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EXECUT I VE SUMMARY 

1.0 INTRODUCTION -. . -- . . 

The h igh- t  emperature capabi 1  i t y  o f  t h e  High-Temperature Gas-Cool ed 
Reactor (HTGR) i s  a  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  which has l ong  been 
recognized as s i g n i f i c a n t  both w i t h i n  t he  U.S. and w i t h i n  f o r e i g n  
nuclear  energy programs. Th i s  high-temperature capabi 1  i ty o f  t h e  HTGR 
concept Teads t o  increased e f f i c i e n c y  i n  convent ional app l i ca t i ons  and, 
i n  add i t ion ,  makes poss ib le  a  number o f  unique app l i ca t i ons  i n  bo th  
e l  ec t  r i c a l  generat i  on and i ndust ri a1 process heat. 

I n  p a r t i c u l a r ,  coup l ing  t h e  HTGR nuclear  heat source t o  t h e  Brayton 
(gas t u r b i n e )  Cycle o f f e r s  s i g n i f i c a n t  p o t e n t i a l  b e n e f i t s  t o  opera t ing  
u t  i 1 i t  i es. Three major fundamental advantages over  t h e  more conven- 
t i o n a l  Ranki ne, v a p o r - t u r b i  ne power c y c l e  have been c i t e d :  (1) 
h e a t  i s  r e j e c t e d  f r o m  t h e  c y c l e  a t  a  r e l a t i v e l y  h i g h  t e m p e r a t u r e  
(approximately 150°C o r  about 300°F), making i t  more economically 
a t t r a c t i v e  t o  employ dry  o r  peak-shaved, wet/dry c o o l i n g  or ,  a1 terna-  
t i v e l y ,  t o  achieve h ighe r  e f f i c i e n c y  by the  a d d i t i o n  o f  a  bottoming 
power cyc le  when wet coo l i ng  i s  ava i lab le ;  ( 2 )  t h e  'gas t u r b i n e  pos- 
sesses inherent  c a p a b i l i t y  t o  achieve r e l a t i v e l y  l a r g e r  increases i n  
power o u t p u t  and e f f i c i e n c y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  t h a n  t h e  
Rankine Cycle, thereby b e t t e r  u t i l i z i n g  t h e  h ighe r  temperature capab i l -  
i t i e s  o f  high-temperature gas-cooled reactors;  and (3 )  t h e  low compres- 
sion-expansion r a t i o  he1 i um turbomachi ne and modularized components 
arranged w i  t h i  n  a  pressur ized c losed-cyc le system r e s u l t  i n  a  compact, 
i ntegrated power conversion system w i t h  p o t e n t i a l  f o r  reduced cos t  and 
h igh  r e l i a b i l i t y .  

Whi le  t h e  un ique  c a p a b i l i t i e s  o f  t h e  HTGR i n  genera l  and t h e  gas 
t u r b i n e  d e r i v a t i v e  i n  p a r t i c u l a r  have engendered broad i nteres t ,  t h i s  
i n t e r e s t  has tended t o  be d i ve rse  r a t h e r  t han  focused and has not l e d  
t o  a  f r u i t f u l  Nat ional  HTGR Program. T h i s  d i v e r s i t y  i n  p a r t  r e f l e c t s  
t h e  broad a p p l i c a t i o n  p o t e n t i a l  o f  t he  HTGR, which has l e d  t o  d i f f e r -  
ences among p a r t i c i p a t i n g  organizat ions w i t h  regard t o  t h e  p re fe r red  
program devel opment path and program p r i o r i t i e s .  With t h e  d i f f i c u l t i e s  
f ac ing  t h e  con t i nua t i on  o f  t h e  HTGR Program, i t  was ev ident  t h a t  a  
focusing e f f o r t  was requ i red  t o  reconc i l e  t h e  d i v e r s i t y  o f  op in ion  and 
t o  ob ta in  t h e  concurrence and support o f  a l l  HTGR Program p a r t i c -  
i pan ts  w i t h  regard t o  program d i rec t i on .  GCRA, there fo re ,  i n i t i a t e d  
t h p  HTGR I. ead Pro jec t  I d e n t i f i c a t i o n  P l a n  i n  December 1979. 

Central  t o  t h e  Plan was t h e  i n v e s t i g a t i o n  o f  HTGR Lead P ro jec t  opt ions 
which c o u l d  p r o v i d e  a  b a s i s  f o r  a  s t r o n g  N a t i o n a l  HTGR Program. 
Working w i t h  t h e  U.S. Department o f  Energy (DOE), Genera l  A tomic  
Company (GA), General E l e c t r i c  Company (GE), and Oak Ridge Nat ional  
Laboratory (ORNL) , GCRA i d e n t i f i e d  f o u r  HTGR Lead P ro jec t  opt ions f o r  
considerat ion. These f o u r  opt ions--the Gas Tu rb i  ne (HTGR-GT) , t h e  
Reformer (HTGR-R), t h e  Steam Cyc le /Cogenera t i on  (HTGR-SC/C), and 
t h e  Nuclear Heat Sou.rce Demonstration Reactor (NHSDR) --were se lec ted  by 
the  p a r t i c i p a n t s  t o  encompass a l l  p o t e n t i a l l y  v i a b l e  HTGR Lead P ro j -  



ects. The balance o f  t h e  FY 1980 HTGR Program a c t i v i t i e s  was adjusted 
t o  s u p p o r t  t h e s e  f o u r  Lead P r o j e c t  o p t i o n s ,  l e a d i n g  t o w a r d  t h e i r  
e v a l u a t i o n ,  p r i o r i t i z a t i o n  and, t hus ,  sequencing w i t h i n  t h e  HTGR 
Program. The u l t i m a t e  r e s u l t  o f  these a c t i v i t i e s  was envisioned t o  be 
an ordered HTGR Program, supported by a l l  p a r t i c i p a n t s ,  which would 
l o g i c a l l y  evolve t o  a Lead P ro jec t  commitment through a p r i v a t e  sec tor  
i n i t i a t i v e  and subsequently prov ide f o r  t h e  fo l low-on development o f  
o t h e r  v i  able op t  ions. 

T h i s  HTGR-GT A p p l i c a t i o n  Study documents the  e f f o r t  t o  evaluate t h e  
appropriateness o f  t h e  HTGR-GT as an HTGR Lead Project .  The scope o f  
t h i s  e f f o r t  inc luded eva lua t i on  o f  t h e  HTGR-GT technology, eva lua t ion  
o f  po ten t  i a1 HTGR-GT markets, assessment o f  t h e  economics o f  commer- 
c i a l  HTGR-GT p lan ts ,  and eva lua t ion  o f  t h e  program and expenditures 
necessary t o  e s t a b l i s h  HTGR-GT technology through t h e  complet ion o f  t he  
Lead Pro jec t .  

2.0 SUMMARY OF APPLICATION STUDY RESULTS 

The major  f i n d i n g  o f  t h i s  study i s  t h a t  an HTGR-GT p lan t  i s  not a 
s u i t a b l e  Lead P r o j e c t  candidate. While a subs tant ia l  market ex i  s t s  f o r  
a r e a c t o r  system w i t h  i t s  cha rac te r i s t i cs ,  a program o r ien ted  t o  an 
HTGR-GT Lead Pro jec t  cannot be recommended f o r  t h e  f o l  lowi  ng reasons: 

9 Based upon t h e  s p e c i f i c  des ign  and economic c h a r a c t e r i s t i c s  
eval  uated, no compel 1 i ng economic advantage r e l a t i v e  t o  ex i  s t i n g  
and p o t e n t i a l  c o m p e t i t i o n  was i d e n t i f i e d  as a r e s u l t  o f  t h i s  
study. I n  p a r t i c u l a r ,  no subs tant ia l  improvements i n  economics, 
performance o r  market appl i c a t i o n  were i d e n t i f i e d  over  t h e  HTGR-SC 
system. 

The p ro jec ted  cos ts  o f  t h e  design, development, and demonstration 
programs a r e  l a r g e  r e l a t i v e  t o  t h e  l i m i t e d  i n c e n t i v e s  o f  t h e  
HTGR-GT system. I n  add i t ion ,  t he  design, development, and demon- 
s t r a t i o n  programs c o n t a i n  a s i g n i f i c a n t  element o f  c o s t  and 
schedular ri sk associ ated w i t h  t h e  r e s o l u t i o n  o f  key techn ica l  
issues. 

9 The p ro t rac ted  schedule i d e n t i f i e d  as necessary f o r  t h e  HTGR-GT 
lead  p l a n t  would extend t h e  date f o r  i n t r o d u c t i o n  o f  commercial 
gas t u r b i n e  p l a n t s  and f o l  low-on HTGR p lan ts  t o  2010 and beyond. 

It i s  recognized t h a t  t h e  HTGR-GT p l a n t  has developmental p o t e n t i a l  
beyond t h a t  considered i n  the  scope o f  t h i s  study. S p e c i f i c a l l y ,  
designs f o r  h igher  temperature regimes and f o r  t h e  u t i l i z a t i o n  o f  h igh 
q u a l i t y  r e j e c t  heat v i a  bottoming cyc les o r  o the r  means may lead t o  
e l e c t r i c i t y  generat ion e f f i c i e n c i e s  o f  46% o r  higher.  Associ ated w i t h  
these p ro jec ted  gains, however, w i  11 be i ncreased techn ica l  ri sk which 
must be addressed through development o r  experience. On balance, i t  i s  
concluded t h a t  such systems are more prudent ly  evolved as fol low-ons t o  
l e s s  demandi ng concepts. Accordi ngly; and given t h e  evo l v i  ng economic 
and i n s t i t u t i o n a l  framework t h a t  e x i s t s  i n  t he  energy supply indus- 
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t r i e s ,  i t  i s  recommended t h a t  the-- HTGR-GT be viewed as. a longer-term 
goal o f  t he  HTGR Program w i t h  reduced p r i o r i t y  i n  t h e  near term re1 a- 
t i v e  t o  predecessor options. 

SUMMARY TECHNICAL DESCRIPTION 

The components and systems o f  t h e  Gas Turbine HTGR described below are 
shown i n  Figs. 1 and 2.  The reac to r  core i s  cooled w i t h  pressur ized 
he l ium,  moderated and r e f l e c t e d  w i t h  g r a p h i t e ,  and f u e l e d  w i t h  a 
mix ture  o f  uranium and thorium. It i s  constructed o f  p r i sma t i c  hexag- 
onal g raph i te  blocks w i t h  v e r t i c a l  holes f o r  coolant channels, f u e l  
rods, and con t ro l  rods. Both the  core and the  two power conversion 
loops (PCL) are  i ntegrated i n the  mu1 t i c a v i  t y  prestressed concrete 
reac to r  vessel (PCRV) . The turbomachines are  1 ocated i n ho r i zon ta l  
c a v i t i e s  i n  a c h o r d a l  arrangement a t  an e l e v a t i o n  below t h e  c o r e  
cav i ty .  The o ther  major PCL components--the recuperator and pre- 
c o o l e r - - a r e  l o c a t e d  i n v e r t i c a l  c a v i t i e s  around t h e  c e n t r a l  c o r e  
cav i ty .  I n  a d d i t i o n  t o  t h e  PCL equipment, t h ree  core a u x i l i a r y  coo l i ng  
system (CACS) 1 oops are a lso  provided f o r  sa fe ty - re la ted  core coo l i ng  
c a p a b i l i t y .  The CACS l oops ,  t h e  PCL equipment,  and t h e  c o r e  a r e  
connected by a se r ies  o f  ducts i n t e r n a l  t o  the  PCRV. The i n t e r n a l  
surfaces o f  t h e  PCRV c a v i t i e s  and ducts are l i n e d  w i t h  an impermeable 
s tee l  membrane and covered w i t h  a thermal b a r r i e r  t o  l i m i t  system 
heat losses and a t  t h e  same t ime main ta in  l i n e r  and concrete tempera- 
t u res  w i t h i n  design l i m i t s .  

The 850°C (156Z°F) c o r e  o u t l e t  gas d r i v e s  t h e  t u r b i n e  end o f  t h e  
non-i ntercooled turbomachi ne which, i n  tu rn ,  powers t h e  compressor and 
a 400 MWe, 60 Hz generator. The HTGR-GT u t i l i z e s  a recuperator  t o  
increase system e f f i c i e n c y  and t o  reduce heat r e j e c t i o n  through the  
precooler. The precooler  i s a he1 ium-to-water heat exchanger which 
r e j e c t s  cyc le  waste heat t o  the  p lan t  coo l i ng  system, o r  p o t e n t i a l l y  a 
bottnmi ng pnwer cycle. Degendi ng on t h e  p a r t i c u l a r  s i t e  condi t ions,  
t h e  coo l ing  system may u t i l i z e  a l l  dry o r  a combination o f  d ry  and wet 
coo l i ng  towers t o  r e j e c t  heat t o  t h e  atmosphere. 

