n g  

Acc-,mulator malfunct ion 

Radia tor  j e t  pump plug 

Valve fa i lure  

Coritrol system na l func t ion  

Loss of power conversion 
f l u i d  

Loss of genera tor  ou tput  

Reactor control d r i v e  
malf-unct i on  

System l e a k s  ( inc lud ing  meteoroid 
punctures  ) 
Expansion t a n k  f a i l u r e  

F a i i u r e  i n  windings ( includirig bore  seal) 

Bearing f a t l u r e  i n  ;;rbice or genera tor  

Rotor r1-5 i n  t u r b i n e  o r  genera tor  

F a i l u r e  of f i e l d  power supply 

Fs l la -e  of vo l t age  and frequency regulazor  

-! 

0.01 

0 .005 

i 

1 0.91 
e .03 

0.002 

0.080 

? 

0.113 

0.030 

e.06 

0 .@14 

Cooling system f a i l u r e  ( including r a d i a t o r )  

Same as s i n g l e  f l u i 6  system 

S imi i a r  -to same event  i n  s ing le- loop  system except t h a t  
f i s s ' lon  $Toducts c o i l d  not g e t  i n t o  rad iz tc l r .  

S imi l a r  t o  same event (E  s ing le- loop  system except f i s s i o n  
products  could not g e t  i n t o  r a d i a t o r .  

Besides  poss ib l e  mission abor t ,  main problem wouid be i n  
shutdown hez? r e m v e l  f r o 3  r e a e t c r .  T h i s  would depend on 
prov i s ions  f o r  snd opera t ion  of sackup pmps ,  spun veh ic l e ,  
e t c . :  or on t h e  e f fec- t ivexess  of d i r z c t  heat. removal from 
core by r a d i a t i o n  t o  space.  CoJ ld  r e s u l t  i n  major f i s s i o n  
proauct  r e l e a s e .  

J 
E s s e n t i a l l y  saae as loss of :low, s-sove. 

Power outage 

Sone l o s s  i r i  r e a c t o r  l i f e  as z conseqaence of t h e  l o s s  of 
t h e  r e a c t i v i t y  a v a i l a b l e  ir, the  f a i l e d  c o r i t r o l  plugs. 



Table 27. (Continued) 

( e )  3 - ~ 0 0 p  System of F ig .  6 

- inciclence of 

IO, 000 hr 
F a l l m e  Mode Pr ine  Cause of F a i l u r e  F a i l u r e s  i n  Pass i -ble  Cocisequence s 

Loss of r e a c t o r  coolan t  f low Pump malfunct ion 

Bearing f a i l u r e  
Bore s e a l  f e i l u r e  
Radia t ion  b a f f l e s  
Dynamic seal f a i l w e  

Motor coolant  c irc.2i-C 

Accumulator malfunct ion 

E l e c t r i c a l  system f a i l u r e  

i k i n  sur-Dine-generator uai t  
Transformer 

Frequency conver te r  ( incyading i t s  
cool ing  system, low-temperature 
r a d i a t o r  

Motor l eads ,  switches,  connectors,  
and c o n t r o l s  

Loss of r e a c t o r  coolan t  

Loss of power conversion 
f l u i d  flow 

Loss of power conversion 
f l u i d  

System l eaks  

Expansion t ank  f a i l u r e  

Pump malfunct ion 

Bearing f a i l u r e  
Turbine wheel f a i l u r e  
B:.ibb ing  

Accumulator malfunct ion 

Cor,trol va lve  malfucct lon 

Cont ro l  system malfunct ion 

Sys-cen; l eaks  ( I rx lud ing  b o i l e r  
t d e  f a i l u r e )  

0.10 

0.001 

0.03 

? 

? 

? 

? 

0.118 
0.001 

0.01 

0 .a04 
0.03 

o .ob- 
? 

I- 

0.118 

SLmiiar t o  sarrL? ever;t in sLr,gle-loop system except c l r c u -  
lat!Lon by thermal  convect ion i n  a spun veklicle would no-t be 
as e f f e c t i v e .  F i s s i o n  products could no t  escape i n t o  the 
r a d i a t o r ,  bu t  contamination of spacec ra f t  e x t e r i o r  vonld be  
nol-e l i k e l y .  

I 

1 STrzilar t o  s m e  everit in s ingle- loop  systerr, except f i s s i o n  
produc-ts could EO'.; excape c i r e c t l y  i n t o  t h e  r a d i a t o r ,  sat 
contamination of spaceeraTt e x t e r i o r  would be more liicelji. 

Besides poss ib l e  mission abor t ,  main problem would be 'in 
shutdown hea t  removal from r e a c t o r .  This would depend on 
provis ion  and opera t ion  of 'oackjp pumps, e t c . ,  o r  or?, t h e  
e fTec t iveness  of d i r e c t  heet removal from c o r e  by r a d i a t i o n  
t o  space.  Coulci r e s u l t  i n  mator f i s s i o n  prociuct r e l e a s e .  

J' 

i 
J 

E s s e n t i a l l y  szie  as l o s s  of coolant  f low, above. 
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12 1 

t r o u b l e  f o r  a l l  ma,jor f a i lu re  modes, and provis ions  should lie made t o  

i n i t i a t e  a r e a c t o r  scram where t h i s  would be necessary  t o  p r o t e c t  t h e  

crew o r  the power p l a n t .  The nwrher of s i g n a l s  in t h e  l a t t e r  ca tegory  

should be kept  t o  a minimum. 

I n  e s t ab l i sh i .ng  ground r u l e s  f o r  e s t ima t ing  t h e  amount or^ i n s t r u -  

mentat ion it appears  t h a t ,  as a minimum, each f l u i d  c i r c u i t  (except  t hose  

f o r  coo l ing  t h e  windings of t h e  elec,Lrormgn.etic pumps) should have a flow- 

meter ,  two p res su re  gages t o  i n d i c a t e  t h e  pwnp pressure  r i s e  and system 

pressme l e v e l ,  and thermocouples t o  i n d i c a t e  Lhe h ighes t  and lowest  tem- 

p e r a t u r e s  i n  t h e  system. 'The ci.rcuits f o r  t h e  theymodyiiamic cyc le s  

shoul-d a l s o  inc lude  a gage t o  measure t h e  boi- ler  o u t l e t  p ressure ,  s i n c e  

it w i l l  g e n e r a l l y  be s u b s t a n t i a l l y  lower than t h e  pump d ischarge  p res su re .  

The temperature  of the  f i e l d  c o i l  f o r  each e lec t r ic -motor -dr iven  pump 

should be measured. 

The i n s t rumen ta t ion  f o r  each e lec t romagnet ic  pump should inc lude  

p rov i s ions  f o r  i n d i c a t i n g  t h e  f i e l d  winding temperature ,  t he  coo l ing  

c i r c u i t  temperat-ure r ise,  and t h e  l i q u i d  inven to ry  i n  t h e  coo l ing  c i r c u i t .  

Li is t r imentat ion should be provided t o  i n d i c a t e  t h e  state of charge of 

t h e  b a t t e r y  s u p p l i e s  for t h e  electrorriagnetic pumps and f o r  the performance 

of t h e  power condi-t ionii ig equipment used f o r  t h e  electr ic- j -notor-dr iven 

P U P S  - 

- 

A speed. i n d i c a t o r  would be provided on. each t u r b i n e ,  bu t ,  s i n c e  t h e  

turbine-driven f e e d  pumps can be designed. so  t h a t  a. complete :runaway w i l l  

not  damage t h e  machine, on ly  an overspeed of the rriain tu rb ine -gene ra to r  

would be used t o  i n i t i a t e  a sha rp  se tback  i i i  r e a c t o r  power. 

The l i q u i d  i n v e n t o r i e s  i n  t h e  r e a c t o r  cool ing  c i r cu i t ;  and in  t h e  

thermodynamic cyc le  system are so  important  from t h e  s a f e t y  s tandpoin t  

t h a t  a l o w  inventory  i n  e i t h e r  case  would be cause f o r  a sha rp  se tback  

i n  power or a scram. 

A l o s s  i n  t h e  output; f r o m  t h e  power condi t ion ing  equipment w i l l  l e a d  

-to su.ch s e r i o u s  t r o u b l e  i n  systems No. 4, 5 ,  and 6 t h % t  a n  i n d i c a t i o n  of 

such a f a i l u r e  should i n i t i a t e  e i t h e r  a scram or a sha rp  se tback  i n  power. 

Table 28 summarizes t h e  number of q u a n t i t i e s  khat  must be rneasiired 

according t o  t he  requirements  o u t l i n e d  above. Note t h a t  two colwtins are 

given f o r  each of t h e  s i x  power p l a n t s ,  one f o r  Lhe esseati-a ' l  
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ins t runien ta t ion  f o r  d i agnos t i c  o r  normal. c o n t r o l  purposes,  and one t o  

i n d i c a t e  t h e  number of s i g n a l s  or combinakions of s i g n a l s  t h a t  woiild be 

needed t o  i n i t i a t e  a r e a c t o r  scram o r  a drastic se tback  i n  power. I n  

keeping wi th  t h e  des ign  precepts  o u t l i n e d  above, both were kept; Lo a 

minimum. Flowmeters were inc luded  only  i n  c i r c u i t s  i n  which a flow 

stoppage would qu ick ly  l e a d  'io a r e a c t o r  nieltdowri i f  t h e  r e a c t o r  power 

were not imn.edialely rzduced. The l e s s  t han  p e r f e c t  r e l i a b i l i t y  of i n -  

s"crument pick-ups i n  t h e  event  ol" a f a l s e  scram may lead t o  s e r i o u s  

damage t0 t h e  power p l a n t .  i n  view of t h e  complexi t ies  i n  the  poss ib l e  

courses  of events ,  it w i l l .  probably prove b e s t  t o  des ign  t h e  c o n t r o l  sys- 
tem t o  g ive  a scram o r  a sha rp  cutback i n  power only i f  pressure-drop i n -  

d i c a t i o n s  axe c o n s i s t e n t  wi th  those from t h e  flowmeters, T h i s  e n t a i l s  

some f u r t h e r  complicet ion of t h e  c o n t r o l  func t ions  . 