The PCRV and a n c i l l a r y  systems a re  enclosed w i t h i n  a secondary contain- 
ment bu i ld ing .  Th i s  containment, together  w i t h  the  PCRV, incorporates 
sa fe ty  features t h a t  l i m i t  t h e  re lease o f  f i s s i o n  products i n  the  
event o f  a leak i n  t h e  primar.y system boundary. Cer ta in  nuclear  heat 
source  r e l a t e d  systems, such as f u e l  hand1 i ng and he1 i um p u r i f i -  
ca t  ion, and most bal ance-of-pl ant  systems and equipment are loca ted 
outs ide the  secondary containment i n separate st ructures.  Among the  
p l a n t  s t ruc tures  envisioned are the  reac tor  serv ice  bu i  1 d i  ng, t he  
cont ro ls ,  auxi 1 i a r i  es and d i  esel b u i l  d i  ng, and t h e  f u e l  storage bu i  1 d- 
i ng. 
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Figure 1 Two-1 oop 2000-MW ( t  ) HTGR-GT power p l a n t  
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The major parameters o f  t h i s  design are as fo l l ows :  

Nomi nal r e a c t o r  power, MW(t)--' '- 

Nomi nal e l  ec t  r i  c  output  (ne t ) ,  Mw(e) 
Nominal ne t  s t a t i o n  e f f i c i ency ,  % 
Power convers ion 1  oops, q t y  
P lan t  l a y o u t  
A v a i l a b i l i t y  f ac to r ,  % 
Capacity f a c t o r ,  % 
Type o f  coo l  i ng 
Fuel c y c l e  
Core power dens i ty  (KW/l i t e r )  
Fuel 1  i f e t i m e ,  years 
Refue l ing  cyc le  t ime, years 

2000 
. . 

800 
40.0 
2  
S ing le  u n i t  
90 
80 
Peak-shaved wet/dry 
LEU/T h  throw-away 
6.7 
4  
1 

4.0 SUMMARY OF EVALUATIONS 

Dur ing t h e  course o f  t h i s  assessment, t he  incent ives  and issues con- 
cern ing  the  HTGR-GT p l a n t  have been evaluated. The observations and 
conclusions drawn by program p a r t i c i p a n t s  from t h i s  work may be char- 
a c t e r i z e d  i n  terms o f  (1) t h e  market forces i n f l u e n c i n g  t h e  deployment 
o f  t h i s  system; (2 )  t h e  techn ica l  e f f o r t  p ro jec ted  as necessary t o  
e s t a b l i s h  t h i s  concept as a  v iab le  i n d u s t r i a l  power p lan t ;  and ( 3 )  
cos ts  p ro jec ted  t o  support the development program and Lead Project .  
These a r e  discussed i n  t h e  f o l l o w i n g  sect ions. 

4.1 Market I ncent i ves 

For  several years, c h a r a c t e r i s t i c s  o f  t h e  HTGR-GT p l a n t  have lead HTGR 
designers and i nteres ted  u t i l i t i e s  t o  a n t i c i p a t e  a  favorable market 
entry.  Expected a t t r i b u t e s  o f  t h e  HTGR-GT are: 

A  h igh  r e j e c t  heat temperature which favors opt imal dry o r  wet/dry 
coo l i ng  and t h e  s i t i n g  o f  p lan ts  i n  areas o f  l i m i t e d  water ava i l a -  
b i l i t y  f o r  such purposes. 

The e l i m i n a t i o n  o f  several c o s t l y  systems w i t h i n  t h e  balance o f  
p l a n t  which was expected t o  r e s u l t  i n  an o v e r a l l  s i m p l i f i c a t i o n  o f  
t h e  p l a n t  w i t h  an attendant h igh degree o f  p l a n t  a v a i l a b i l i t y  
r e l a t i v e  t o  competing systems. 

A reac to r  system w i t h  response c h a r a c t e r i s t i c s  which p o t e n t i a l l y  
p r o v i d e  f o r  i n c r e a s e d  i n v e s t o r  p r o t e c t  i o n ,  r e d u c t  i o n s  i n  t h e  
l e v e l  o f  pe rsonne l  exposure t o  r a d i o a c t i v e  env i  ronments, and 
reduced re1  i ance on prec i  p i  tous operator  ac t  i o n  t o  reac tor  excur- 
s ions and changes i n  operat ing modes. 

e A s i g n i f i c a n t  improvement r e l a t i v e  t o  compet ing  systems when 
t h e  combined e f f e c t s  o f  p l a n t  economics and per formance a r e  
considered. 



I n  conf ron t ing  t h e  f i r s t  o f  these considerat ions, GCRA and Hanford 
Engi neer i  ng Development Laborator i  .-. . es (HEDL) conducted a j o i  n t  study t o  
quan t i f y  t he  pro jec ted  market. Iii t h e  t ime i n t e r v a l  o f  i n t e r e s t  f o r  
commercializing t h e  HTGR-GT (year  2000 t o  2020), i t  was pro jec ted  as a 
r e s u l t  o f  the  study t h a t  850 GWe o f  generat ing capacity, w i l l  be con- 
structed. O f  t h i s ,  t he  nuclear p o r t i o n  o f  t h e  market was pro jec ted  t o  
be approximately 430 GWe. Th i s  study a lso examined t h e  s i ze  o f  market 
an t i c i pa ted  i n  areas o f  r e s t r i c t e d  water usage. As a r e s u l t ,  over  
one-fourth o f  t h e  expected market f o r  new and replacement p lan ts  was 
pro jec ted  t o  face s i g n i f i c a n t  l i m i t a t i o n s  on t h e  a v a i l a b i l i t y  o f  water 
f o r  t he  purposes o f  coo l ing  power p lants.  Thus, t h e  i n i t i a l  percep- 
t i o n s  o f  i n te res ted  u t i l i t i e s  r e l a t i v e  t o  t h e  s ize  and importance of 
t h i s  market were confirmed. 

The issue o f  p lan t  a v a i l a b i l i t y  proved t o  be somewhat more obscure 
i n  t h a t  claims o f  performance super io r  t o  e x i s t i n g  systems are  cont in -  
gent upon two key aspects o f  t h e  development program. These are: 

1. The r e l i a b i l i t y  t o  be ass igned t o  t h e  f u t u r e  per formance o f  
developmental components which r e l y  on s i g n i f i c a n t  extensions of 
e x i s t i n g  i n d u s t r i a l  p rac t ice ,  and 

2.  Operat ing and maintenance plans which requi  r e  s u f f i c i e n t  advance- 
ment o f  t h e  design t o  accurate ly  assess t h e  procedures and f a c i l i -  
t i e s  necessary t o  support the  d i r e c t  cyc le  gas t u r b i n e  and t o  
i d e n t i f y  t h e  need f o r  spare un i t s .  

While t h e  observat ion t h a t  t h e  mature gas t u r b i n e  p l a n t  should a t t a i n  
h igh  l e v e l s  o f  ava i l ab i  1 i t y  s t i l l  appears general- ly accurate, j u s t i f i -  
ca t ion '  o f  l e v e l s  h igher  than those assigned t o  competing systems f o r  
t h e  purposes o f  economic comparisons was not achieved i n  t h e  course o f  
t h i s  study. 

A number o f  advantages accrue t o  t h e  gas tu rb ine  which are shared i n  
common w i t h  o ther  HTGR concepts. Ongoing a c t i v i t i e s  w i t h i n  t h e  tech- 
no1 ogy development programs cont inue t o  support t he  expect a t  i o n  t h a t  
inherent features o f  t h e  HTGR (ceramic-based core, h igh thermal i n -  
e r t i a ,  etc.) w i l l  permi t  operator response times measured i n  terms o f  
hours f o r  operat ional  events. Analyses and t e s t s  a lso show very low 
a c t i v i t y  l e v e l s  reaching operat ing personnel and/or t h e  p u b l i c  as a 
r e s u l t  o f  normal operat ion, maintenance, and postu lated accidents. 
These cha rac te r i s t i cs ,  which are  confirmed by t h e  operat ing experience 
o f  Fo r t  S t .  Vrain, are expected t o  r e s u l t  i n  increased s i t i n g  f l e x i -  
b i  1 i t y ,  reduced d i f f i c u l t y  i n  1 i cens i ng, improved p l  ant operabi 1 i t y  , 
and reduced maintenance costs. Whi 1 e these advantages lend f u r t h e r  
credence t o  HTGR technology, no basis  f o r  ass igning an economic advan- 
tage t o  t h e  HTGR-GT r e l a t i v e  t o  o ther  HTGR concepts was found as a 
r e s u l t  o f  t h i s  study. 

As noted, designers and users had expected a more favorable economic 
prognosis f o r  t h e  HTGR-GT. It was an t i c i pa ted  t h a t  an o v e r a l l  s i m p l i -  
f i c a t i o n  o f  t h e  p lan t  (conceptual l y ,  t he  e l  i m i  na t i on  o f  steam genera- 



t o r s ,  condensate and feedwater t r a i n s ,  p ip ing ,  and t h e  t u r b i n e  b u i l d -  
i n g )  would r e s u l t  i n  s i g n i f i c a n t  c a p i t a l  cos t  improvements r e l a t i v e  t o  
steam c y c l e  p lants.  Simply s ta ted  t h i s  study has shown t h a t  these 
savings were l e s s  than t h e  cos ts  associated w i t h  l o c a t i n g  t h e  gas 
t u r b i n e  power convers ion loop i n s i d e  t h e  PCRV which resu l ted  i n  near ly  
doub l  i ng t h e  p r i m a r y  c o o l  an t  boundary ( 1  i ner  and the rma l  b a r r i  e r  
exposed t o  p r i m a r y  h e l i u m )  w i t h  consequent i n c r e a s e s  i n  P C R V  and 
containment s i z e  as compared t o  HTGR-SC plants. I n  add i t ion ,  pro- 
v i s i o n s  f o r  ma in ta in ing  t h e  gas t u r b i n e  inc lude a b u i l d i n g  i n  t he  
balance o f  p l a n t  which costs about t he  same as a convent ional steam 
t u r b i  ne bu i  1 d i  ng. 

It was a l so  expected t h a t  t he  cos ts  o f  dry-cool ing competing systems 
would prov ide  s i g n i f i c a n t  margin f o r  ma'rket penet ra t ion  by the HTGR-GT 
i n  t h a t  sector.  The r e s u l t s  t o  date i n d i c a t e  t h a t  wh i l e  t h e  associated 
c o o l i n g  cos t  advantage o f  t he  HTGR-GT i s  rea l ,  t he  magnitude does not 
o f f s e t  t h e  h ighe r  cos t  o f  t he  base p lan t .  Consequently, when comparing 
evaluated power generat ion costs f o r  p l a n t s  o f  optimal conf igurat ions,  
t h e  HTGR-GT does not  o f f e r  any s i g n i f i c a n t  gains over  t he  HTGR-Steam 
Cycle (SC), even w i t h  d r y  coo l i ng  considerat ions taken i n t o  account. 
I n  summary, there fore ,  economic i ncen t i ves  f o r  t he  HTGR-GT are  i n -  
adequate t o  support a recommendation f o r  i t s  e a r l y  deployment. 

4.2 Design and Development Requirements 

The development o f  t h e  HTGR-GT represents a s i g n i f i c a n t  extension 
o f  t h e  technology requ i red  f o r  HTGR-SC/C plants. Schedules showi ng 
design and development a c t i v i t i e s  through t o  complet ion o f  t h e  Lead 
P r o j e c t  were deve loped  i n  t h e  cou rse  o f  t h i s  s tudy .  Assuming an 
aggressive program, development o f  the  HTGR-GT may be viewed i n  th ree  
phases: 

Phase I : Concept Development FY 1981-1987 

Phase I I : Des i gn Devel opment FY 1988-1995 

Phase I 11: Construct ion and S ta r tup  FY 1996-2003 

Dur ing Phase I, a p e r i o d  o f  i n tens i ve  research and development i s  
requ i red  t o  cha rac te r i ze  t h e  dynamic e f f e c t s  o f  t h e  gas t u r b i n e  on 
o t h e r  e lements  o f  t h e  r e a c t o r  w i t h i n  t h e  p r i m a r y  c i r c u i t .  A key 
a c t i v i t y  dur ing  t h i s  p e r i o d  i s  t h e  performance o f  t e s t s  t o  e s t a b l i s h  
t h e  f a i l u r e  modes and behavior o f  t u r b i n e  r o t o r s  which a f f e c t  design 
b a s i s  e v e n t s  f o r  t h e  gas t u r b i n e  p l a n t .  I n  p a r a l l e l  a c t i v i t i e s ,  
development work and t e s t s  on t u r b i n e  b e a r i n g s  and s e a l s  w i l l  be 
conducted. Other technology development a c t i v i t i e s  w i  11 emphasize 
m a t e r i a l s  development and the  design o f  reac to r  i n t e r n a l s  f o r  t h i s  
environment. These a c t i v i t i e s  w i  11 culminate i n  t h e  submission o f  
a Pre l im inary  Safety In fo rmat ion  Document t o  t h e  NRC i n  1987. 