R e l i a b i l i t y  of Components f o r  - E l e c t r o n i c  I-IIuc.. Equipiiient 

It i s  apparent  Tram t h e  p m p  t e s t  experience i n  Table 17 'cha-t a l l  

o f  tne  d i f f i c u l t i e s  a f t e r  t h e  i n i t i a l  shakedown t e s t i n g  of  t h e  puiiips 

were i n  the ins t rumenta t ion ,  con t ro l ,  and e l e c t r i c a l  equipmerit r a t h e r  

t han  i n  t h e  pump proper .  Experience i n  o t h e r  systerfls has  co1rlnionl.y 

been simi.1ar. In t h e  

over  300 vacuum tubes  

operatioon. 

The r e l i a b d l i t y  

e x c e l l e n t  work on t h e  

equipment. There a r e  

f i r s t  army package power r e a c t o r ,  f o r  exarnpl-e, 

had t o  be replaced dur ing  t h e  f i r s t  year  of 

problems i n  t h e  m i s s i l e  program have l e d  t o  some 

compi la t ion  of r e l i a b i l i t y  da t a  on e l e c t r o n i c  

s o  rriariy d i f f e r e n t  components i n  e l e c t r o n i c  systems 

t h a t  on ly  a few examples can be c i t e d ,  Some indl.cat-ion of t h e  re]-ia- 

b i l i t y  of complete a-tandard coinmercial assemblies  i s  given by a pa r -  

t i c u l a r  p i ece  of  ground-based r a d a r  i d e n t i f i c a t i o n  eyuipnent  0x1 which 

a thorough. r e l i a b i l i t y  s tudy  was c a r r i e d  F igure  19 from that 

s tudy  shows the  p r o b a b i l i t y  of s u r v i v a l  o f  t h i s  eqluiprnent a s  de t e r -  

mined from a large amount of ope ra t ing  da ta .  The do-bLed curves were 

obta,ined by us ing  t h e  b a s i c  exponen t i a l  relatricjn normally used in 

r e l i a b i l i t y  ana lyses .  It i s  i n t e r e s t i n g  t o  note  Lhat, a s  was found 



HOURS BETWEEN FAILURES 
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t 

F i g u r e  13. Curv-es showing the p r o b a b i l i t y  of opeyation w i t h o u t  
serious t rouble  of a ground-based search radar se-1;. (Ref. 7. ) 



i n  t he  stearn power p l a n t  sti.ndy summr-ized on p *  81, t h i s  and r e l a t e d  s t u d i e s  

of e l e c t r o n i c  equipment showed about  do ib lk  the average iricidence of  

f a i l u r e s  dur ing  m initial. shake-down per iod ,  followed by a f a i r l y  

l.ong ope ra t ing  per iod  i n  vhich the f a i l u r e  rate was e s s e n t i a l l y  uni- 

form, followed i n  -1;um by a f i n a l  pe r i cd  i n  whi.ch the i-ncidence of  
f a i l u r e s  increased  a s  a conseqwnce of wear and t e a r  on t h e  equipment. 

He li ab  i li t y  s tidi e s on. components i" e 1.e c t ronj. c e qu i  prne n t  lia ve 
showi t h a t  the most iiiiport,ant f a c t o r s  3.re usu.ally t he  opera-Ling tempera- 

t u r e  and the  ratrio of t h e  operat i r ig  w a t t 9 f ; .  'io the nominal r a t i n g  for 

t he  j-tern i n  question..  F igure  5 shows a t y p i c a l  s e t  of curves for ae- 

cui-i3te wire-wound r e s i s t o r s  .39 

obtained f o r  such i tems  a s  geranium d iod ie s ,  selenium r e c t i f i e r s ,  

cerarric ecpae i to r s ,  f i l m  r e s i s t o r s ,  and the l i k e ,  t h e  t a i l . u re  r a t e  i.n 

bhe reg ion  below 80°C i n  no case  be ing  more than a f a c t o r  of  ten I-ower 

than  t h a t  given by 1Ti.g. 20 f o r  wire-wound resistors.  he irlcid-ence 

of faj.l.ures i n  p i n  connectors and relays was roughly s i m i l a r  - Fig .  

21- shows t h e  r e l a t i o n  between fai.I.v.rt? rate and ilumber of a c t u a t i o n s  
39 p e r  hour f o r  switches a i d  r e l a y s ,  Ari i n t e n s i v e  e r f o r t  i n  t he  p a s t  

five ye3.1-5 has made ft p o s s i b l e  to redu.ce f a i l u r e  rat$:; by ti f a c t o r  

Gf about  t e n  i n  eonrponents procured t o  meet new m. i l i t a ry  s p e c i f i c a -  

t i o n s .  *' 
i n  some components made t o  s p e c i a l  A i r  Force s p e c i f i c a t i o n s  for t h e  

Mininteman Program,4?'" but Figs. 20 and 21 a r e  s t i l l  rear~r3ina.blly t y p i c a l  

of c omme re i a 1 e qiiLpment - 

E s s e n t i a l l y  s i m i l a r  curvies have been 

r i  

Fa i l i i r e  r a t e s  a s  low a s  0,001.$ i n  1.000 hi- have been obta tned  

Overall R e l i a b i l i t y  of  the Complete Power Plant 

While i t  i s  no t  possib1.e a t  t h i s  s t a g e  t o  establ-ish abso lu te  

va lues  for t h e  r e l i a b i l i t y  of each of the six systems of Figs .  1 

through 6, the informa-Lion presented  i n  the preceding s e c t i o n s  i n d i -  

c a t e s  t h e t  meaningful estimates of the r e l a t i v e  r e l i . a b i l . i t i c s  can be 

made, From the esti-mates of %;3ble 24 and 27 i t  seeiiis cl.ear t h a t  the 

i.ncidence of mechanical i"ai.I.ures w i l l  increase approximate1.y linearly 

v i t h  t h e  number of' :Loops i n  the system so  t l : a t  the probabil.i.ty t h a t  
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I 

COMPONENT AMBIENT TEMPERATURE ( " @ I  

Figure 20. E f f e c t s  of opei-ating temperature and. wa'ttage on the 
predicted failure rate for accui-ate wire-wound res i s tors .  ( R e f .  8. ) 
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Figiurro 21. Predi cted f a i lu re  rates fo r  switches and relays. 
( R e f .  8 . )  



128 

a siiigl-e-loop system w i  1.1 run 10,000 h r  witliout a mechanical f a i l u r e  

might be around 0.90, whereas t h e  same da ta  i n d i c a t e  t h a t  tile co r re -  

sponding values  f o r  2-loop and 3-loop systems ~vou ld  be rough1.y 0.80 

and 0.60, r e spec t ive ly ,  

The number of components and the number of co i i t ro l  func t ions  

both inc rease  wi th  the ilujTiber of  loops.  F x t n e ? ,  a perusal. of  Tab1.e~ 

26* 27, and 28 shows tlhat, t h e  r_uitfoer CP abnornial. comblnations o f  con- 

d i t i o n s  and hence faiI .ure  modes inc reases  rapid1.y wj~th t h e  corliplexi’iy 

of tile powe:r p l a n t ,  Whi1.e i t  i s  less  obvious: t k e  d i . i ’ f icu l iy  i n  di.s- 

c r imina t ing  beLween to1.erabi.e abnormal i t ies  ani1 those  abnormal corn- 

binat?-cns t h a t  demand drastic a c t i o n  becomes p rc  3ssivel.y more ririffi- 

c u l t  a t .  a r a t e  that, i nc reases  exponent,i.al-Sy w i  til i nc reas ing  comp1.exi.ty 

of t h e  power p l a n t ,  A s  a consequence, t he  n u h e r  o f  electronic com- 

ponent,~ i n  tlie c o n t r o l  system goes uo r a p i d l y  and tlie re i iab i I . . i ty  f a l l s  

off i n  a corresponding fash ion .  A s  a consequence, malfu.nc:tions i n  the  

ins t rumenta t ion  and c o n t r o l  eqiuipmer*t wi.1-1- lead  t o  a much h igher  inci- 

dence of  outages than  w i l l  sLem from mechanical faLlures ,  and  t h e  3.11- 

c idence of t hese  f a i l u r e s  i n  The e!-ectr ical  and co r , t ro i  c i r c u i t r y  w L l l  

i nc rease  much more r a p i d l y  than l i -near ly  w i t i i  tile n m h e r  of I.oops. 

‘Extersive experience indicat ,es  t h a t  it w i l l  bz exceedingly d i  l l f icul- t  

t o  achieve a 0.90 probabj. l i ty t h a t  t h e  c o n t r o l  equipment f o r  z 1-loop pl.ant 

will.  ope ra t e  unattended for 10,000 hr. ‘The infoi-mat,ton a v a i l a b l e  

inipl ies  -tha t ,  because of  t h e  much g r e a t e r  compl.exi.ty, t h e  corresponding 

v a l w  f o r  a mul t i - loop  system would be much lower - probably less than  

0.20 f o r  a 3-loop system. 

E We c t s i: f ELe c t ri c - Mo t o r- Driven Pumps 
---I--- -I_^--____ 

I n  exarnlning the  r e l i a b i I . i t y  da t a  t o  focus a t t e n t i o n  oil t he  more 

vulnerable  componen-ts, i-L is c l e a r  t h a t  e l e c t r i c - ~ t ~ o t o r - d r i v e n  pumps 

seve re ly  degrade tne  r e l i a b i l i t y  of any system i n  which t h e y  a r e  used.  