Dur ing Phase I 1  and concurrent w i t h  e a r l y  l i c e n s i n g  review, t h e  p lan t  
w i l l  p r o g r e s s  t h r o u g h  PSAR s u b m i t t a l  i n  1993 t o  t h e  r e c e i p t  o f  a 



C o n s t r u c t i o n  P e r m i t  i n  1995. A m a j o r  e lement  o f  t h e  development  
program w i l l  be conducted i n  t h i s  period. A Helium Component Tes t  
F a c i l i t y  (HCTF) w i l l  be construe-t.ed and a non-nuclear demonstration of 
p r o t o t y p i c  components w i  11 be performed. Such t e s t s  are considered 
necessary t o  r e f i n e  and conf i rm methods used t o  p r e d i c t  t h e  e f f e c t s  of 
coolant  f low, acoust ics, and o the r  systems i n t e r a c t i o n s  and t o  exerc ise  
a p ro to type gas t u r b i n e  through a representa t i ve  range o f  opera t ing  
condi t ions.  Completion o f  these a c t i v i t i e s  i s  scheduled t o  mark t h e  
onset o f  Lead P ro jec t  construct ion.  

The Construct ion and S ta r tup  period, Phase 111, i s  scheduled w i t h  
somewhat longer  i n t e r v a l s  than those f o r  convent ional p l a n t s  t o  account 
f o r  t h e  added cons t ruc t i on  complexi ty o f  t h e  nuclear  i s l a n d  caused by 
t h e  d i r e c t  cyc le  gas t u r b i n e  w i t h i n  t h e  PCRV. 

Design and development costs  f o r  t h e  HTGR-GT Program are  p ro jec ted  a t  
s l i g h t l y  over one b i l l i o n  d o l l a r s  (1980s) and would be expended' over  a 
t ime i n t e r v a l  t o  2003. Peak cash ou t lays  f o r  design and development 
occur i n  support o f  t h e  Helium Component Tes t  F a c i l i t y  i n  t h e  e a r l y  
1990s a t  an annual r a t e  o f  about $165M pe r  year. Therefore, a la rge ,  
long-term program w i l l  be requ i red  t o  develop t h e  HTGR-GT t o  commercial 
f r u i t i o n .  I n  add i t ion ,  t h e  GT Program i nvol ves s i g n i f i c a n t  unce r ta in t y  
and r e l a t e d  , r i s k  i n  t h a t  t h e  development program i s  assumed t o  be 
successful  i n  many c r i t i c a l  areas such as mater ia ls ,  l i cens ing ,  and 
component development . 
Concl usions 

The apparent l ack  o f  near-term incent ive ,  pro1 onged schedule, and h igh  
c o s t  f o r  deployment combine t o  s u p p o r t  a recommendation t h a t  t h e  
HTGR-GT not  be pursued as a Lead Pro jec t .  Further,  t h e  nature o f  t h e  
techn i ca l  issues confronted i n  t h i s  p l a n t  suggests t h a t  a prudent 
development path would cas t  t h e  d i r e c t  cyc le  gas t u r b i n e  concept i n  a 
second generat ion o f  gas-cooled reactors.  As a fo l low-on system, 
features t h a t  l i m i t  t h e  HTGR-GT would evolve through systems w i t h  l e s s  
complex 1 oadi ng cond i t ions  and t emperat u re  regimes than those en- 
countered i n  t h e  HTGR-GT. 

With t he  pro jec ted  cons t ra in t s  on fund i  ng o f  gas-cooled r e a c t o r  tech-  
nology, i t  i s  recommended t h a t  minimal e f f o r t  i n  t h e  near term be 
expended t o  advance t h e  HTGR-GT. The f o l l o w i n g  areas should be empha- 
s ized  i n  f u t u r e  work: 

e Future a c t i v i t i e s  should emphasize the  r e s o l u t i o n  o f  p r i o r i t y  
techn ica l  issues t h a t  a re  common t o  t he  HTGR-GT and applications 
w i t h  more immedi a t e  P ro jec t  p o t e n t i a l  . 
Cogeneration and process heat s tudies should charac ter ize  t h e  r o l e  
o f  t h e  HTGR-GT i n  expected f u t u r e  markets where waste heat can be 
e f f e c t i v e l y  u t i l i z e d .  

Studies should contir lue Lo i nves t i ga te  areas o f  p o t e n t i a l  cos t  
reductions. 
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1.0 INTRODUCTION 

The High-Temperature Gas-Cool ed -Reactor - Gas Tu rb i  ne (HTGR-GT) concept 
has been recognized f o r  many years  as o f f e r i n g  s i g n i f i c a n t  p o t e n t i a l  
b e n e f i t s  t o  ope ra t i ng  u t i l  i t i e s .  I n  p a r t i c u l a r ,  t he  c l osed  Brayton- 
Cycle Gas Turb ine power p l a n t  o f f e r s  t h r e e  ma jo r  fundamental advantages 
over  the  more convent ional  Ranki ne, vapo r - t u rb i  ne power cyc le :  ( 1 ) 
h e a t  i s  r e j e c t e d  f r o m  t h e  c y c l e  a t  a  r e l a t i v e l y  h i g h  t e m p e r a t u r e  
(approx imate ly  150°C o r  about 300°F), making i t  more economica l ly  
a t t r a c t i v e  t o  empl oy d ry  o r  peak-shaved, wet /dry  cool  i ng o r ,  a1 te rna-  
t i v e l y ,  t o  achieve h ighe r  e f f i c i e n c y  by a d d i t i o n  o f  a  bot toming power 
c y c l e  when wet  c o o l i n g  i s  a v a i l a b l e ;  ( 2 )  t he  gas t u r b i n e  possesses 
i n h e r e n t  capab i l  i ty t o  achieve re1  a t i v e l y  1  a r g e r  i ncreases i n  power 
o u t p u t  and e f f i c i e n c y  w i t h  i nc reas ing  temperature than  the  Ranki ne 
Cycle, thereby b e t t e r  u t i l  i z i  ng t h e  h i ghe r  temperature c a p a b i l i t i e s  o f  
high-temperature gas-cool ed reac to rs ;  and ( 3 )  the  1 ow compression-ex- 
pansion r a t i o  he1 ium turbomachi ne and modul a r i z e d  components arranged 
w i t h i n  a  p ressur ized  c losed-cyc le  system r e s u l t  i n  a  compact, i n t e -  
g ra ted  power convers ion system w i t h  p o t e n t i a l  f o r  reduced c o s t  and 
h igh  re1 i a b i l  i ty. 

1.1 Purpose 

The HTGR-GT A p p l i c a t i o n  Study eva lua tes  t h e  HTGR-GT as a p o t e n t i a l  Lead 
P r o j e c t  candidate.  The p a r t i c u l a r s  o f  t h i s  study, which were out1 i ned 
i n  t he  HTGR Lead P r o j e c t  I d e n t i f i c a t i o n  P lan  (Ref. I ) ,  were developed 
from t h e  f o l l o w i n g  po in t s :  

a The HTGR-GT i s  a  long-term o b j e c t i v e  o f  t h e  HTGR Program; however, 
s u i t a b i l i t y  as a Lead P r o j e c t  r e q u i r e s  assessment. 

a I f  s u i t a b i l i t y  i s  n o t  es tab l i shed ,  a  comprehensive t rea tment  o f  
issues and d i s i n c e n t i v e s  i s  needed. 

a ' I f  s u i  t a b i  1  i ty i s a s c e r t a i  ned, ex tens ive  d i  scussion i s needed on 
b e n e f i t s ,  depl oyment scenarios,  and t he  re1 a t i o n s h i p  w i t h  f o l l  ow- 
on appl i c a t i o n s .  

The HTGR-GT A p p l i c a t i o n  Study w i l l  a l s o  de f i ne  design and development 
programs assoc ia ted w i t h  a  Lead P r o j e c t  p o s i t i o n  f o r  the  HTGR-GT as 
w e l l  as a n t i c i p a t e d  schedule and c o s t  in fo rmat ion .  

Scope 

Fundamenta l  emphasis  i s  p l a c e d  on  e x a m i n i n g  t h e  c a n d i d a c y  o f  t h e  
HTGR-GT as a Lead P r o j e c t  and, i n  o t h e r  scenarios,  as a l onge r  term 
f o l  low-on ob jec t i ve .  A p o s i t i o n  i s  developed re1 a t i n g  b e n e f i t s  and 
i n c e n t i v e s  w i t h  a  market assessment, an e v a l u a t i o n  o f  p o t e n t i a l  com- 
merc ia l  app l i ca t i ons ,  and i n t r i n s i c  developmental issues. Th i s  pos i -  
t i o n ,  a long  w i t h  a  deployment s t r a t e g y  and a s u f f i c i e n t  t echn i ca l  
basis,  i s  t h e  framework f o r  an implementat ion p lan.  



A comprehensive t e c h n i c a l  d e s c r i p t i o n  f o r  t h e  Gas Turb i  ne i s  p rov i  ded 
t o  fo rm t h e  b a s i s  f o r  r i s k  assessment and developmental unce r ta i n t y .  
I n  a d d i t i o n ,  c e r t a i n  advanced Gas.. Turb i  ne concepts a r e  descr ibed t o  
il l u s t r a t e  a1 t e r n a t i v e s  f o r  i n c r e a s i n g  e f f i c i e n c y .  
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2.0 OVERALL PROGRAM APPROACH 

The high-temperature c a p a b i l i t i e s .  ~f t h e  HTGR have 1ong.been recognized 
as s i g n i f i c a n t  bo th  i n  t he  U.S. and w i t h i n  f o r e i g n  nuc lear  energy 
programs. W i  t h  i t s  cerami c-based f u e l  , graphi  t e  core, and he1 i urn 
coo lan t ,  t he  HTGR i s  r o u t i n e l y  capable o f  ope ra t i on  i n  temperature 
ranges w e l l  above those poss ib l e  i n  contemporary nuc lear  systems. Th i s  
high-temperature c a p a b i l i t y  o f  t h e  HTGR leads t o  increased e f f i c i e n c y  
i n  convent ional  a p p l i c a t i o n s  and a l s o  makes p o s s i b l e  a  number o f  unique 
a p p l i c a t i o n s  such as coup l i ng  w i t h  t he  Brayton (Gas Turb ine)  Cyc le  as 
descr ibed he re in  and generat ion o f  high-temperature process hea t  f o r  
i n d u s t r i a l  and syn fue ls  app l i ca t i ons .  

R e f l e c t i n g  i t s  broad p o t e n t i a l  i n  concepts and app l i ca t i ons ,  t h e  HTGR 
has i n te res ted  var ious  o rgan i za t i ons  and i nd i v i dua l  s  i n .both p r i v a t e  
i ndustry  and government f o r  many years.  However, these i n t e r e s t s ,  
w h i l e  suppor t i ve  o f  t h e  technlogy, have tended t o  be d i ve rse  r a t h e r  
than  focused and have n o t  l e d  t o  a  f r u i t f u l  Na t iona l  HTGR Program. The 
long-term evo lu t i ona ry  p o t e n t i a l  o f  t he  HTGR has consequent ly l e d  t o  
d i f f e rences  among . i n d i v i d u a l s  and o rgan iza t ions  w i t h  regard  t o  t he  
p r e f e r r e d  program development path, program p r i o r i  t i e s ,  and demonstra- 
t i o n  schedules. With the  d i f f i c u l t i e s  f a c i n g  t h e  c o n t i n u a t i o n  o f  t h e  
HTGR Program i n  general ,  i t  was ev iden t  t h a t  a  focus ing  element was 
r e q u i r e d  t o  r e c o n c i l e  t h e  d i v e r s i t y  o f  o p i n i o n  and t o  o b t a i n  t h e  
c o n c u r r e n c e  and s u p p o r t  o f  a l l  HTGR Program p a r t i c i p a n t s .  GCRA, 
t he re fo re ,  i n i t i a t e d  t he  HTGR Lead P r o j e c t  I d e n t i f i c a t i o n  P lan  i n  
December 1979. 

Cent ra l  t o  t h e  P lan  was t h e  i n v e s t i g a t i o n  o f  HTGR Lead P r o j e c t  op t ions  
from which suppor t  f o r  a  s t r ong  N,ational HTGR Program migh t  grow. 
Work ing  w i t h  t h e  U.S. Depar tment  o f  Energy (DOE), Genera l  A tom ic  
Company (GA), General E l e c t r i c  Company (GE), and Oak Ridge Nat iona l  
Laboratory  (ORNL) , GCRA i d e n t i f i e d  f o u r  HTGR ~ e a d '  P r o j e c t  op t i ons  f o r  
cons idera t ion .  These f o u r  opt ions-- the Gas Turb ine (HTGR-GT) , t h e  
Re fo rmer  (HTGR-R), t h e  Steam C y c l e / C o g e n e r a t i o n  (HTGR-SC/C), and 
t he  Nuclear  Heat Source Demonstrat ion Reactor (NHSDR)--were se lec ted  by 
t he  p a r t i c i p a n t s  t o  encompass a l l  p o t e n t i a l l y  v i a b l e  near-term HTGR 
p ro jec t s .  The balance o f  t h e  GFY 1980 HTGR Program a c t i v i t i e s  was 
d i r e c t e d  t o  t h e  development o f  these f o u r  Lead P r o j e c t  opt ions,  l e a d i n g  
toward t h e i r  eva lua t ion ,  p r i o r i t i z a t i o n  and, thus, sequenci ng w i t h i n  
t h e  re fe rence  HTGR Program. The HTGR design and development program i n  
f o l l o w i n g  years  would be based upon t h e  r e s u l t s  o f  t h i s  e f f o r t .  The 
u l t i m a t e  r e s u l t  o f  these a c t i v i t i e s  was env is ioned t o  be an ordered 
HTGR Program, supported by a1 1  p a r t i c i p a n t s ,  which wou1.d l o g i c a l  l y  
evolve t o  a  Lead P r o j e c t  commitment through a  p r i v a t e  sec to r  i n i t i a t i v e  
and subsequently p rov ide  f o r  t h e  f o l l  ow-on development o f  o t h e r  v i  ab le  
opt ions.  

Ob jec t i ves  

The long-term o b j e c t i v e s  o f  t h e  HTGR Program r e l a t e  t o  secur ing  t h e  
unlaue advantages o f  HTGR technology f o r  t he  n a t i o n  and f o r  energy 



users. As p resen t l y  envisioned, these ob jec t ives  are  embodied i n  t he  
o r d e r l y  devel opment o f  t h ree  HTGR opt ions :  t he  HTGR-SC/C, the  HTGR-GT, 
and t h e  HTGR-R. The sequence o f - a n d  t i m i n g  f o r  development a re  p r i n c i -  
pa l  i ssues  addressed w i t h i n  the  HTGR Lead P r o j e c t  I d e n t i f i c a t i o n  Plan 
e f f o r t .  

I ncen t i ves  f o r  the  HTGR-GT are summarized i n  Sect ion 1.0 and d e t a i l e d  
i n  t he  body o f  t h i s  repo r t .  The HTGR-SC/C and HTGR-R are addressed i n  
t h e  f o l  1 owi ng paragraphs.  These o p t i o n s  have r e c e i v e d  i ncreased 
a t t e n t i o n  as na t i ona l  concerns f o r  d i sp lac ing  o i l  and natura l  gas usage 
have emerged. Through such app l ica t ions ,  the  HTGR w i l l  eventua l ly  
enable product ion  o f  cogenerated steam, synthesis  gas o r  hydrogen 
through reforming, d i  r e c t  steam carbon g a s i f i c a t i o n ,  and thermochemical 
water  s p l i t t i n g .  These app l i ca t i ons  have tremendous p o t e n t i a l  . f o r  
s p e c i f i c  displacement o f  o i l  and natura l  gas use f o r  e l .ec t r i c  power 
needs and/or i n d u s t r i a l  process heat  supply and are the  key t o  la rge-  
sca le  replacement o f  f o s s i l  energy by nuclear  power. The c u r r e n t  r o l e  
o f  nuc lear  power i s  l i m i t e d  t o  baseload e l e c t r i c a l  product ion, which 
comprises l e s s  than 20% o f  t he  t o t a l  U.S. energy consumption. The 
process heat and 1 oad-fol  1 owi ng e l e c t r i c i t y  markets can e a s i l y  double 
o r  t r i p l e  the  percentage o f  U.S. energy product ion suppl ied by nuclear 
power. The high-temperature c a p a b i l i t y  o f  t he  HTGR permi ts  considera- 
t i o n  of t he  nuclear  o p t i o n  i n  markets which have been h i s t o r i c a l l y  
f ue led  by f o s s i l  sources and can broaden t h e  r o l e  o f  nuclear  power i n  
meeti  ng worl  d energy requ i  rements. 

The Steam Cycle/Cogeneration concept represents the HTGR op t i on  nearest 
commercial izat ion. While there was a commercial o f f e r i n g  by GA i n  t he  
e a r l y  1970s, s i g n i f i c a n t  changes t o  the  design have occurred i n  the 
process o f  improving p l a n t  r e l i a b i l i t y  and/or cos t  and have not  been 
subjected t o  recent  l i c e n s i n g  scru t iny .  As an a1 1 - e l e c t r i c  appl i c a -  
t i o n ,  t he  HTGR-SC/C can only  be envisioned as an a l t e r n a t i v e  t o  t h e  
1 i g h t  water reac to r  (LWR) o r  coal f o r  baseload product ion. The h igher  
e f f i c i e n c y  o f  t he  HTGR-SC/C, however, r e s u l t i n g  from the  1005OF steam 
cond i t i ons  does l e a d  t o  improved uranium u t i l i z a t i o n .  App l i ca t i on  t o  
cogeneration, however, o f f e r s  the  added p o t e n t i a l  f o r  penet ra t ion  o f  
t h e  i n d u s t r i  a1 p r o c e s s  h e a t  market .  I n  g e n e r a t i n g  h i g h - q u a l i  t y ,  
high-temperature steam (1005OF, 2500 ps ia ) ,  the  HTGR-SC/C can supply 
power f o r  generat ion o f  e l e c t r i c i t y  and can d e l i v e r  steam t o  a process 
user  up t o  1005OF w i t h  s i g n i f i c a n t  economic margins versus t ransported 
coal.  

Even greater  p o t e n t i a l  f o r  the HTGR may be r e a l i z e d  through high-tem- 
p e r a t u r e  p rocess  h e a t  a p p l i c a t i o n s .  I n  t h e s e  concepts ,  t h e  HTGR 
d e l i v e r s  high-temperature he1 ium t o  a process heat exchanger ( reformer 
i n  t h e  case o f  t he  HTGR-R) and t o  a bottoming steam generator. The 
steam generator prov ides steam f o r  e l e c t r i c a l  product ion f o r  p i  an t  
needs and f o r  export .  The process heat exchanger u t i l i z e s  the  high- 
temperature heat  t o  d r i v e  chemical reac t ions  t o  produce synthesis gas 
(carbon monoxide and hydrogen) o r  hydrogen. The appl i c a t i o n s  en- 
v i  s ioned i nc lude  remote energy d i  s t r i  bu t ion ,  i ntermedi a te  and peaking 



e l e c t r i c i t y ,  s y n t h e t i c  f u e l  product ion,  and feedstock p roduc t i on  f o r  
methanol, ammoni a, f e r t i l i z e r ,  s t e e l ,  o r  pet rochemica l  i n d u s t r i e s .  

--. .. . . 

Program Scenario Based Upon HTGR-GT Lead P r o j e c t  

The HTGR-GT Lead P r o j e c t  p rov ides  t h e  most d i r e c t  pa th  t o  deployment o f  
commercial HTGR Gas Turb ine p l a n t s  i n  the  U.S. The long- term Program 
scenar io  based on t h e  HTGR-GT Lead P r o j e c t  i s  shown i n  F i g .  2.2-1. I n  
t h i s  scenario,  t he  HTGR-SC/C system i s  bypassed and t he  HTGR-R i s  
p r o j e c t e d  as a  f o l l  ow-on system. 

The HTGR-GT Lead P r o j e c t  has been con f i gu red  t o  c o n f i r m  t h e  cu r ren t -  
l y  e n v i s i o n e d  commerc ia l  p l a n t  component and  sys tem t e c h n o l o g i e s  
wherever poss ib le .  Under t he  assumption t h a t  a  commercial market does 
evolve f o r  an 850°C core  o u t l e t  temperature HTGR-GT, t h e  commercial 
p l  a n t  woul d  1  i k e l y  r ep1  i c a t e  t h e  i d e n t i f i e d  d e m o n s t r a t i o n  p l  a n t .  
I f  t h e  commercial market cannot be j u s t i f i e d  u n t i l  t h e  HTGR-GT design 
achieves a  950°C core  out1 e t  temperature, t h e  i d e n t i f i e d  demonstrat ion 
p l a n t  p rov ides  a  l a r g e  s tep towards commerc ia l izat ion.  A d i r e c t  s tep 
t o  950°C woul d  r e q u i r e  s i g n i f i c a n t  advances i n  m a t e r i a l s  technology and 
cou ld  r e q u i r e  many a d d i t i o n a l  years  t o  reso lve.  

Depending on t h e  l e v e l  o f  design conf idence and scope o f  t h e  develop- 
ment program, t he  HTGR-GT demonstrat ion p l a n t  cou ld  l e a d  t o  an i n i t i a l  
commerc ia l  p l a n t  o p e r a t i o n  w i t h i n  a  minimum o f  n i n e  y e a r s .  T h i s  
ambi t ious schedule r e s u l t s  f rom.  a  commercial p l a n t  c o n s t r u c t i o n  p e r m i t  
immedi a t e l y  a f t e r  commercial o p e r a t i  on o f  t h e  demonstrat ion p l  a n t  and 
from an unper turbed l i c e n s i n g  and c o n s t r u c t i o n  schedule. Whi le  a  
c e r t a i n  amount o f  r i s k  i s  i n v o l v e d  i n  ach iev ing  t h i s  schedule, i t  i s  
impor tan t  i n  ma in ta i n i ng  t h e  s u p p l i e r  i n d u s t r y  capabi 1  i ty e s t a b l i s h e d  
f o r  t h e  demonstrat ion p l  ant. An in te rmed i  a t e  o r  l e a d  commerci a1 p l  a n t  
w i t h  some amount o f  government  f i n a n c i a l  s u p p o r t  may be  r e q u i r e d  
t o  he lp  o f f se t  t h i s  r i s k  w h i l e  ma in ta i n i ng  t he  i n d u s t r i a l  c a p a b i l i t y  
and es tab l  i s h i n g  t h e  commercial market. 

Since many o f  t h e  HTGR-R development requirements a re  enveloped by t he  
HTGR-GT, cons iderable progress would be achieved toward the  HTGR-R 
through the HTGR-GT Lead P ro jec t .  The unique HTGR-R requirements 
assoc ia ted w i t h  the  i n te rmed ia te  heat  exchangers, t h e  process heat  
exchangers, and o the r  secondary systems c o u l d  be pursued i n  p a r a l l e l  
w i t h  t h e  HTGR-GT Lead P ro jec t .  

The emphasis o f  t h i s  r e p o r t  dwe l l s  on t he  HTGR-GT Lead P r o j e c t  and the  
r e s u l t i n g  commercial gas t u r b i n e  systems. 



Figure 2 .2 -1  HTGR-GT Program Schedule 
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3.0 COMClERC IAL  PLANT 

3.1 Technical  D e s c r i p t i o n  o f  t he  Commerci-a5- HTGR-GT 

3.1 .1 Reclctor Turb ine  Sys-tem 

The r e a c t o r  t u r b i n e  system (RTS) c o n s i s t s  o f  power convers ion l oops  
'(PCLs) , t h e  r e a c t o r  core,  and a u x i l  i a r y  cvo i  i n g  1  oops. The two PCLs 
a r e  r a t e d  a t  400 MW(e) each and c o n s i s t  o f  a  turbomachine, a  recupera-  
t o r ,  a  precool  e r ,  a'nd c o n t r o l  va lves.  Figt iye 3.1.1 -1 shows t he  c y c l  e  
d i a g r m  f o r  t h e  RTS. The c o r e  a u x i l i a r y  c c o l i n g  system (CACS) c c n s i s t s  
o f  t h r e e  separate  and independsnt c o o l i n g  l cous  comprised c f  a u x i l i a r y  
c i r c u i a t o r s ,  c o r e  a u x i i  i a r y  hea t  9xct1ancers (CAi4F.s) , arid u l  t i m a t e  hea t  
s i nks  t o  the  a-ki~osphere. The system i s  ca>a!sl e o f  reaovinr;  t k e  co re  
r e s i d ~ a 1  2nd decay i s ~ 2 t  f o r  coo l  down f o i  lzk!.ing 105s o f  hi.1 iuii l - c i r c u l  a- 
t i o n  i:l t h e  RTS w i  ch t h e  r e a c t o r  i n  a  shutdown condi  t i o n  and w i t h  t h e  
p r imary  c o o l a n t  system e i . the r  p ressu r i zed  o r  depressur ized.  