Not on1.y i s  t h e r e  a subs tan t ia l .  p r o b a b i l i t y  oi” a fa i . lu re  wi th in  -the 

motor-dr i  ven-pump u n i t  i t s e l f  , b u t  systern opera t ing  experience i.n.di- 

c a t e s  that Llie p r o b a b i l i t y  of a f a i l u r e  i n  tile power supply,  switck 

gear, o r  control.. equipment i s  even higher ,  making t h e  o v e r a l l  p r o b a b i l i t y  



of a pimp outage unacceptably high, Tn.j.s 3.s s e r i o u s  'uecau~t.  a flow 

stcppage i n  e i t h e r  thc? r e a c t o r  coolan t  ci.i-c:uri.t or t1i.e thermodynamic 

cyc le  may i n i t i a t e  a cha in  of e7;reiits t h a t  will r e l e a s e  l a r g e  quai l t i - t ies  

of f i s s i o n  produc-ts t o  space,  and t h i s  would lead  .to the deposi t ioi i  of 

s u b s t a n t i a l  amounts of radi.oac-ti  ve m a t e r i a l  all over  t h e  s p a c e c r a f t .  

Tne r e s u l t s  co1nl.d be d i s a s t r o u s  i f  a crew were presen t .  While aux- 

i l i a r y  or backup po-wer. systern:; m.ay be used with any gi.ven e l ec - t r i e -  

motor-driven pump, arid a nunrber of  purfl.ps may be v.sed i n  s e r i e s  o r  

p a r u l l e l ,  t h e  added complexity o f  t h e  a d d i t i o n a l  e l - e c t r i c a l  eyAp-  

ment - includi.ng switch gear and i n s t rumen ta t ion  - and t h e  e x t r a  cooli.ng 

systems required. Cor t h e  -wint3ings of t h e  e k c ' c r i c  mot,ors make i t  doub-t- 

fuI.  t h a t  t h e  over*aI.l relia'oil.lity of  -the complex can be r a i s e d  s u f f i -  

c i e n t l y  t o  @ve ;2 system wi th  t h e  requi red  re1. i -abi l i ty .  

E f f e c t s  of  E l e c t r o n i c  Equipment 

A s  i nd ica t ed  i.n t he  prev-ious sec t ion ,  ai-nplk s t a t i . s t i c a 1  da ta  

have 'ireen accumulated i n  the missi.le and space programs on the re1.j- 

a b i . l i t y  of compomnts such a s  r e s i s t o r s ,  capac i to r s ,  fxansist .ors,  

switches,  etc. f o r  e l e c t r o n i c  systems, and t h e s e  da t a  b3ve b t ~ n  orga- 

nized i n t o  s t ra ig l i t - forward  t a b l e s  by t h e  D e p a r t r ~ n t  of  lkfe~zse.  

'lnnus, i - F '  d e t a i l e d  c i r c u i t  diagrams a r e  a v a i l a b l e ,  it i s  p o s s i b l e  t o  

make a sound p r e d i c t i o n  of t h e  r e l i a b i l i t y  of a p i ece  of  h igh  q u a l i t y  

e l e c t r i c a l  or e lec t ro r i i c  equipment i f  t ne  ope ra t ing  temperatures  and 

e l e c t r i c  loads on the  var ious  componen-is can be speci-f ied.  i n  a t tempt ing  

t o  analyze a typical .  p i ece  of e l e c t r o n i c  equ.ipmant for thi .s  s tudy,  t h e  

r e l i a b i l i t y  of the sirnplest c l r c u i t  t ha t  colnld be found f o r  a vo l tage  

r egu la to r -gene ra to r  e x c i t e r  f o r  a space power p l a n t  was examined. 

u n i t  employs some 85 cornponents such a s  r e s i s t o r s  and si1.i.con con- 

t r o l l e d  r e c t i f i e r s .  The p r o b a b i l i t y  of su.rvriving f o r  1.0,ClOO h r  a s  

determined from DOD t ab les  for component reI.i.abiI.ity was found t o  be 

0.58 - an  u.naccep.Lably lor$ value.  T'liroug'c the use of' redundancy and 

much d e r a t i n g  of coiponents, it appears  p o s s i b l e  t o  inc rease  the  reli- 

a b i l i t y  of such a c i r c u i t  so t h a t  t h e  p robab i i i t , y  of surv-iving f o r  

10,000 h r  might be increased  to a s  much as 90% o r  9576, a b a r e l y  acceptabl, :  

value 

This 



A survey of  t he  e l e c t r o n i c  c i r c u i t r y  requi red  t o  c a r r y  out  t h e  

control func t ions  of Table 26 f o r  iio-rmal opera-Lion of  t h e  once-through 

b o i l e r  systems of Figs. 3, 5, and 6 i n d i c a t e s  t h a t  the  complexity o f  

t h e  e l eck ron ic  equipment requi red  f o r  t hese  systems w i l l  be f a r  g r e a t e r  

t han  tha-t of t h e  voI.tage regulaLor c i t e d  above, and w i l l  appmach o r  

excezd t h e  comp?.exity G€ t h e  r ada r  equipment, of F ig .  19. Thus it  

appears  u n l i k e l y  that,  any power p l a n t  of  thi .s  complexity can be b u i l t  

t o  opera te  unattended f o r  10,000 h r  - d t t i i  a reJ.i.abiS.iiy- high enougil t o  

be acccptab le  f o r  unmanneci space missLons ~ Extensi  b r c  use  oir’ redurxlancy 

and dera ted  compoccnts would help,  b u t  i t  would no-t s01.ve the  probI.ern 

because these  remedial  measixes compl.icate the c i r c u i t s  and a f fo rd  

e d d i t i o n a l  unant ic ipa ted  modes of  failure (such a s  the  f a i l u r e  of  t h e  

voltage r e g u l a i o r  i n  t he  SNAP 1.OA i n  or”iii t a rd  the  videspread power 

outage i n  t h e  Northeast  i n  November 196j). 
re I . iab i l i - ty  of a complex c o n t r o l  sys.!;m~ 1: nciudirig a l l  poss ib l e  Yailure 

modes i s  verjr d i . f f i c u l t  t o  makz even though a wealiii of  data a r e  a$[ail.- 

a b l e  on the reliability of t h e  b a s i c  components. While maintenance of  

tlic e i e c t r o r 5 c  equi.pment i n  rimrined missions would give a marked Lm- 

provenent i.n r e l i a b i l i  ty-, t h i s  maintenancc: would reqdi-re hfghLy skilled 

personnel., would be expensive i-ndeed, and stil.!~ mi.ght no-t be adequate 

t o  avoid serious damage t o  t h c  sys’tern as a c3nsequence of  some chain. 

of events  i n i t i a t e d  by a fa i l -ure  i n  an e l e c t r o n i c  component. 

Thus an  estima-Le of tne 

Some indicatr’oil  of  t he  se r iousness  of t h t s  problem i s  given by 

LW experience wi th  package power r e a c t o r  systems (pressur ized  water  

r eac to r -  steam pI..ants ) used a t8  Camp Century i n  Green!.and and McMurdo 

Sound i n  An ta r t i ca .  These have requi-red opera-Ling crews of 25 t o  30 

men i n  five t o  e i g h t  man shifts f o r  round-the-clock opera t ions ,  The 

expense o f  nr,aintaLning .these crews has proved t o  be SO greaf,  t h a t  the 

xiI . i t ,ary servici3s have decided not  to pyocure more of  t hese  p l a n t s  

untf-1. 1-ower L n i t i a l  and. op?ratri.ing costs can be achii.ved. This ex- 

per ience ind . ica tes  that r e l i a b i l i  t y  sh0ul.d be a major consi-derat ion 

i n  t h e  choice of a power plari t  just f r o m  t he  stand-poLiit of t h e  o2era- 

Ling crzw required.  

L- 

L 



An i n d i c a t i o n  . that  a s ing le - loop  system can be b u i l t  and opera- 

t e d  wi th  l i t t l e  a t t e n t i o n  i s  given by a r e c e n t  t e s t  i n  which a reduced 

s c a l e  e l e c t r i c a l l y  heeted mock-up of the WFE was operated f o r  over  

2500 h r  wi th  only  a 2-raan crew dur ing  the day s h i f t  and no crew thrmugli 

the n i g h t s  and we~!kends,~" 

.the e l e c t r i c  h e a t e r s ,  t h e  e l e c t r i c  power suppI.y, and t h e  rela.i;ed in-  

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

No diffrieinlty was experienced except  with 

Ins%rwnent Pickups - 
A major factor a f f e c t i n g  system re l i ab i . l . i t y  i s  t h e  r e l i n b i l i t y  

of  .the i n d i v i d u a l  p i c k q ~ s  i n  the ins t rumenta t ion  c a l l e d  f o r  by Table 

28. Tes-t; experience j -ndicates  that t h e  r e l i a b i l i - t y  of  t h e  sensi t i .ve  

e l e m n t s  of  t h e s e  pickups l eaves  mwh t o  'oe des i r ed  - enough so t h a t  

reduxldancy i n  the i .iintruinentation i s  e s s r n t i a l .  This i s  e a s i  1.y accom- 

p l i shed  f o r  t h e  thermocouples, s i n c e  .Lhe sens i t iv f?  elements a r e  simple,  

l ight ,  and 

gages, and 

por t fon  of 

Zence, new 
items w i l l  

and heavy. 

corripact. TTnfortu.nately, many of t h e  flowmeters, p re s su re  

s pe e d i nd i. c a t  o r s cur  r e  n t  l y  a va i I.a'o 1.e re qui  re  c o o li ng H 

the col-6lpone:nt t o  a temperature  ievel. of 1000°21" or less .  