The secondat-y coo l  a n t  systems a re  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  those o f  
t h e  HTGR-SC/C, the UIJR , o r  f o s s i  1  steam p l  an t s  because t he  qowcr t ~ ! r b i  ne 
i s  l o c a t e d  i n  t he  p r i o i r y  l ocp .  The c i r c u l a t i n g  water  sjlstem (C!tIS) i s  

. a p ressur i zed ,  nonnucl ea r -sa fe ty ,  c l  osed- loop s y s t e ~  (one per  PCL) , 
which t r a n s f e r s  h e a t  f rom the  p recoo le r s  and r e j e c t s  i t  t o  the  env i r on -  
ment through c o o l i n g  towers. Dur ing  a l l  modes o f  normal p l a n t  ooera- 
t , i o n  and d i l r i t l g  extended p l a n t  shutdown, the  CWS p rov ides  the  norna l  
means o f  p l a n t  heat. r e j e c t i o n .  

3.1.2 Pres t ressed  Concrete Reactor Vessel 

Tile PCRV (F i g .  3.1.2-1) i s  a  mu1 t i c a v i t y  p ressure  vessel  t h a t ,  t oge the r  
w i t h  l i n e r s  and ?ene t ra t i ons ,  f u n c t i o n s  as t h e  p r i n a r y  containment f c r  
t h e  r e a c t o r  core,  PCLs, and CACS, which t oge the r  form. the  RTS. The 
PCRV a1 so p rov i des  b i o l o g i c a l  s h i e l d i n g  around t h e  ccire ancl p rov i des  
t h e  necessary s t r u c t u r a l  suppor t  f o r  t he  RTS. The d iameter  o f  t h e  PCRV 

' i s  32.6 m (107 f t )  acd i t s  h e i g h t  i s  35.4 m (116 ft!. The PCRV i q  cnn- 
s t r u c t e d  o f  h i gh - s t r eng th  concre te  r e i n f o r c e d  w i t h  cor ivent iona l  r-ein- 
f o r c i n g  ba rs  and p res t ressed  by two pos t - t ens i on ing  systems, t h e  l i n e a r  
p r e s t r e s s i n g  system and tlie c i r c u m f e r e n t i a l  p r e s t r e s s i n g  system. A l l  
c a v i t i e s  and pene t ra t i ons  a r e  l i n e d  w i t h  welded s tee l  l i n e r s ,  which a c t  
as impermeaole g a s - t i g h t  nembranes t o  c o n t a i n  t h e  p r imary  coo lan t .  The 
l i n e r s  a re  anchored by s tuds  welded t o  the  l i n e r s  and embedded i n  t he  -- 
concrete .  l o  p r o t e c t  t h e  concl-etie f rom the  h i g h  i n t e r c a l  temperatures,  
t h e  1 i n e r s  o f  t h e  vessel  c a v i t i e s  a r e  covere:! and i n s u l a t e d  w i t h  a  
thermal b a r r i e r .  Any hea t  pass ing th ro i19h . the  t5ermal b a r r i e r  i s  re- 
~iioved by t h e  1 Slier coo'l i n g  system v i a  c o o l a n t  flow.ring through t !~bes 

. a t tached  t o  t he  concre te  s i d e  of t h e  1  i n e r .  

3.1 .3 Turbomachi nerylGenarz t o r  

Conceptual de-si gn o f  t he  turbcrnacki ne ry  has r-esul t e d  i n  a simp1 e, rug-  
ged arrangement ccns i  s t i  ng o f  ; s i  ngl  e-sha f t ,  d i r e c t - d r i  ven genera to r  
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Figure 3.1.1-1 HTGR-GT cycle diagram 
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Figure 3.1 .2-1 Two-1 oop 2000-MW (t ) HTGR-GT power plant  



design. A simplified cross section of the 400-MW(e) 60-Hz machine, 
along w i t h  additional information, is  provided in Section 5.1 .1 .  The 
design and high performance predictions for this machine reflect exper- 
ience with demonstrated advanced-techno1 ogy industrial gas turbines. 
The 400-MW(e) he1 ium turbomachine has 18 compressor stages f for a pres- 
sure ratio of 2.6) and 8 turbine stages. The rotor i s  of we1 ded con- 
struction that has a long, successful history in Europe for both gas 
and steam turbines. Wi th  the 60.8 metric ton  (67  ton) rotor supported 
on two journal bearings, the overall diameter i s  4 m (13 f t )  , and the 
machine weighs 277 metric tons (305 tons). Rotor burst protection i s  
incorporated i n  the machine design in the form of containment rings 
around the compressor and turbine rotor-bladed sections. The turboma- 
chine drive t o  the generator i s  from the compressor end of the turbo- 
machine, and the thrust bearing i s  located external t o  the PCRV t o  fa-  
ci 1 i ta te  inspection and mai ntenance . 
3.1 .4 Heat Exchansers 

The recuperator i s  a strai ght-tube, axial counterfl ow design of mona- 
l i th ic  construction. Inherent in the design are "fail safe" tube 
sheets; since each tube sheet i s  stayed by 53,000 tubes in tension, i t  
i s  believed that a catastrophic failure a t  the tube sheet i s  not credi- 
ble. In addition, this design provides for inservice inspection and 
plugging of individual tubes. The precooler has a he1 ical bundle of 
cross-counterflow geometry. Large surface areas are necessary because 
of the h i g h  thermal conductance requirements associated w i t h  the large 
heat transfer rates. However, the modest metal temperatures and inter- 
nal pressure differentials, compared w i t h  modern steam generators, per- 
m i t  the use of code-approved lower-grade alloys of reduced cost. The 
fer r i t ic  materials selected for both heat exchangers have been used ex- 
tensively in i ndustri a1 and nuclear plant heat exchangers. Additional 
information and simplified isometrics of the recuperator and precooler 
are provided i n Section 5.1.1 . 
3.1 . 5  Reactor Core 

The reactor core system includes the fuel elements, the reflector ele- 
ments, the control rods, and the startup neutron sources. The fuel 
element i s  a graphite block t h a t  contains the fuel and acts as a moder- 
ator. The reference fuel i s  low-enriched fuel consisting of a coated 
f i ss i le  kernel of uranium carbide and a coated fert i le particle of 
thorium oxide. The fuel elements and hexagonal reflector elements are 
arranged in columns supported on core support blocks. Each support 
block under the major portion of the active core corresponds to one 
fuel region having 'a central control cof umn and six surrounding fuel 
columns. The fuel regions are surrounded by two rows of hexagonal re- 
f l  ector col umns . Section 5.1 .l provi des additional detai 1 s and f i  gures 
of the core arrangement and core support system. 



3.1 .€ Pl ant Arransement 

A simp1 i f i ed  plant arrangement ( f i g .  3.1.6-1) u t i l i zes  horizontal elec- 
t r i c  generators and turbomachines w i t h  access and removal throu'gh 
grade-level penetrations in the containment. The generators are loca- 
ted outside the containment and are connected to  the turbomachine via a 
shaft/bearing/seal through the containment buil d ing .  Greater detail s 
of the plant arrangement are provided in Section 5.1.2. 
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Figure 3.1.6-1 Plant arrangement 



3.2 P o t e n t i a l  o f  Higher  Temperatures 

The s i n g u l a r l y  most impor tan t  parameter  a f f e c t i n g  t h e .  performance o f  
t h e  gas t u r b i n e  i s  the t u r b i n e  i n l e t  temperature.  A va lue o f  850°C 
(1562°F) was se lec ted  f o r  t h e  p l a n t  design so t h a t  technology cons is -  
t e n t  w i t h  t h e  e x i s t i n g  HTGR core  and i n t e r n a l s  design bases c o u l d  be 
u t i l i z e d .  A t  t h i s  temperature, t h e  t u r b i n e  cou ld  be designed w i t h  
uncooled blades u s i n g  e x i s t i n g  n icke l -base  a l l o y s .  

The HTGR has the  c a p a b i l i t y  o f  p r o v i d i n g  a  much h i g h e r  core  o u t l e t  
( t u r b i  ne i n l e t )  temperature than p rev ious l y  discussed. Temperatures 
on  t h e  o r d e r  o f  950°C (1742°F)  a r e  b e i n g  i n v e s t i g a t e d  i n  c u r r e n t  
nuc lear  process heat  s tud ies .  There a re  two acceptable approaches t o  
i n c r e a s i n g  t h e  r e a c t o r  o u t 1  e t  t e m p e r a t u r e :  ( 1 )  t h e  mos t  r e a d i  l y  
p r e d i c t a b l e  approach i s  by means o f  m o d i f i c a t i o n s  t o  e x i s t i n g  f u e l  
b l ock  c o o l i  ng arrangements, a p p l i c a t i o n  o f  e x i  s t i n g  f u e l  p a r t i c l e  
types, and changing t he  f u e l  l o a d i n g  arrangement; and ( 2 )  u s i n g  p resen t  
f u e l  b lock  coo l  i ng and 1  oadi ng arrangements, o b t a i n  inc reased  core  
coo lan t  o u t l e t  temperatures by modi fy i  ng t h e  f u e l  p a r t i c l e  and p a r t i c l e  
coa t i ng  chemis t ry  t o  make f u e l  p a r t i c l e s  capable o f  w i t hs tand ing  h i g h e r  
f u e l  temperatures w i  t h o u t  unduly  i ncreas ing f i s s i o n  p roduc t  re lease.  

With t h e  f o rego ing  mod i f i ca t i ons ,  i t  i s  pos tu l a ted  t h a t  t h e  r e a c t o r  
o u t l e t  temperature cou ld  be increased t o  982°C (1800°F) ; i n  f a c t ,  the  
r e a c t o r  o u t l e t  temperature i s  n o t  l i m i t e d  by t he  r e a c t o r  b u t  r a t h e r  by 
t he  c a p a b i l i t i e s  o f  t h e  thermal b a r r i e r  system upstream o f  t h e  gas 
t u rb i ne .  The nuc lear  gas t u r b i n e  can be designed t o  accommodate a  gas 
t u r b i n e  i n l e t  temperature o f  982°C (1800°F) by t h e  use o f  advanced 
r e f r a c t o r y  t u r b i n e  blade i na te r i a l s ,  such as TZM, o r  t h e  use o f  pres- 
ent-day m a t e r i a l  s  designed w i t h  b lade coo l i ng .  Wi th  a  t u r b i n e  i n l e t  
temperature increase,  the  power r a t i n g  f rom a  g iven  turbomachine frame 
s i z e  w i l l  be s i g n i f i c a n t l y  h i ghe r  than the  c u r r e n t  re fe rence  design. 
The p l a n t  e f f i c i e n c y  has been es t imated  t o  inc rease  t o  about  46% w i t h  a  
t u r b i n e  i n l e t  t e m p e r a t u r e  o f  950°C (1742°F)  f o r  t h e  d i  r e c t - c y c l e  
non-i n te r coo l  ed p l  ant .  



Advanced Appl icat ions 

The heat rejection charac ter i s t ics  of the HTGR-GT plant are conducive 
t o  cogeneration, which in the broadest sense covers a1.l possible uses 
of the waste heat r e j ec t  energy. In place of dry cooling towers, the 
two possible modes of heat u t i l iza t ion  are the bottoming cycle and hot 
water/steam heat production. The bottoming ranki ne cycle can u t i l  ize  
the waste heat from the PCL t o  produce additional e l ec t r i c  output to  
achieve higher overall efficiency of the combined cycle. 

3.3.1 F1 ashed Steam Bottoming Cycle 

The waste heat rejected from the PCL precooler cooling waste systems i s  
rejected a t  a relat ively high temperature, which f a c i l i t a t e s  the recov- 
ery of the energy as additional e l ec t r i c  power by flashing the water to  
steam which, in  t u r n ,  drives a 1 ow-pressure, condensing steam turbine. 
The condensed steam i s  mixed with the unfl ashed precooler water and re- 
turned to  the precooler through an intermediate heat exchanger (IHX) 
which diss ipates  the remaining waste heat t o  a wet cooling tower. The 
optimized temperature of the precooler out le t  and the number of flash- 
ing steam stages and pressures are  shown on the cycle diagram in Fig. 
3.3.1-1. A computer program, CODER,  has been used in preliminary ef- 
f o r t s  t o  optimize the combined cycle. In i t i a l  studies have indicated 
t h a t  the economics can be improved by decreasing the precooler out le t  
temperature to  produce more power in the primary c i rcu i t .  