equipment, r m s t  be developed o r  t h e  i n s t a l l a t i o n  of  t hese  

be s u b j e c t  to many l i m i t a t i o n s  Further, t hey  a r e  bulky 

Katlier t han  i n s t a l l  a mu l ' t l p l i c i ty  of t hese  mni.ts, It  may 

'oe 'netter t o  provide coi-ncidence c i r c u i t s  so t h a t  a scraiii o r  d r a s t i c  

set-back would r e q u i r r  simultaneous s i p a l  s from a t  l e a s t  two i r i d i -  

c a t i o n s  of trouble, e .g , ,  pres su re  and flow o r  p re s su re  r ise and pump 

speed 

Eazards Cons idera t ions  f o r  Manned Vehicle Installntf.ons 
I 

For Iriarined vehicles ,  the in fo rmt j .on  i n  the preceding seekions 

impl i e s  t h a t  a d e q m t e  p r o t e c t i o n  against a ma<jor P i s s ion  pzaoduct re- 

I.ecse t o  space a s  a consequence of flow stoppage i n  the  reactor c i r c u i t  

can be provided only by us ing  a veh ic l e  t h a t  i s  spun t o  pro-vide a 

cent r i fuga l .  f i e l d .  With proper  desigri s w h  an arrangement wou1.d provide 



a high l e v e l  of assurance t h a t  coolant, c i r c u l a t i o n  through the core 

would be raaintaLned by na.tura1 thermal. convect ion i i i  a b o i l i n g  potas-  

sium r eac to r .  The head t h a t  could be made a m ? :  ]..able t o  provi.de 'Li1eyiml 

convectTon f n  a liquid-coo7kd rEac tor  would be much l-ower than ?In a 

boi. l ing reac";or By opecing up L l x  coolant passages i;lirougl!.rmt the 

system inciudi.ng t h e  core and by proper d i s p o s i t i o c  of  equipment i.t 

would prcbshI.y prove possible ti; prov-i.de f o r  a f t e r h e a t  rernova:!. from a 

l iqu id-c3oled  r e a c t o r  i n  a 1/6-g t a  IJ2-g Yield, iii ainy case,  -ihe 

veh ic l e  coz?,d be d e s f g m d  ::I that? i.n ' d i t ?  very ua.like1-y event  of a 

c ~ o i a i i t  leek fr'm - t k  r e a c t o r  s y s t a ,  - the vehic1.e s p i n  veloci ty-  coulld 

be redlxzd -k> a low level.  and Cie power p i a n t  j e t t i s o n e d  t o  av9i.d 

exprjsi:lg the CY'&W to .z serFou.s i.r,d.ia$=.'_on b s z a r d ,  

If' hazards  cons;-deratima lead  t o  t he  conclusion t h a t  a 2- J..oop 

E ~ z C C : ~  5s essential. to f ~ o l 3 , t e  t h e  r e e c t i j r  from tl;e tkemiodp-al1lZ: 

cycle, it a p e e m  tha-t  f?ic most reI. iabIc 2-1.a02 p ~ v e r  pla5.t would bo 

one si.rc?.lar to t h a t  of Fj.g. 3 but wi.'sb i: r e c i r c u l a t i n g  b o i l e r  and 

vapor sepamtor  i n  p l ace  of  t h e  once-through b o i l e r  skowrl for $he 

m i n  Eeiiklne cyc le  ~ T t f i - i le such a r e c i r c u l a t i n g  boi.3.er ra i -ses  the same 

prc?kll.mr; es t?ic KE'iIF: relaXive t o  th:: contyol  of ?ree- l.j.quid su r faces  

under zero-g condi t ions ,  i f  t h e s e  can  be solved it wcu1.d make it  
poss ib l e  to employ a set of  c o n t r o l  equ.j.prcent t h a t  wcu.ld begin :;o 

appraach the sirflFl.icj.ty and r e l i a b i l i t y  of that pro jec t ed  1:cr the  

mxE: ~ 



The d i f f i c u l t y  of c o n t r o l l i n g  free-1iqui.d s1.1rfrices uilder zero-g 

cond i t ions  vas recognized a t  t h e  i m e p t i o n  of t h e  s t u d i e s  thai; l ed  t o  

t h e  i n i t i a t i o n  of t h e  MERE program, and a sma1.1 cont inuing  e f f o r t  on 

these  problems has  been c a r r i e d  forward,  However, direci;:i.ves from 

the Atomic: Energy Commission el-ear1.y gave t h i s  a very low p r i o r i t y ,  

and only  a few experiments were With t h e  change i n  

j u r i s d i c t i o n  for- t h e  MPFE program i n  Ju ly ,  1965, t h e  ORNL e f f o r t  i n  

t h i s  area has been Increased ,  and a r e p o r t  has  been prepared t o  out -  

l i n e  both t h e  b a s i c  problems and R t e s t  program t h a t  appears  t o  be 

promri si.ng I This sec- t ion p resen t s  a b r i e f  r ev iew of t h e  p r o b l e m  

of c o n t r o l l i n g  t h e  f r e e -  l i q u i d  s u r f a c e s  i n  .the six d5freren'i systems 

of t h i s  s tudy .  

45 

Systems TJsiiig Once-Through Bo i l e r s  Coupled t o  
12 ail? d-Cooled Reactors  

__--- --_1----- 

'The c o n t r o l  of f r e e - l i q u ?  d surfaces under zero-g condi t ions  

has  appeared so  fo rmidnbk  t h a t  some have f e l t  t h a t  only the Rankine 

cyc le  of F ig*  6 could be considered.  

b o i l e r  would be s u f f i c i e n t l y  high th .a t  t h e  c o n t r o l  of t h e  f r e e - l i q u i d  

su r faces  should not  be a problem, and t h e  system des ign  would be such 

t h a t  a h igh  p res s iue  drop wou1.d not  be ob jec t ionab le .  ?'he 2- acd 3- 

loop systems of Figs,. 5 aad 6 a r e  typica.1- of  t h e  systems t h a t  r e s u l t  

from t h i s  des ign  philosophy. There i s  no choice i n  these  sys-t;ems but; 

t o  l i v e  wi th  f r e e - l i q u i d  s u r f a c e s  i n  t h e  condenser, bu t  a number of 

zero-g t e s t s  i n  a i r c r a f t  i n d i c a t e  t h a t  t h i s  i s  f e a s i b l e .  

The v e l o c i t i e s  through the 

Provis ion  f o r  t h e r m 1  expansion i s  c l e a r l y  requi red  in any a l l -  

l i q u i d  c i r c u i t  because the a l k a l i  meta ls  expalid about 20$ f o r  a tem- 

p e r a t u r e  inc rease  of 1000°F. Fur ther ,  both analog and t e s t  work h a s  

shown t h a t  an  expansion tank  i n  t he  Kaiikine cyc le  system i s  e s s e n t i a l .  

To avoid a f r e e - l i q u i d  su r face  -in t hese  components, des igne r s  have 

m d k  use of  a bell-ows-type of  an  accu.mula-tor. A s  i nd ica t ed  e a r l i e r  

3 2 3  35 



i n  t h e  r epor t ,  r z lk i ab i l i t y  cons ide ra t ions  appear  t o  r u l e  out t h i s  

"easy" s o l u t i o n  - to the problems OB controi . l i .ng t h e  f r e e - l i q u i d  su.r- 

face i n  t h e  expansion t ank ,  

Bol l inp  Heactor Systems 

A s  s?iown ii i  tl?e pi-evious s e c t i o n s  OP Lhis r epor t ,  t he  mul-ti- 

loop  sy-sterns l e a d  t o  s e r i o u s  performarice and r e l i a b i l i t y  penal.t-ies. 

These a r e  avoided i n .  the  s y s t e n  of  Fig.  1 by accept ing  t h e  di.ffi.cu1-L 

deve lopme nt p m b  lerns a s soc  i n  tzd with  cont  rol.I.tng the  f r e e  - li quid sur- 

faces in t h e  vapor separstoi*-expansio 11 t ank  region. While system 1 

2 1 . ~ 0  h a s  tile problem oi" developing 2 Low p res su re  drop b o i l e r  i n  which 

b o i l i n g  flow s t a b i l i t y  i s  more l i k e l y  t o  be a problem -than a high pres- 

su re  drop once---through b o i l e r ,  tlii-s cou1.d bz avcided through t h e  use 

of systems 2 o r  3., 

The problems of f r e e -  I tqu id - su r face  c o n t r o l  in t h e  b o i l e r  a r e  

i n t i m a t e l y  a s soc ia t ed  wi-th b o i l i n g  flow s t a b t l i t y .  A subs t an t i a l .  Sack- 

ground of  experience has bee9 acc;mult.lt:;ld a t  OJWTL to show t h a t ,  with 

s u i t a b l e  nuc lea t ion  devices ,  goad flow s t a b i l i t y -  with e x c e l l e n t  flow 

d i s t r i b u t i o n  can be obta ined  under l-g condi t ions  wi th  ful.1. al lowances 

f o r  v a r i a t i o n s  i n  t h e  r a d i a l  power d5,s'cribution and hot  channel. ef-  

f e c i s ,  A smal l  7-rod w a t c r  boi.l.er u n i t  has been bui.1-t w r i t i n  nucle-  

a t i o n  r l n g s  a$ the  e n l e t  designed as "hydraul ic  check wI.ves" t o  g ive  

double the  p res s  drop for reverse  fl.ow a s  f o r  forward 'low. This has 

been operated s a t i s f a c t o r i l y  both nea r ly  h o r i z o n t a l  and upside down, 

and t h e  f3.ow has  been stable. J?lighL t e s t s  t o  i n v e s t i g a t e  i t s  behav- 

ior under zero-g condii;ions are p h n n e d  f o r  t'ne sp r ing  of  1966. 
these tests -the e f f e c t s  of des ign  pai-ameters wil.1 be i n v e s t i g a t e d  i n -  

cludi-ng the use of t ex tu red  surfaces desjggried t o  t ake  advantage of 

c a p i l l a r y  e f f e c t s  t o  h e l p  d i s t r i b u t e  the  1-iquid film, and divergence 

o f  t h e  coolan t  passages i n  the d i r e c t i o n  o f  f low t o  in.troduce a n  e f -  

f e c  t t h a t  snould eontrj-bii.te t,o s t ah i l . ?  zati .on of  t h e  flow. 
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like use of ail accumulator employing bellows i i ~ s  been avoided i n  

the systems of Fi..gs. 1, P j  and j -k ,  The vapor s e p a r a t o r  ar,d expansion 



t ank  combination assumed f o r  t hese  r e c i r c u l a t i n g  b o i l e r s  makes use of 

f l u i d  dynamic f o r c e s  inc lud ing  a s u b s t a n t i a l  swirl i n  t h e  expansioii 

t ank  t o  s t a b i l i z e  t h e  f r e e - l i q u i d  s u r f a c ~ c  ..ii. A smal l  u n i t  of .this type  

has been f l i g h t  t e s t e d  wi th  encouraging res~lts,"~ and f1.ight tes ts  

of  a l a r g e r  u n i t  (about  h a l f  t h e  scale of the PPRE) a r e  plariried f o r  