Precooler ou t l e t  water a t  4.83 MPa (700 psia)  and 252°C (485°F) i s  
flashed a t  0.83 MPa (120 ps ia)  and 0.14 MPa (20 psia) t o  drive two sep- 
a r a t e  condensing steam turbine generators, which produce 128 MW(e) and 
42 MW(e), respectively, resulting in a combined plant output of 915 
MW(e) and an efficiency of 42.22. This represents an overall efficien- 
cy increase of 2.8% due t o  the bottoming cycle addition. 

A dry cooling tower i s  not used in t h i s  cycle since the water from the 
low-pressure f lash tank i s  a t  109.9"C (228"F), which does not warrant 
the  use of a dry cooling tower in ser ies  with the IHX. The heat re- 
jected in .the IHX and the two condensers i s  rejected, in t u r n ,  to  a 
common wet cooling tower. Both the IHX and wet cooling tower are com- 
ponents of the basic wet/dry cooled cycle without a bottoming cycle. 

The high-pressure 0.83-MPa (1 20-psia) fl  ash tank i s  a relat ively simp1 e 
carbon steel vessel, 24,400 mm (80 f t )  long and 4570 mm (15 f t )  in di- 
ameter. The rough configuration i s  shown in Fig. 3.3.1-2. Three low- 
pressure flash tanks are required to  keep the vessel s ize practical.  
Each tank has the same overall dimensions as the uni t  shown in Fig. 
3.3.1-2. Changes have been made in the shell thickness C31.8 t o  15.9 
mm (1-1/4 t o  5/8 in. ) ]  and in the s ize and arrangement of connections. 
A conceptual p lo t  plan of th i s  design i s  provided in Fig. 3.3.1-3. 
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Figu~e 3.3.1-1 HTGR-GT cycle diagram with flash steam bottoming cycle 
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Figure 3.3.1-3 Flash steam bottoming cycle plot plan 

(See 11" x 17" drawing i n  Appendix C) 



Ammonia Bottomf ng Cycle 

S im i l a r  t o  t he  f l a s h  steam bottoming cycle, the ammonia bottoming cyc le  
u t i l i z e s  the waste heat re jected from the PCL precooler t o  produce ad- 
d i  t i o n a l  e l e c t r i c a l  power. U t i  1 i z a t i o n  o f  the waste heat power resu l t s  
i n  h igher  p l a n t  e f f i c i e n c y  w i th  only moderate changes i n  the RTS and no 
increase i n  t he  core s ize  o r  nuclear fue l  cost. 

I n  the  bottoming cycle, the precooler (which formerly used water t o  
cool he1 i um t o  compressor i n l e t  condi t i ons  ) now uses 1 iquf  d ammoni a, 
which i s  simultaneously heated t o  provide superheated NH3 vapor f o r  
t h e  turbine. The precooler, o r  NH3 evaporator, i s  s t i l l  w i t h i n  a 
PCRV cavi  t y  as i n  the  dry-cool ed ( o r  conventional d i  rect-cycle) HTGR-GT 
plant ;  however, o ther  components i n  the secondary c i r c u i t  are outside 
t h e  containment bu i  1 d i  ng. 

As ind icated i n  the heat balance diagram (Fig. 3.3.2-1) the primary he- 
1 ium c i r c u i t  and components are func t iona l l y  the same as those f o r  a 
conventional d i  rec t -cyc le  gas turb ine f a c i  1 i t y  , a1 though heat exchanger 
s izes are d l  f fe ren t ;  i .e., a s m l  l e r  recuperator and l a rge r  precooler 
a re  needed i n  the binary plant. Also, most o f  the temperatures are 
higher, inc lud ing  those f o r  the coolant i n  the two precoolers o f  the 
t w i n  loop plant ;  t h i s  permits a greater degree o f  superheat i n  the NH3 
vapor en te r i  ng t he  turbine. I n  the secondary system, NH3 vapor a t  
15.87 MPa (2300 ps ia )  and 251.7OC (48S°F) f lows t o  a s ing le  turbine, 
which dr ives the generator. Saturated NH vapor leaves the tu rb ine  a t  
1.24 MPa (180 ps ia )  and 32.8OC (91°F) and ? s then condensed and s l i g h t -  
l y  cooled; a s ing le  cen t r i fuga l  pump feeds the l i q u i d  ammonia back t o  
t he  two evaporators (precoolers) a t  17.93 MPa (2600 ps ia )  t o  complete 
t he  c i r c u i t .  The tu rb ine  generator produces a gross power o f  363 
MW(e), con t r i bu t i ng  t o  a t o t a l  net  p l a n t  output o f  998 MU( el.  The com- 
bined p l a n t  e f f i c i ency  i s  thus 46%. This represents an overa l l  e f f i -  
ciency increase o f  6.3% due t o  the bottoming cyc le  addit ion. 

A computer program, CODER, has been used i n  prel iminary e f f o r t s  t o  op- 
t im ize  the ammonia bottomi ng cycle, s t a r t i  ng w i  t h  the reference d i  rec t -  
cyc le  gas t u r b i  ne p l  ant. I n i  t i a l  opt imizat ion attempts ind ica te  t h a t  
the  p l a n t  economics can be improved by adjust ing the recuperative ef-  
fectiveness, compressor pressure ra t i o ,  and ammonia conditions. The 

- cos t  o f  the cool ing tower, the major con t r ibu to r  t o  the secondary sys- 
tem costs, might be reduced by condensing the ammonia a t  a higher tem- 

. . perature and i ncludi  ng an af tercooler  on the condenser. A1 so, an NH3- 
dr iven feedpump woul d p rov i  de some economic benefi t .  

As i n  the conventional HTGR-GT plant, the primary helium i s  s t i l l  on 
t h e  she l l  side o f  the precooler; l i q u i d  a m n i a ,  therefore, flows in-  
s ide the tubes. The heat exchanger design and the f l u i d  flow paths are 
essent ia l  l y  the  same as described previ  ously f o r  the precool e r  ( see 
Fig. 5.1 . l -2) .  
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The t u r b i n e  (F ig .  3.3.2-2) is  a 375-MW(e) double ( s p l i t )  flow, seven- 
ax ia l  - s tage  u n i t  r o t a t i n g  a t  3600 rpm. I t  contains two journal bear- 
ings  on the  end opposi te  ( away --from) the  generator .  Liquid ammonia 
cool s and 1 ubr ica tes  t h e  bearings,  which simp1 i f i e s  sea l  problems, and 
t h e  bearing and journal surfaces  a r e  coated with chrome oxide and 
ground. The t u r b i n e  and s t a t o r  housings a r e  v e r t i c a l l y  and hor izonta l -  
l y  spl  i t ,  respec t ive ly .  There a r e  six i n l e t  pipes,  equal l y  spaced cir-  
cumferent ia l ly  around t h e  middle of the  u n i t ,  and two 1.37-m (54-in. ) 
diameter vapor o u t l e t s ;  each o u t l e t ,  a t  the  bottom ends of the  s p l i t -  
f l  ow t u r b i  ne, connects  v e r t i c a l  1 y t o  a hori zontal condenser beneath t h e  
tu rb ine .  The length  of t h e  turbine  is  more than 6.81 m (22.33 f t ) ,  
with a center1 ine d i s t a n c e  of 5.44 m (1 7.83 f t )  between the  two out- 
le ts ;  the  u n i t  i s  3.41 m (11.21 f t )  high from the  bottom of i ts o u t l e t  
f l anges  t o  the  top  of i ts  uppermost i n l e t  pipe. 

The two hor izon ta l ly  mounted ammonia-to-water condensers a r e  conven- 
t i o n a l  shel l  and tube heat  exchangers (TEMA J-shel l  type with double 
nozzle entries 1, each capable of 562. 5-MW( t) heat  r e j ec t ion .  The units 
(Fi  g. 3.3.2-3 ) , which have not been optimized, each have about 45,580 
m2 (490.600 f t 2 )  su r face  a rea  and weigh about 500,770 kg (1.10 x 106 
I b ) ;  t h e i r  tube bundle sec t ions  a r e  approximately 4.57 m (15 f t )  i n  d i -  
ameter by 27.43 m (90 f t )  long. The hea t  exchangers a r e  designed t o  
f u l l y  condense t h e  NH3 vapor and t o  s l i g h t l y  cool t h e  1 iqu id  t o  32.2OC 
(90°F). 

A mechanical forced-draf t  (wet) cool i ng tower provides cool ing water t o  
t h e  condensers. A t  a temperature approach of 2.8"C (5°F) and a cooling 
temperature range of  11 .1 O C  (20°F), the  heated water can be cooled t o  
18.g°C (66OF) when t h e  wet bulb temperature of t h e  a i r  is  16.1°C 
(61 OF). Two pumps c i r c u l a t e  cooling water t o  the  condensers, one f o r  
each u n i t ;  a t h i r d  pump is  ava i l ab le  a s  a spare. 

Two rece ive r  tanks c o l l e c t  the 1 iqu id  ammonia from the two condensers 
and two si ngl e-stage cen t r i fuga l  pumps t r a n s f e r  the ammonia condensate 
t o  the  ammonia feedpump. Each condensate pump can handle the  output  
from both condensers ( i .e., the t o t a l  turbine  discharge f l  ow). A sin- 
g l e  three-s tage  cen t r i fuga l  feed pump (Fig .  3.3.2-4) i s  s ized  t o  handle 
t h e  condensate from both condensers. Under r a t ed  condi t ions  t h e  3600- 
rpm u n i t  t r a n s f e r s  1.0 x 103 kg/s (8.2 x 106 Ibm/h) l i q u i d  ammonia from 
t h e  receiving tanks t o  the  two precoolers  a t  17.93 MPa (2600 psi and 
39.4'C (103OF). An e l e c t r i c  motor (42 MW) dr ives  the  ammonia feed- 

I 

The generator  outputs  from both t h e  primary and secondary port ions of 
the  p l a n t  are combined a t  the  transformer s t a t i o n ,  which supplies  the  
el ectri ca l  requi rements f o r  the enti re f a c i  1 i t y  . 
Prel  iminary p l o t  plan and turbine  building layouts  a r e  shown i n  Figs. 
3.3.2-5 and 3.3.2-6, respect ive ly  , f o r  t h i s  di rect-cycl e binary pl a n t .  
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Figure 3.3.2-2 h o n i a  turbine, 375 W(e) 
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Figure 3.3.2-3 Amnonia condenser f o r  direct-cycle HTGR-GT binary cycle plant  
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Figure 3.3.2-4 Feed pump f o r  a m n i a  evaporator 



Figure 3.3.2-5 Amnonia bottoming cycle p l o t  plan 
(See 11" x 17" drawing i n  Appendix C) 
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Figure 3.3.2-6 kinonfa bottomfng cycle turbine building layout 

(See 11' x 17" drawing I n  Appendix C) 



3.4 Economic Assessment 

Table 3.4-1 presents summary-level-cost data f o r  the reference HTGR-GT 
p lant .  These costs are based on data developed by General Atomic 
Company (GA) f o r  the reactor turb ine system and United Engineers & 
Constructors (UE&C) f o r  the balance o f  p lant .  A more deta i led break- 
down o f  base costs i s  presented i n  Appendix D. Costs are projected as 
representat ive o f  a mature industry and are re fer red t o  as equi l ib r ium 
p l a n t  costs. 1995 costs assume an i n f l a t i o n  r a t e  o f  6% and IDC o f  
1 0 %  Operating costs associated w i th  the cap i ta l  investment assume a 
f i x e d  charge r a t e  o f  18% w i th  a .7 capacity fac tor .  Operating and 
maintenance costs are based upon an assumed p a r i t y  w i t h  LWRs. Fuel 
costs have been estimated by GA s i m i l a r l y  assuming a .7 cpaci ty factor,  
1 eve1 i zed over a 30-yr p l a n t  1 i fetime. 

I n  Table 3.4-2, cos t  data f o r  the reference HTGR-GT p lan t  u t i l i z i n g  
both wet/dry cool i ng and an ammonia bottoming cyc le  (binary cycle)  f o r  
heat r e j e c t i o n  are compared w i t h  s i m i l a r l y  sized coal, LWR, and HTGR-SC 
plants.  The HTGR-GT binary cyc le  costs were also supplied by GA and 
have a higher degree o f  uncertainty associated w i th  them due t o  the 
conceptual nature o f  the ammonia cycle components. The cool ing system 
adder costs were based on the previous analyses. The t o t a l  estimated 
power costs present a v a l i d  comparative analysis o f  the plants. 

Based on the informat ion presented i n  Table 3.4-2, i t  can be seen 
t h a t  when compared t o  a wet-cooled pressuri zed water reactor (PWR), the 
t o t a l  power costs o f  t he  dry/wet-cooled HTGR-GT are approximately 5% 
higher w i t h  the once-through fue l  cyc le  and approximately 3% higher 
w i t h  f u l l  r ecyc le .  These d i f f e r e n c e s  a re  w i t h i n  t h e  u n c e r t a i n t y  
bandwidth o f  the  cos t  estimates and, therefore, the t o t a l  power costs 
f o r  the HTGR-GT w i t h  wet/dry cool ing can be considered equivalent t o  
both the  HTGR-SC and tne LWR. 

Because one of the major incent ives f o r  the HTGR-GT i s  i t s  a b i l i t y  f o r  
r e l a t i v e l y  e f f i c i e n t  u t i l i z a t i o n  o f  dry cool i ng, Table 3.4-2 also 
provides cool ing system cost  adders f o r  the HTGR-GT, LWR, and coal 
plants. These cos t  adders were calculated from the resu l t s  o f  a UE&C 
cool ing system study (Ref. 1 )  and represent the added cap i ta l  p lus  
capi t a l  ized operating penal t i e s  associ ated w i  t h  the optimized cool i ng 
systems f o r  each p lan t  under the various water consumption constraints 
imposed. When a t o t a l  dry cool ing requirement i s  imposed f o r  a par- 
t i c u l a r  s i te ,  the HTGR-GT w i l l  have t o t a l  power costs approximately 6% 
t o  9% lower than the  LWR and between 25% and 30% lower than the coal 
p lant ,  depending on the fue l  cycle. 

As water becomes ava i lab le  f o r  consumption a t  the s i te ,  the advantage 
o f  the HTGR-GT becomes smaller. For example, when 500 x 106 gal /yr  i s  
avai lable, o r  approximately 15% o f  what an LWR would consume w i th  
t o t a l  wet cool ing, the t o t a l  power costs o f  the HTGR-GT are only 4-6% 
lower than the  LWR, which are w i t h i n  the uncertainty range o f  the 
e s t i  mates. 
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TABLE 3.4-1 

HTGR-GT EQUILIBRIUM PLANT COSTS 

PLANT PARAMETERS 

Power. Rat ing - MW(t) 
Net E l e c t r i c a l  Output - MW(e) 
E f f i c i e n c y  (%) 
Cool i ng 

PLANT COSTS X l o 6 )  

RTS D i r e c t  Costs ( '80 $ )  
RTS I n d i r e c t  Costs ( ' 8 0  $1 

Tota l  RTS ( '80 $1  

BOP D i r e c t  Costs ( '80 $ )  
BOP I n d i r e c t  Costs ( '80 $1  
Contingency ( ' 8 0  $ 1  

Tota l  BOP ("80 $1 

Tota l  P l a n t  Base Costs ( '80 $1 

Esca la t ion  ( f o r  '95 S tar tup)  
I n t e r e s t  Dur ing Construct ion ( '95 S tar tup)  

Tota l  Capi ta l  ( '95 S tar tup)  

OPERATING COSTS (MILLS/KW-HR - '95 STARTUP) 

Cap i ta l  
O&M 
Fuel LEU/Th (20%) - Once-Through 

Tota l  

Fuel HEU/Th (93%) - Recycle 

Tota l  



TABLE 3.4-2 

HTGR-GT COST COMPARISONS 

HTGR-GT PWR Coal HTGR-SC 
Dry/Wet- HTGR-GT Wet- Wet- Wet- 
Cooled B inary  Cooled Cooled Cooled 

P l  a n t  Parameters 

Power R a t i n g  - MW(t) 
Ne t  E l e c t r i c a l  Output  - MW(e) 
E f f i c i e n c y  

P l a n t  Costs ( x  106) 

D i  r e c t  Costs ( ' 80 .  $ ) 
I n d i r e c t  Costs ( ' 8 0  $1 
T o t a l  Base Costs ( ' 80  $ )  

$/KW(e) ( ' 8 0  $1 
Escal  a t i o n  
I n t e r e s t  Du r i ng  c o n s t r u c t i o n  
T o t a l  Investment  

$/KWe ( '95 $1 

Power Costs (Mi l ls /KW-hr)  ( ' 9 5  $1  

C a p i t a l  
O&M 
Fuel LEU/Th (20%) - Once-Through 

To t  a1 

Fuel HEU/Th (93%) - Recycle 
To ta l  

Cool i ng System Cost Adders* 
( M i l l  s/KW-hr) ( '95). 

100% Dry Coo l i ng  
Dry/Wet - 115 x l o 6  g a l / y r  
Dry/Wet - 500 x 106 g a l / y r  
100% Wet Coo l i ng  

*Ref1 e c t s  coo l  i ng system c a p i t a l  p l u s  ope ra t i ona l  penal t i e s  f o r  c o o l i n g  system 
performance a t  t y p i c a l  a r i d  s i t e :  Modesto, C a l i f o r n i a .  



It i s  a l s o  i n t e r e s t i n g  t o  compare t h e  d r y - coo l i ng  performance o f  t he  
HTGR-GT aga ins t  t h a t  o f  t h e  HTGR-SC. Using t h e  c o o l i n g  system c o s t  
adders f o r  the  HTGR-SC shown in. Table 3.4-2 f o r  a  t o t a l  d r y - coo l i ng  
scenario,  t he  advantage o f  t he  HTGR-GT ranges from 3% t o  6%, depending 
on t he  f u e l  c y c l e  scenario.  With a  500 x  106 g a l / y r  water consump- 
t i o n  c o n s t r a i n t ,  t h e  HTGR-GT i s  a t  a  d i s a d v a n t a g e  o f  2-3%. T h i s  
d i  f f e r e n t i a l  i s we1 1  w i t h i n  t h e  c o s t  e s t i m a t e  u n c e r t a i  n t y  r ange ;  
t he re fo re ,  i t  appears t h a t  t h e  HTGR-GT has l i m i t e d  economic advantage 
w i t h  d r y  o r  wet/dry c o o l i n g  over  t h e  LWR and e s s e n t i a l l y  none over  t h e  
HTGR-SC. 

Another i n c e n t i v e  f o r  t h e  HTGR-GT i s  i t s  a b i l i t y  t o  operate a t  h i g h e r  
e f f i c i e n c i e s .  Table 3.4-2 i nc l udes  t h e  es t imate  o f  power cos t s  f o r  a  
b i na ry  c y c l e  HTGR-GT, i .e., one t h a t  uses an ammonia bot toming c y c l e  
f o r  u t i l i z a t i o n  o f  waste heat.. Th i s  system has marked e f f e c t s  on 
HTGR-GT economics as the c a p i t a l  cos t s  i n  terms o f  $/KW(e) drop by 
approximately $100/KW(e) and t he  t o t a l  p l a n t  e f f i c i e n c y  increases t o  
47%, r e s u l t i n g  f rom a  n e t  p l a n t  ou tpu t  o f  998 MW(e). When compared 
w i t h  t he  dry/wet-cooled HTGR-GT, t h e  b i na ry  ve rs i on  has power cos t s  10% 
lower.  However, when compared t o  t he  wet-cooled HTGR-SC and t h e  LWR, 
i t  has t o t a l  power costs  o f  on l y  5-7% lower,  which are w i t h i n  t he  
u n c e r t a i n t y  bandwidth o f  t h e  c o s t  est imates. 

I f  t h e  HTGR-GT p l a n t  r e j e c t  heat  i s  u t i l i z e d  f o r  d i s t r i c t  hea t i ng  
t h e  c y c l e  e f f i c i e n c y  approaches 60%. The low grade hea t  can be eco- 
nomical l y  t r anspo r ted  10-15 mi les .  Th i s  combi ned w i t h  h i ghe r  c y c l e  
e f f i c i e n c y  makes t h e  HTGR-GT combined w i t h  d i  s t r i c t  hea t i ng  an a t t r a c -  
t i v e  energy system f o r  f u t u r e  popu la t i on  centers .  

The above comparisons 1  ead t o  t he  f o l l  owi ng conc lus ions:  

e The HTGR-GT b i n a r y  c y c l e  should be u t i l i . z e d  i n s t e a d  o f  t he  d r y /  
wet-cool ed HTGR-GT where s u f f i  c i  e n t  water  e x i  s t s  f o r  wet coo l  i ng. 

e For  s i t e s  where d ry  o r  dry/wet c o o l i n g  i s  requi red,  t h e  HTGR-GT 
prov ides minimal economic advantage over  t h e  HTGR-SC and t h e  LWR. 
I f  n e i t h e r  o f  t h e  l a t t e r  op t ions  were t o  be ava i l ab le ,  t h e  HTGR-GT 
p r o v i d e s  an economic c o m p e t i t o r  t o  a  c o a l  - f i r e d  s team p l a n t .  

0 The b ina ry  c y c l e  HTGR-GT prov ides  minimal economic i n c e n t i v e  over  
t he  HTGR-SC and LWR. 

The HTGR-GT combined w i t h  d i s t r i c t  h e a t i n g  r e p r e s e n t s  a  h i g h  
p o t e n t i a l  f u t u r e  market f o r  t h e  HTGR-GT. 

The above conc lus ions have been drawn from t h e  l a t e s t  a v a i l a b l e  c o s t  
est imates. While i t  i s  recognized t h a t  s i g n i f i c a n t  unce r ta i n t y  e x i s t s  
i n  t h e  LWR c o s t  est imates due t o  unresolved c o s t  t rends r e s u l t i n g  from 
Th ree  M i l e  I s l a n d ,  t h e  u n c e r t a i n t y  i n  t h e  HTGR c o s t  e s t i m a t e s  i s  
cons iderably  h i g h e r  due t o  t h e  conceptual na tu re  o f  t h e  p resen t  HTGR 
designs. Fnr  t h i s  reason, t h e  HTGR c o s t  est imates are cons idered t o  
have a  h i ghe r  p r o b a b i l i t y  o f  f u t u r e  s i g n i f i c a n t  c o s t  increases. 
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4.0 DEPLOYMENT INCENTIVES - HTGR-GT COMMERCIAL PLANT 

4.1 Market Assessment -. . 

The m a r k e t a b i l i t y  and hence t h e  market p o t e n t i a l  o f  t h e  HTGR-GT can be 
assessed r e l a t i v e  t o  the f a c t o r s  t h a t  i n f l u e n c e  members o f  t h e  e l e c t r i c  
u t i l i t y  i n d u s t r y  i n  the s e l e c t i o n  o f  power p l a n t s .  Whi le  t h i s  market  
f o r e c a s t  i s  sub jec t i ve  because o f  t h e  va r i ous  f a c t o r s  t h a t  a re  exam- 
ined, i t  does p resen t  a reasonable e v a l u a t i o n  o f  t h e  HTGR from the  
u t i l  i ty lowner  perspec t i ve  and g ives  a r e a l  i s t i c  view o f  t he  p o t e n t i a l  
HTGR-GT market . 
Forecasted Energy Demand 

The p r o j e c t e d  market s i ze  f o r  nuc lear  power p l a n t s  between 2000 and 
2020 i s  expected t o  be approx imate ly  430 GW(e) (Ref. 4): O f  t h i s  430 
GW(e), approximate1.y 150-190 GW(e) w i  11 r e q u i r e  dry  o r  d ry /wet  coo l -  
i ng .  T h i s  presents  a s i z a b l e  p o t e n t i a l  market  f o r  the HTGR-GT. 

I t  i s  beyond the  scope o f  t h i s  document t o  p r e d i c t  a market  penetra-  
t i o n  r a t e  f o r  the  HTGR-GT; however, because t h e  l e a d  p l a n t  w i l l  n o t  be 
completed p r i o r  t o  2003, i t  i s  doub t f u l  t h a t  t he  HTGR-GT w i l l  be ab le  
t o  cap tu re  a s i g n i f i c a n t  share o f  t h e  p r o j e c t e d  market  p r i o r  t o  2020. 
The s t a t u s  o f  competing techno log ies  a f t e r  2020 cannot be p red ic ted ;  
t he re fo re ,  t he  market p e n e t r a t i o n  r a t e  f o r  t he  HTGR-GT a f t e r  2020 
cannot be p red i c ted  a t  t h i s  t ime.  Overa l l ,  Forecasted Energy Demand i s  
cons idered t o  be a p o s i t i v e  market  f a c t o r  f o r  the HTGR-GT. 