March, 1966. 
m.e f e a s i b i l i - t y  o f  controll.ring t h e  f r e e - l i q u i d  s u r f a c e s  i n  a 

d i r e c t  condensing r a d i a t o r  wi.th a l a r g e  number o f  t apered  tubes  oper- 

a t i n g  i n  p a r a l l e l  has  been i n v e s t i g a t e d  by ope ra t ing  seven di rec t ,  con- 

densing r a d i a t o r s  of  t h i s  type  wi.th the .tube axes h o r i z o n t a l  or n e a r l y  

h o r i z o n t a l .  Some have permi t t e d  d i r e c t  viewing of t h e  I.i.quid 

flow. These tes t s  have bean conducted w i b h  bo th  steam and potassium 

vapor; the condensers have opera ted  as  p red ic t ed ,  t h e  flow d i s t r i b u t i o n  

has been uniform, and t h e  l i .quid holdup j.n t h e  condenser has  been l i m -  

i t e d  t o  a t h i n  1.iqilid f i l m  on t h e  w a l l s  c o u p k d  with l i q u i d  s lugs  i n  

t h e  l a s t  fetq Lnches of t'ne tube immediate1.y ahead of t h e  condensate 

o u t l e t  manifold.  A t r a n s p a r e n t  conderiser o f  t h i s  type  wi th  e i g h t  

p a r a l l e l  passages has been b u i l t  and opera-ked i n  the  h b o r a t o r y .  F l i g h t  

t e s t s  a r e  planned. 

The f r e e - l i q u i d  sur.Taces i n  these  condensers are conLrolied by 

making use  of  tapered  tubes  which main ta in  R high  vapor v e l o c i t y  

throughout t h e  l eng th  of each tube so t h a t  d rag  f o r c e s  between t h e  

vapor and t h e  l i q u i d  Tilm on the tube  walls serve  t o  keep t h e  Y i l m  

moving a t  a s u f f i c i e n t  r a t e  so  tha- t  i t s  thickriess  i s  of  t h e  o rde r  of 

5 t o  10 mils. Subcool.i.ng between the condenser o u t l e t  and the con- 

denser  scavenging ,jet pump i s  employed t o  m.aintai.n c a v i t a t i o n  sup- 

p r e s s i o n  head. Analyt ical .  work i n d i c a t e s  that; the flow d i s t r i b u t i o n  

should be good, and t h e  flow through the  system should be s t a b l e .  

About L0,OOO h r  of ground t e s t  work wi th  both  water  and potassturn 

support, t h i s  conclusion.  



6. STARTUP PXOCEDTJRES 

A v a r i e t y  of  s t a r t u p  procedures have been proposed by Atomics 

I n t e r n a t i o n a l ,  CRNET,, Aerojet ,  and ORNI, f o r  ty-pica-l space power pl-ants.  

Each of  t hese  involves  a p r e h e a 5 n g  phase which may be accomplished 

by any of' s e v e r a l  means inc3.cding chemical fuel., p rehea t ing  of t he  

system pxi.o-r t o  launch, e l e c t r i c a l  hea t ,  s o l a r  heat., o r  nuc lear  h e a t  

fyom the  r eac to r .  This would be followed by a s e r i e s  of opera t ions  

culminati-ng .w%t4; c o m e c t l o n  of  t h e  s e n e r a t o r  t o  t h e  e l e c t r i c a l  sys"i,em, 

So inany d l - f f e r e n t  approaches might h e  employed Lhat it appears b e s t  

t'3 consi.der f i r s t  a proposed s t a r t u p  procedure t h a t  has been worked 

out f o r  t h e  W.RE, the11 exnrcine t h e  al;plLca'nil.ri.ty of t h i s  t o  t h e  mui t i -  

loop systems, and f i m i l y  conpare the resu l - t ing  s t a r t u p  procedures 

wiJLh o the r s  t h a t  have been proposed. 

Proposed Star t i ip  Procedure for t he  M P F 3  

Prciica Ling; 

A promising apprczch t o  thc prcheati-ng operatLc9 i s  t r J  make use 

of  shutLers  no t  on ly  on t h e  r a d i a t o r  bu t  a?..so between the e x t e r n a l  

su r f ace  of t h e  s h i e l d  and t h e  space z m l o s e d  by the rad ia . tor  ( s ee  Fig.  

16). The l a t t e r  s e t  of s h u t t e r s  wou..ld be designed to ope11 a t  tempera- 

t u r e s  bzl-ow about  509°F so t h a t  h e a t  conducted from the  s u r f a e  of t h e  

r e a c t o r  assembly t o  t h e  o u t e r  s i i r face of  t h e  shi.eld w i l l  be emit ted 

t o  -Lhe i n t e r i o r  of t l i ?  r a d i a t o r  enclos-are.  A s  out]-ined i.n t he  s e c t i o n  

on condenser temperature control-, the sh i i t t e r s  on t h e  r a d i a t o r  would 

r e m s i r i  c losed  u n t i l  t h e  r a d i a t o r  tube temperature rose  above about 

509°F. With t h i s  approach tine h e a t  l o s s e s  rrom t h e  complete power 

p l a n t  assembly can be kept  t o  something of t h e  o rde r  o f  3 kw For. an  

average a s  sern'o !.y siirfacc -teinpe i-atrire o f  150°F i f  gold- p l a t ed  s h u t t e r s  

a r e  ernpl-oyed. Was Liie system could be heated by inc reas ing  t h e  power 

g radua l ly  t o  about, 3 kw ( t )  w i - L l i  no potassium i n  the system. If t h e  
ti ng were s t a r t e d  wj ti? t h e  systi.m c o l d ,  the. thermal. i n e r t i a  



wou1.d be so  g r e a t  t h a t  i t  would take about, 100 hr f o r  t h e  temperature  

of t h e  power p l a n t  assemb1.y t o  r ise  t o  t h e  equ i l ib r ium va1.u.es i n d i -  

c a t e d  i n  Table 29" At 'chis j u n c t c r e  al.1 parts OF t h e  f l u i d  systern 

would be w e l l  above Lhe mel t ing  po in t  of  the potassium. 

Table 29. Equil ibr ium C o d  i t i o n s  A f t e r  
P rehea t ing  Pi-ior t o  Start-up of t h e  
2.2 Mw (t) Power P l a n t  of Fig. 1.6 

---I .--- 

Radia tor  su r face  a rea ,  f t 2  
S h u t t e r  e m i s s i v i t y  (each s u r f a c e )  
Rcactor thermal  output, Kv 
Btu/hr 
Surface h e a t  f l uxs  Btu/1ir-ft2 
S h u t t e r  -tc::mp?:ature, "E 
Xef l e c t o r  e m i s s i v i t y  
Radiant  h e a t  t ransmiss ion  f a c t o r  
Ref l ec to r  tenpe r a t u r e ,  " R 
Sh ie ld  surrace e m i s s i v i t y  
Sh ie ld  su r face  a rea ,  ft" 
Shie ld  susfnce heat f l u x ,  Btu/:.r--ft2 
Xadiant heat, t r a n s m i s s i m  Tactor  
Shie ld  su r face  temperature,  O H  

Radia tor  tube terrperature ,  "R 
Turbine - genera t o r  t crape r u t  ure I 
Reactor  p re s su re  v e s s e l  tenperatuye, "13 
Reactor  core  c e n t r a l  temperature,  O l r i  

R 

500 
0,02 
3 
10,000 
20 
910 
0.04 
0.01:j 
1120 
0. go 
100 
100 
0~17 
1.260 
1020 
17.6 0 
1460 
186 o 

Starting I t h e  B o i l e r  i n  a Spinning Vehicle 

If t h e  systern were mounted i n  a sp inning  space s ta t j -on  so  t h a t  

the ceritr ifugal.  f i e l d  would be a v a i l a b l e  t o  g ive  an a r t i f i . c i a 1  gruvi -  

t a t i o n a l  fie1.d the  system cou1.d be f i l l e d  with potassium arid t h e  

s t a r t - u p  procedure could be e s s e n t i a l l y  s i m i l a r  to t h a t  employed f o r  

t h e  ORJTI, t e s t  r i g s .  

'This e n t a i l s  f i l l i n g  t h e  b o i l e r  w i t h  the pmper amount of po tas -  

sium. when t h e  temperat,ur.e of t h e  system i s  above about  200°F. Trie 

b o i l e r  pouer can then  be increased  gradual ly ,  vapor condenses in t h e  

r a d i a t o r ,  and t h e  potassium r e f l u x e s  by n a t u r a l  convect ion as a con- 

sequence o f  the l a r g e  d i f f e r e n c e  i n  deos i ty  between t h e  vapor i n  t h e  
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riser t o  t h e  condenser and t h e  i iq i i id  i n  tiie condensaLe r e t u r n  l i n e s .  

Tke power c a n  be i-ncreased gradua1.I-y o r  r a p i d l y  u n t i l  t h e  tu rb ine -  

pump u n i t  s-iarts.  This has been accompl-ished many Limes i n  a few 

minutes i n  water  systems. To d a t e  10 min o r  more have been taken f o r  

this s t z p  i n  potass!’.urn systems, b u t  t h e r e  appears  t o  be no reasor! why 

i-i could not  ke accornpl.ished mere r ap id ly .  

S t a r t i n g  th.e B o i l e r  Under Zero-g Condibions 
l___l .... _.-- --_- 

Xi’ t k  p m e r  p l a n t  were s t a t i c  wider zero-g conditions, a promi_- 

sin-g approa.ch appears t g  begin i n j e c t i n g  potass:ii;m i.n-Lo t h e  r e a c t o r  

core  in le t ,  at, a r a t e  such t h a t  tiie e x i t  vapor qy.aliLy w i l l  rGn around 

1%. Y’he s t r o i g  wet t ing  charac te r i s - i ; i cs  o f  tiie pc’Cl;ssium, poss7.bl.y 

a ided by a t ex tu red  sur fa  on the f u e l  eI.ements, would d i s t r i b G t e  -ihe 

potassixm f a i r l y  v e l 1  thraughout the c3:c-e. 

heated wi th  the rest of t h e  power p l a n t .  ‘The f i l l  t ank  would be l o -  

ca ted  s o  t h a t  i t s  temperature  wou.1.d be cl.ose t~ th.: reactor temperature  

t o  r i i i i i i m i  z e  the rma I~ s tre s se s dur ing  ‘ike i n j  e e t  Lon opera ti on. Bo i  ling 

wolJld s ta1. t  a s  soon a s  t h e  po‘;sssium reached the re.2ctGr core,  and 

vapor Irim.ld hc evolved. Because of  the f a e r l y  s t rong  negtitive tempera- 

t u r e  c o e f f i c i e n t ,  t hz  c o o l i n g  OF the r e a c t o r  core  a s soc ia t ed  w i t h  b o i l -  

i n g  of t h e  potassium would k e d  t o  a n  inc rease  i.n r e a c t i v i t y ,  and hence 

a n  i nc rease  i n  r c r c t o r  power s i i f f i c i e n t  t o  ho.1.d t h e  mean f u e l  ternrei-a- 

.t.E.re nea r ly  ccliist3.n-t,. Tae p o t a s s i m  i .n jee t ion  r a k  would be scheduled 

t o  inc rease  i n  a manner s;ich t h a t  a low vapor q i la l i ty  would ‘ne main- 

t a ined  a t  tile core  outI.et  while t h e  power would inc rease  from abou-’; 

3 kw t o  perhaps 56 kw i n  about 2 mir?, by which point, tiie free--Lurb%n.e- 

d r iven  feed pump sho1i.d s t a r t , .  

The po?,assFum would be pre-  

It is pcssiblk -that s u f f i c f e n t  potassium vapor from t h e  b o i l e r  

wculd eontlerise i n  t h e  t u rb ine  cas ing  and be drawn i n t o  thc bear ings  by 

c a p i l l a r y  a c t i o n  t o  provide I.uSri.cation be fo re  the r o t o r  would s t , a r t  

t o  t x m ,  bui; it, woilld pr,Ba.bly be T;et,tzr t o  begin .Lo provide 3 posi.tive 

supply ol” potassiurr: t o  the bea r ings  whnn l i q u i d  potassium i n j e c t i o n  t o  

the boi.l.er i s  irri t , iat=.d.  1rjhil.e thi?re wc?uld probably be a substan-Lia.1. 

amcurit of ii qui.d carried w i t &  tile vapor through t h e  vapor separator 



1-39 

during t h e  f i rs t  minute o r  two, the total a,mou.nL of l i q u i d  i n j e c t e d  

-Lo t h e  b o i l e r  i n  t h e  f irst  2 mil?  wO1.d.d not rim much r.lore k h a n  the 

l i q u i d  inventory  requ.ired Lo f i l l  tbe coadensate re tu-rn and b o i l e r  

feed  l i n e s .  By t h e  eind of 2 min of i n j e c t t o n  normal ope ra t ion  of the 

f eed  p u ~ p  should begin .  

If des i r ed ,  a sniaI.1, low head, e l ec t ronagne t i c  pa ip  might be 

loca ted  j u x t  downstream of t h e  r a d i a t o r  scavenging .jet pump -Lo a c t  

as a check va lve  t o  prevent  t h e  pri.mi.ng charge f ~ o m  enter in-g t h e  

r a d i a t o r ,  and t o  assixre a small d r i v i n g  f o r c e  t o  scavenge l iquid.  from 

the cond-enser and move i t  i n t o  the c e n t r i f u g a l  punp duri.ng t h e  i n i t i a l  

phases of t,he start .  1-15 i s  l i .kely t h a t  this would not be necessary 

beca.use c a p i l l a r y  forc2s a c t i n g  on t h e  f r e e  l i q u i d  s i x f a c e  i n  t h e  

tapered t u k s  nea r  t h e  out I .e t s  would. s tart  t h e  l.i.quid. moving toward t h e  

r a d i a t o r  scaven.gi.ng <jet pimps. 

The j e t  pi.mps scavenging t h e  ra?ii.ator would no-L, of  course ,  begin  

t o  work u n t i l  the tiir'oine pump ha,d s t a r t ed .  t o  d i scharge  l i q u i d .  Th i s  

could not, occur v n t i l  l i q u i d  had T i l l e d  t h e  l ines  frorc. t h e  r n d i a t o r  t o  

the cent;ri.fugal pump and from the c e n t r i f u g a l  feed pump !io t h e  j e t  pump. 

93 asslire f i l l i n g  of t h e s e  I..iaes i'i w i l l  be  necessary t o  provide 

gaps i n  the s h u t t e r s  at the i3o-ti;om of t h e  power p l a n t  packa>ge and ar range  

t h e  r e f l e c t i v e  insulatf .on i n  t h a t  r eg ion  so t h a t  the con.densa.te r e t u r n  

p ip ing  w i l l  r each  an  equi.1ibriu.m i;emperatu.re of 100°F t o  200*F below 

t h a t  of t h e  condenser and o t h e r  p a r t s  o f  t'ne system befo re  t.he beginning 

of i .n, jection. Thus - the higher  vapor p-ressures bo th  in .  the  condenser and 
i n  t,he b o i l e r  would act, to f i l l  t h e  condensate r e t u r n  l i n e s  wi th  l i q u i d .  

By proper des ign  oY the f l u i d  f low passages so t h a t  they  w i l l  act, 3,s hy- 

d r a u l i c  check va lves  ( i . e . ,  have a g r e a t e r  pressure  drop f o r  back flow 

than  f o r  forward. f low) i t  appears  possi 'ole t o  o b t a i n  s a t i s f a c t o r y  f i l l i n g  

of the  l i q u i d  l i n e s  without  t he  use of va lves  

S t a r t i n g  t h e  Turbine-Generator 
r 71 lne g r e a t e r  mass of t h e  r o t o r  for t h e  t u r b i n e  genera tor  coupled 

wi th  magnetic f o r c e s  w i l l  keep it f r o m  s t a r t i n g  u n t i l  t h e  b o i l e r  power 

output i s  increased. s u b s t a n t i a l l y  beyond t h a t  r equ i r ed  t o  start  t h e  

turbine-pimp unl-t  . Consequently, start -uy of t h e  tu rb ine -gene ra to r  



can be de fe r r ed  u n t i l  t he  f l u i d  system has been monitored thoroughly 

t o  make c e r t a i n  t h a t  t h e  r eac to r ,  turbtne-pump, condenser, e-Lc. a r e  

func t ioning  proper ly .  The boil .er  power can then  be increased  u n t i l  

t he  turbine-genera 'Lor u n i t  s t a r t s ,  and increased  f u r - h e r  unt i l .  i t  i s  

brougkt t o  t h e  des i r ed  speed. Yibz r e a c t o r  ope ra t ion  up t o  t h i s  po in t  

would be based on a neutron flux sign.al_, bu t  con-Lrol wou1.d now be 

t r a n s f e r r e d  to equipment designed t o  hol~.d t h e  genera tor  ouLput. vo l t -  

age and/or frequency coinstant a s  ou t l ined  i n  Sec t ion  4. 

Coriaecting the  Genera-Lor ta t he  Load 

On cor;lpletion C J f  t h e  zbove ope ra t i cns  t h e  genera tor  would be 

coupled t o  t h e  e l e c L r l c a l  d i  s t r i -bu t lvn  system o f  the spacec ra f t  and 

bne lbad increased  gradual ly  by swiLclrLng on f i r s t  one and tben another  

com-porient o f  t h e  e l e c t r i c a l  load. 

L ,  

S ince  i t  i s  t ed ious  ts f'oII.o-vi thrcugh the d e t a i l s  of the s t a a t -  

up procedure for each of t h e  six sys.Lems of tl-1j.s study,  it seems best  

t o  eons ide r  j u s t  two - the  si-ngl.e-loap system of F ig ,  1 and t h e  3- 

3.oop s y s t e n  of Fig. 6. To t h i s  end -tile s t e p s  i n  a zero-g s t a r t - u p  

of t h e  YIRE presented above have been taken  a s  -Lypfcal of s i -nglz- loop 

systems and a r e  summrized i n  Table 30. Table 3l s u m a r i z e s  Llie corre- 

sponding s t e p s  requi red  t o  s t a r t  up a 3-loop s y s - t m  foIS,oT.\jIng a pre- 

cedure s i m i l a r  t o  the  ] .atest  ou t l i ned  by CANEi?" except  where s i r ip l i -  

f i c a t i o n s  i m p l i c i t  i n  this s tudy  (such a s  t h e r m o s t a t i c a l l y  coatrol-led 

r a d i a t o r  s h u t t e r s )  could be included.  

It i s  evi.dent tha- t  t h e  programming equipment requi.red for t h e  

3-loop system -is much more invol.ved than  t h a t  requi-red f o r  a sing1.e- 

lciop system. A l l  of' tne fi.ve s t e p s  required f o r  the sing!.e-loop system 

have e s s e n t i s l l y  i d e n t i c a l  coxnterpe-  t s  i n  t h e  procedure for. t h e  3- 
I.occ s y s t m ,  and t h e  l a - t k r  has seven a d d i t i o n a l  s t e p s  t h a t  have no 

c:ounterpar.Ls i n  t h e  s i n g l e -  loop sysi;c:a. 



Tne procedv.re f o r  s t a r t i n g  up t h e  s ing le - loop  system of F ig .  2 

wou1.d be t h e  saiiie as given i n  Table 30. 

The procedi~.re f o r  t h e  2-loop b o i l i n g  r e a c t o r  system of F ig .  3 
would be a b i t  complicated.  The p rehea t ing  of t h e  system, fill.ri.ng of 

t h e  r e a c t o r  c i r c u i t ,  and s t a r t i n g  of th .e  r e a c t o r  c i . r c u i t  p m p  would 

be s i m i l a r  -to s t e p s  1 and 2 o f  Table 30s The ba lance  of  t h e  procedure 

would be s i m i l a r  t o  t h a t  of Table 31, from s t e p  6 on except  f o r  s t e p  

11, g iv ing  a t o t a l  of e i g h t  s t e p s .  (Note t h a t  a r e c i r c u l a t i n g  r a t h e r  

t han  a once-through b o i l e r  would elirni.riate two of t h e s e . )  The pro- 

cedure f o r  s t a r t i n g  tlie 2-loop system of Fig.  4 would be similar t o  

t h a t  of' 'Table 30 except  t h a t  steps 4 and 5 of Table 31 would also be 

requi red ,  griving a to ta l .  of seven. s t e p s .  

The procedure for s % a r t l n g  up t h e  2-1.00~ liqii.id-@ool.ed r e a c t o r  

system of  F ig .  5 would be s i m i l a r  t o  t h a t  outI.ined i n  Table 31. except  

t h a t  s t e p s  )-I and 5 would be e1.iminated and s t e p  7 would be s impl i f i ed  

by t h e  use o f  a d i r e c t  condensing r a d i a t o r .  

Table 30. Zero-g Staartrup Procedures for t h e  MEW 

1. S t a r t  r e a c t o r  wi th  t h e  potassium sys-bein d r y  and t h e  power p l a n t  
a t  GOOF. 
1 h r  us ing  neutron fl_w a s  t h e  b a s i s  fc)r c o n t r o l .  A'u0u.t 100 h r  
w i l l  be requi red  t o  h e a t  t h e  power p l a n t  t o  e q u i l i b r i u n  where t h e  
temperature  d i s t r i b u t i o n .  w i l l  be about  a s  i nd ica t ed  i n  Table 29. 

t h e  i n j e c t i o n  ra te  scheduled t o  begin  a t  0.01 lb/sec and r.i,se t o  
0,4 lb/sec a t  t h e  end of' 2 min. 
no t  move because the  temperature  c o e f f i c i e n t  would a c t  t o  inc rease  
t h e  r e a c t o r  power s u f f i c i e n t l y  t o  hold t h e  mean core  temperature  
cons t an t  a t  about  1100'F.) 
s t a r t  a f t e r  about  2 min from .the begiririing of tlie i n5ec t ion .  Tem- 
perat . :Tes would be allowed t o  s t a ' o i l i ze  f o r  about 20 min wi th  t h e  
r e a c t o r  a t  cons t an t  power and t h e  turbine-pump u n i t  opera t ing .  

Inc rease  t h e  r e a c t o r  power and o u t l e t  temperature  about  50°F a t  
which p o i n t  t h e  tu rb ine -gene ra to r  should s t a r t  t o  r o t a t e ,  and then  
i n c r e a s e  i t  f u r t h e r  u n t i l  t h e  gene ra to r  reaches t h e  proper  speed. 
( A t  t h i s  p o i n t  t h e  r e a c t o r  would be a t  about  15% of des ign  output .  

Increase  t h e  power t o  about 3 kw i n  B per iod  of about 

2. Begin injectri.ng potassium t o  t h e  r e a c t o r  core  i n l e t  plenum wi th  

(The r e a c t o r  control .  plugs would 

Tne t u r b i n e  d r iven  feed  p u p  would 

3.  



Table 30. (conkinued) 

4. Switch the  r e a c t o r  c o n t r o l  from a scheduled neut,rori flux t o  equip- 
ment designed t o  maintain a cons t an t  6e:lerator frequency. 

5. Connect t he  genera tor  t o  the  e l e c t r f c  power d i s t r i b u t i o n  system. 
_I_.______..-. .- --- 

Table 31.. Zero-g S t a r t - u p  Procedure f o r  t h e  
3-Loop SysLem of  F ig .  6, 2.2 Mw( ' i )  

- -  I_̂ ._._.___ ___  
1 _. 

2. 

3. 

4. 
5. 
6. 

7- 

8. 

9. 

10. 

11. 

12 " 

S t a r t  r e a c t o r  wi th  t h e  potassium system dry and the  power p l a n t  
at GC"F. Increase  t h e  pover -to about 3 kw i n  a period of ab0u.t 
1 h r  us ing  iieutron f l u x  as -Llie basis f o r  con t ro l .  Af t e r  about 
100 h r  t h c  sys'iem temyJera$,ures will reach equilj-briu.m at, which 
p o i n t  tiie temperature d i s t r i b u t i o n  w i l l  be s i m i l a r  -to t h a t  shown 
i n  Table 29 except  ' h a t  t'ne r%di.r,tor Le a t u r e  woii1.d be about 
200°F lower ~ 

Fi1.1 the reactoi-  f l . u i d  c i r - cu i t .  

Star'i t h e  r e a c t o r  c i r c d t  pump and begin c i r c u l h t i n g  -the r e a c t o r  
coola tit. 

F i l l  t h e  rad l .a tor  f l u i d  c i r c u i t s .  

S t a r t  t h e  puraps i n  the  r a d i a t o r  f l u i d  c i r c u i t s ,  

Increase  t h e  r e z c t o r  power t o  bi5iig the r e a c t o r  coo!.ant ou t le ' i  
temperature  t o  t h e  proper  v a h e  f o r  s t s r t t n g  thc b o i l e r .  

Begin i n j e c t i n g  po'iassium i n t o  t h e  boi!.er at a r a t e  scheduled t o  
inc rease  from an  i n i t i a l  r a t e  of  about 0.0G2 l.h/sec t o  about 0.10 
lb/sec a f t e r  2 min. 
feed pump, Segin ope ra t ing  t h e  equj-prnent designed t o  maii1tai.n t h e  
proper  1iqui.d inventory  i n  the Rai1ki.m cyc le  system, 

Switch t h e  r e a c t o r  c o n t r o l  rrom a neukron f l u x  schedu1.e t o  a sched- 
u1.c based on -the amount o f  superhea t  i n  t h e  vapor l eav ing  t h e  boi l -e r .  

Increase  t h e  b o i l e r  ou'ipu-t unt i l .  t he  turb ine-genera tor  s t a r t s ,  and 
then  inc rease  i t  f u r t h e r  un t i l .  tiie genera tor  reaches tiie proper  
speed, 

Swi'izh i n  the  c o n t r o l  equipment desFgned .to a c t u a t e  t h e  t h r o t t l e  
valve i n  the boiler feed l i n e  and thus a d j u s t  t h e  boi . ler  ou tput  
t o  hold the  genera tor  ou t2ut  vo l tage  and/or frequency constant. 

One a t  a t i m e  switch the e l e c t r i c  motor d r iven  pumps from the i r  
b a t t e r y - i n v e r t e r  power supp l i e s  t o  t h e  gencra tor .  

Connect t h e  gene ra to r  t o  t h e  e l e c t r i c  power d i s t r i b u t i o n  system. 

This should s t a r t  t h e  free turbine-dr i .ven 



Comparison wi th  CANEL S t a r t u p  Proced.ures 

The primary d i f f e r e n c e  i n  t h e  procedure f o r  a 3-loop system s t a r t i i p , o f  

Tahle 31 and one sugges-tied. by CAN3L,T i s  'chat i n  t h e  CANEL sequence t h e  

e l e c t r i c  motor d r iven  purups a r e  s t a r t e d  a t  t h e  i n i t i a t i o n  of t h e  a c t u a l  

startiup sequence. T h i s  e n t a i l s  t h e  use oP a, 150 kw-hr sepa ra t e  power 

suppl-y (-25$ used for t h e  power conversion loop pimp) and shut -of f  valves  

i n  t h e  bea r ing  feed  l i n e s  t o  t h e  tu rb ine -gene ra to r  u n i t  and a t  the  COIL- 

d.enser o u t l e t .  Also  a preS.aunch system hea t ing  scheme i s  proposed bint 

obui.ously i s  of no use f o r  a re-s-bart,. Precha,rgl.iig of t h e  r e a c t o r  coola,nt 

loop and t h e  radiator- nTaK loop i s  adopted., altliough -this -too may not  be 

accept3;tiS.e for t h e  r e - s t a r - t  c m e .  

While t h e  sequence proposed by CANEL coiild ha.ve been adopted i n  l i e u  

of Table 31, i . e . ,  potassium vzpor could be i n j e c t e d  t o  t h e  pimp turbine 

f o r  s t a r t u p  be fo re  bi-inging up t h e  r e a c t o r  power, it was f e l t  t h a t  :a, 

b e b t e r  system r e l i a b i l i t y  could be achieved by e l imina t ing  t h e  va lves ,  

p a r t i c i i l a r l y  f o r  t h e  zei-o-g re-start case. I n  both cases it i s  recognized 

t h a t  t'ne s t a r t u p  procedures  as ou t l ined  a r e  somewhat. oversLmp1.if l ed  in 

tbs. t  siich "small" intei-rcediate steps as v e r i f i c a t i o n  of tempera,tures, et:. , 
and t h e  o t h e r  i .nd ica t ions  of t h e  s a t i s f a c t o r y  CGIilp~etion of t h e  previous 

s t e p s  a r e  omit ted.  It i s  a l s o  irnportant t o  r e a l i z e  tha-i; a t  t'ne c u r r e n t  

s t a t e  of zero-g system experience t h e  above procediires should be  viewed 

8,s p o s s i b i l i t i e s  only and ape sub jec t  t o  change as more kmwledge i s  

developed. 



l i t4 

7. MAJOR PROBLEM AREAS 

Each of  t h e  systems considered i n  t h i s  s tudy involves  problem 

a r e a s  t h a t  (could prove s o  d i f f i a u l - t  a s  t o  make a tru1.y o p e r a t i o n a l  

system m a t t a i n a b l e .  It appears  i n  oi-dei- t o  l i s t  these  major problerc 

s r eas  t oge t%- r  wi.th o the r s  tiat, zppcar 'io be e x t r m e l y  important .  

~ - -  Cenei-a1 Problems Involving All S y s t e m  

I.. The rel . i .abiI . i ty of tile e l k c i r o n i c  c o n t r o l  equipment inher -  

e:itI.y recpired fo- r,or?aal ope ra t ion  of 2-7  sild 3- loop systems a s  de- 

termined by appl-ying Depurtm.erit of DeI'eiise t a b l e s  f o r  t h e  re1 i a b i l i t y  

o f  e k c t r o n i c  components m y  be -tiio low t o  be accep-tab1.e. 

c u i t  diagrams used i n  any su.cf-1 ar ia lysis  should be f o r  systems fcr 

which t m r e  i s  a t  l e a s t  s inf f ic ien t  da ta  t o  have permit ted the con- 

s t r u c t i o i i  and 0peratio.n of a ~ 1  e l e c t r i c a l  analog t o  provide a b a s i s  

f o r  the design. of  t h e  c i r c u i - t  diagrams. X'ke a n a l y s i s  should ix1.ude 

t h e  i n s t n m e n t a t i o n  requi red  t o  provide -the necessary  inp:x% t o  t h e  

e:.ea-tronic eo_uipmFnt. ) 

(IT"rie c i r -  

2. The extent;  t o  which mass t r a n s f e r  and e;;rrosi.on may pr3sei.i-t 

problems i n  boiling potassSum systems has not  y e t  been demonstrated 

by l0,OC)O h r  endurance t e s t s  with e i t h e r  stainless steel. i n  the i5OO"F 

t o  1.603'F range or wi-th r e f r a c t o r y  meLsl i.n t h e  2COO"F range. (To bz 

s i g r A f i c a n t  t h e  systems should i.nc1.ude bear ings  l u b r i c a t e d  wi.th po- 

tassj.irm, and should have surface-volume r a t i o s  and temperature d i s -  

t r i b u ~ t t o n s  s i m i l a r  t o  those of  a ful .?-scaie space power p l a n t  as well 

a s  311 types of materria1.s nomially requi red .  ) 
3. The e f f e c t s  or: mass t r a n s f e r  and corrosion of the use of  

stainless s - t e e 1  in the condenser of a potassiun system w i t h  a 2000'F 

re f rac t r j ry  metal b o i l e r  has y e t  t o  b e  dcnonstrated by a 10,000 h r  

end-iirance t e s t .  

'4. The f z a s j b i l i - t y  of  bui ldi-ng and opera'ci ng a generator w i t h  

po tsss i iun- l i i .~r ica ted  bear ings  aiid po LassIi.um-cooJ.ed wind.i. ags has y e t  

t o  b e  dernons+irated by a 1-orig endurance t e s t .  
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5. The re1. iabi l - i ty  of  free- turb ine-dr iven  c e n t r i f u g a l  feed  pimps 

empl-oying potassf.wn-lubricated bea r ings  has  been demonstrated by on33 

one 2500 l ir  t e s t .  

6. The f e a s i b i l i t y  of u s ing  t h e r m o s t a t i c a l l y  conkrol led s h u t t e r s  

on a space r a d i a t o r  t o  main ta in  the condenser temperature  wi th in  accep-t- 

a b l e  l i m i t s  and t h e  r e l i a b i l i t y  of  t h e  mechanism requi red  has y e t  t o  

be demons-trated experimental ly .  

7 .  The e f f e c t s  of des ign  parameters  or?. t he  c a v i t a t i o n  perform- 

ance of j e t  pumps opera t ing  i n  potassium have not, y e t  been i a v e s t i g a t e d .  

8. The 1irni. tations imposed on the  design of centrifIi.ga.1 and j e t  

pumps by the p o s s i - b i l i t i e s  of c a v i t a t i o n  damage a r e  not  y e t  well def ined ,  

9. %'lie e f f e c t s  of  tapered  passages and hydraul ic  check valves  

on t h e  flow s t a b i l i t y  of b o i l e r s  requires furLher i n v e s t i g a t i o n .  

10. The flow dTs t r ibu t ion  an.d flow s t a b i l i t y  i n  mul t ip l e  passage 

condensers under zero-g cond i t ions  has  not  been d e f i n i t i v e l y  demon- 

strated, 

11. The c o n t r o l  of f r e e - l i q u i d  sur fac- -  \.,b i n  expansion tanks under 

zero-g condi t ions  by sp.',nning the l i q u i d  inventory  may introdiJce seri-  

ous problems when t h e  t ank  i s  incorpora ted  i n .  a system. 

Sys Lems Employing Once-Tlirough B o i l e r s  

12. The c o n t r o l  of once- through b o i l e r  sys-terns i-equri-res complex 

e l e c t r o n i c  equipment t h a t  appesrs  t o  have an  unaceeptab1.y low r e l i a -  

b i  li t y  

13. The r e l i a b i l . i t y  or" throttle valves  i n c l u d l n g  the a c t u a t i n g  

mechanism appears  t o  be unacceptably low. 

14* TIe re l j . ab i l . i ty  of 1iqu.j-d accumulators,  p a r t i c u l a r l y  those  

employing bel lows appears  t o  be unacceptably low. 

Li. quid- Coo l e d  Reactor  Sys tems 

15. The r e l i a b i l i t y -  of e l e c t r i c  motor-driven canned r o t o r  pumps 

f o r  handl ing l 9 O O " F  l i q u i d  met8al appears  t o  be u.nacceptably low. 
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16. Afterhea-t  Ternoval. i n  t h e  event  o f  acci-dents p re sen t s  major 

problems. 

17. ?he r e l i a b i l i t y  of li q1ii.d ac ciJm1Ll.h t o r s  employing be 1.l.o~ s 

appears  t o  be unacceptably low. 

Single-Loop Systems ----..--.,-- 

3.9. Th.e €].ow d i s t r i b u t i o n  and fI.ow s ' a b i l i L y  i n  r e l a t i v e l y  low 

pressure  drop mul t ip l e  passage r e c i r c u l a t i n g  b o i l e r s  msy not  be s a t i s -  

f 'actory under ze ro -g  condi Lions. 

20. The f e a s i b i l i t y  of  s t a r t i r q .  a r e c i r c u l a t i n g  b o i l e r  follow- 

ing a procedure s i m i l a r  t o  that  c u t l i n e d  i n  'ihe previous s e c t i o n  has 

yet t o  b,- demonstrated.  

o f  -tile e f f e c t s  o f  textured s w f a c e s  designed t o  take advantage of 

c a p i l l a r y  e f f e c t s .  ) 

(2kis vc rk  sliouid inc lude  an inv-esti.g3,tion 

21. The burnout hea t  f l u x  1imitatri.ons iil 'ooiI.i_ng potassium- 

cooled reactors i s  only sketc31iil.y def ined .  

rsrigc wil..l requi-re thn develfipmeni; o f  a s u i t a b l e  r e f r a c t o r y  me-tal e lec-  

t r i c  hea t e r  rod, ) 

(To do t h i s  i n  t h e  2OC)O"F 

22% !The amount of T i s s ion  produ.ct cositar:?ination t o  be expcc-Lcd 

i.ii the  r a d j a t o r  of a single-l .oop system i f  a f u e l  elemeiit l eak  were 

t o  develop has not  been well. es tab i - i shed  experinec'mlly. 

be done Sy running a del.i.berately defec: bed fuzl element i n  b o i l i n g  

potassium in-pi1.e. ) 

('?his could 

23. The amount of  ac t iv - iLy  t h a t  might be c a r r i e d  from the  r e a c t o r  

c o n  t o  the condenser of 8 singJ.e loop  system a s  a consequence of mass 

trans.;e:r has riot been e s t a b l i s h e d  experimental.1.y. (Th-ils cou1.d be done 

by ~ 'unnlng  a s m i l l  potassium system w i t h  Firzrods that have been a c t i -  

vated by neutron i r r a d i a t i o n ,  ) 
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