S i t i n g  F l e x i b i l i t y  

The HTGR-GT o f f e r s  increased advantages w i t h  regard  t o  s i t i n g  f l e x i -  
b i l i  t y .  I n  a d d i t i o n  t o  the r a d i o l o g i c a l  advantages i n h e r e n t  t o  the  
HTGR, t he  a b i l i t y  f o r  r e l a t i v e l y  e f f i c i e n t  use o f  convent ional  dry- 
cool  i n g  technol ogy g ives  the  HTGR-GT an ope ra t i ona l  advantage over  the  
c u r r e n t  coal  and LWR technol og ies f o r  s i t i n g  i n  areas where acute water  
shortages w i l l  occur. Fo r  t h i s  reason, t h i s  market  f a c t o r  i s  con- 
s idered  t o  be p o s i t i v e  f o r  the  HTGR-GI. 

Technica l  Development S ta tus  

R e l a t i v e  t o  the  HTGR-SC, the  HTGR-GT i s  several  years  behind i n  devel-  
opment. A l a r g e  amount o f  work rema ins  t o  be done t o  o b t a i n  and 
q u a l i f y  m a t e r i a l s  which a r e  s u i t a b l e  f o r  long- term ope ra t i on  i n  the 
h i ghe r  temperature environment o f  t h e  HTGR-GT. Much work a l s o  must be 
done t o  qua1 i fy and t e s t  t h e  turbomachinery , p a r t i c u l  a r l y  t o  document 
t h e  f a i l u r e  modes o f  t h e  machine.  The t h l ' r d  a r e a  o f  t e c h n o l o g y  
advancement r e q u i r e d  over t h a t  o f  t h e  HTGR-SC i s  i n  t he  area o f  f u e l s  
design. P a r t i c l e  coa t ings  must be q u a l i f i e d  f o r  the 850°C c o r e  o u t l e t  
temperatures t o  p reven t  unacceptable f i s s i o n  p roduc t  r e1  ease. 

I n  the marketplace f o r  the t o t a l  430 GW(e) o f  nuc lear  capac i t y  between 
2000 and 2020, t he  HTGR-GT w i l l  p robably  be competing a g a i n s t  LWR 



technology,  which w i l l  have a  very  l a r g e  advantage i n  r e a c t o r  yea rs  o f  
o p e r a t i n g  e x p e r i e n c e .  F o r  t h e  e s t i m a t e d  150-190 GW(e) o f  d r y  o r  
d ry /wet  nuc lea r  c a p a c i t y  t o  be..added i n  2000-2020, t h e  HTGR-GT w i l l  
have t o  compete agai  n s t  t h e  advanced dry-cool  i ng techno1 og i  es, which 
w i l l  a l s o  p robab l y  be a v a i l a b l e  by t h i s  t ime per iod .  As a  r e s u l t ,  t h e  
HTGR-GT may be compet ing a g a i n s t  techno log ies  f o r  which wate r  consump- 
t i o n  c o n s t r a i  n t s  do n o t  c r e a t e  ope ra t i ona l  o r  economic problems. T h i s  
marke t  f a c t o r  must be cons idered as nega t i ve  f o r  t he  HTGR-GT. 

Reaul a t i  on and L i c e n s i  na 

Severa l  major  i s sues  e x i s t  which cou ld  cause l i c e n s i n g  de lays i n  t h e  
1  ead p l a n t .  The c o s t s  t o  r eso l ve  these open 1  i c e n s i n g  i ssues, however, 
cannot  be es t ima ted  u n t i  1  a  f u l l  - sca le  r e g u l a t o r y  rev iew i s  performed 
and f u r t h e r  analyses and t e s t i n g  have been performed. The GCRA pre-  
rev iew l i c e n s i n g  program i s  designed t o  min imize t h e  impact o f  such a  
rev iew by p r o v i d i n g  cont inuous r e g u l a t o r y  feedback i n t o  t he  design 
process. 

Because t h e  r e g u l a t o r y  a u t h o r i t i e s  have n o t  had t h e  oppo r tun i t y  t o  
c o n d u c t  an i n - d e p t h  r e v i e w  o f  t h e  c u r r e n t  HTGR-GT des ign ,  d e s i g n  
c r i t e r i a  and r e g u l a t o r y  guides have n o t  been generated which p e r t a i n  t o  
t h e  unique aspects  o f  t h e  HTGR-GT. Based on t h e  p r o l i f e r a t i o n  o f  
r e g u l a t i o n s  as  t h e  r e s u l t  of LWR o p e r a t i n g  exper ience, i t  i s  . expected 
t h a t  t h e  HTGR-GT w i l l  a l s o  cause new r e g u l a t i o n s  t o  be w r i t t e n  f o r  i t s  
des ign and opera t ion .  The magnitude o f  t h e  r e g u l a t i o n s  shou ld  be 
cons ide rab l y  l e s s  than  has been exper ienced w i t h  t h e  LWR due t o  t h e  
gene r i c  na tu re  o f  many of t h e  e x i s t i n g  regu la t i ons .  Ove ra l l ,  a f t e r  t h e  
l e a d  p l a n t  has been cons t ruc ted  and operated, t h i s  market f a c t o r  w i l l  
have a  n e u t r a l  e f f e c t  on t h e  HTGR's m a r k e t a b i l i t y .  

Commercial S ta tus  

The e a r l i e s t  commercial a v a i l a b i  1 i  ty f o r  t he  HTGR-GT i s  p r o j e c t e d  
t o  be l a t e  i n  t h e  f i r s t  decade o f  t h e  2 1 s t  century .  Assuming t h a t  t h e  
p resen t  commerc ia l i za t ion  e f f o r t  succeeds i n  b u i l  d i ng  a  1  ead p l a n t  i n  
t h e  2000-2010 t ime  frame, the  i n d u s t r i a l  manufactur ing base f o r  t he  
HTGR components w i l l  s t i l l  need t o  be es tab l i shed .  The manufactur ing 
f a c i  1  i t i e s  t h a t  w i  11 be  r e q u i  r e d  t o  s u p p o r t  a  commerci a1 HTGR-SC 
ven tu re  a re  a l s o  a p p l i c a b l e  f o r  t he  HTGR-GT. The f a c i l i t i e s  f o r  t he  
manufacture o f  t h e  turbomachi nery which p r e s e n t l y  e x i s t  w i  11 r e q u i r e  
some r e t o o l  i ng. 

The commitment o f  t h e  system s u p p l i e r  t o  t h e  HTGR-GT w i l l  g r e a t l y  
a f f e c t  t he  u t i 1  i t y  i n d u s t r y ' s  pe rcep t i on  o f  t he  HTGR's commercial 
s t a tus .  The p rospec t i ve  owners w i l l  r e q u i r e  con t rac tua l  assurances as 
t o  t h e  a v a i l a b i l i t y  o f  f i e l d  and home o f f i c e  t e c h n i c a l  ass is tance  and 
suppor t  du r i ng  t h e  l i f e  o f  t h e  p l a n t  as w e l l  as t h e  a v a i l a b i l i t y  o f  
f u e l  and spare pa r t s .  Since these components a r e  developmental, t h e  
commitment and/or a b i l i t y  t o  f u l f i l  1  these requirements a r e  n o t  r e a d i l y  
apparent  a t  t h e  p resen t  t ime, and a re  viewed as a  r i s k .  



P l a n t  C a ~ a b i  1  i ti es 

The o p e r a t i  onal capabi 1  i ti es of_.. t.he HTGR-GT a re  s t i  1  1. . be ing  i nves ti - 
gated. Dynamic analyses are be ing  performed t o  determine the  con- 
t r o l  l a b i l i t y  o f  and t h e  i n t e r a c t i o n  between the dual power convers ion 
loops.  The r e a c t o r  co re  w i l l  e x h i b i t  t h e  i n h e r e n t  c h a r a c t e r i s t i c s  of 
the HTGR, i n  p a r t i c u l a r ,  slow core  heatup du r i ng  ope ra t i ona l  t r a n -  
s ien ts .  Ove ra l l ,  w h i l e  t h e  HTGR-GT possesses t h e  c a p a b i l i t i e s  i n h e r e n t  
t o  HTGR technology, t h e  unique ope ra t i ona l  aspects o f  t h e  Gas Turb ine  
have n o t  been f u l l y  de f i ned  and evaluated. However, e a r l y  s t u d i e s  have 
shown a  unique c a p a b i l i t y  t o  drop and resume power genera t ion  w i t h o u t  
p r o t r a c t e d  t ime  i n t e r v a l s .  I n  add i t i on ,  t h e  p o t e n t i a l  e x i s t s  f o r  h i gh  
e f f i c i e n c y  l o a d  f o l l ow ing .  Fo r  t h i s  reason, t h i s  i s  cons idered a 
p o s i t i v e  market  f a c t o r  f o r  the  HTGR-GT a t  t h i s  t ime. 

Economics 

The comparat ive economics o f  t h e  HTGR-GT and t he  p l a n t s  w i t h  which i t  
w i l l  compete were presented i n  Sec t ion  3.4. Based on these 1  a t e s t  c o s t  
est imates, i t  appears t h a t  t h e  HTGR-GT has e s s e n t i a l l y  c o s t  p a r i t y  w i t h  
t h e  LWR and the HTGR-SC f o r  b o t h  t h e  d ry -  and wet /d ry -coo l ing  sce- 
nar ios .  Fu r the r ,  i t  appears t h a t  t he  h i gh  e f f i c i e n c y  b i na ry  c y c l e  
HTGR-GT e s s e n t i a l l y  has c o s t  p a r i t y  w i t h  t h e  wet-cooled LWR and HTGR- 
SC. I n  a d d i t i o n ,  t he  u n c e r t a i n t i e s  i n  the  HTGR-GT c o s t  est imates a re  
r a t h e r  h i gh  due t o  the conceptual stages o f  t h e  design and, t he re fo re ,  
have a  h i gh  p r o b a b i l i t y  o f  becoming 1  arger .  F o r  these reasons, Eco- 
nomics i s  cons idered t o  be a  neu t ra l  market f a c t o r  f o r  the HTGR-GT w i t h  
a  probabi 1  i ty o f  becomi ng negat ive.  

C a p i t a l  R isk 

The events  a t  Three M i l e  I s l a n d  I 1  i n d i c a t e  the s u s c e p t i b i l i t y  o f  t he  
l a r g e  c a p i t a l  investments i n  an LWR p l a n t  t o  opera t iona l  t r a n s i e n t s .  
The i nhe ren t  design o f  the HTGR enhances p r o t e c t i o n  o f  t h e  investment  
i n  t h e  p l a n t  by a l l o w i n g  1  onge r  o p e r a t o r  r esponse  t i m e s  t o  p l a n t  
ope ra t i ona l  t r a n s i e n t s .  Whi le t h i s  advantage i s  mani fested i n  the  
HTGR-SC, t he  a b i l i t y  o f  t he  HTGR-GT t o  p rov ide  t he  same degree o f  
c a p i t a l  p r o t e c t i o n  i s  n o t  assured and has n o t  been complete ly  as- 
sessed. Because o f  economic cons ide ra t i  ons, t h e  turbomachines have 
been l oca ted  w i t h i n  the PCRV. A pos tu l a ted  s h a f t  o r  d i sc  f a i l u r e  ( a  
h i g h l y  u n l i k e l y  event )  coul  d  c rea te  high-energy m i s s i l e s  w i  t h i n  t he  
PCRV as w e l l  as cause a  co l l apse  o f  t h e  p ressure  d i f f e r e n t i a l s  across 
t h e  t u r b i n e  and compressor sec t ions  o f  t h e  machine, thereby poss ib l y  
causing i n t e r n a l  PCRV damage. The r i s k s  o f  these types o f  t r a n s i e n t s  
a r e  s t i l l  be ing  i nves t i ga ted ;  t he re fo re ,  t h e i r  consequences have n o t  
been f u l l y  q u a n t i f i e d .  For  these reasons, t h i s  market f a c t o r  can on l y  
be cons idered as neu t ra l  f o r  the HTGR-GT a t  t h e  p resen t  t ime. 

Sa fe tv  

The acc iden t  i n i  ti a t i o n  and p rogress ion  a n a l y s i s  (AIPA) r e s u l t s  p re -  
v i o u s l y  presented were based on the  HTGR-SC design. A complete proba- 



b i l i s t i c  r i s k  ana lys i s  has no t  y e t  been completed f o r  the HTGR-GT. As 
a  r e s u l t  o f  t h e  a d d i t i o n a l  acc ident  sequences t h a t  a re  poss ib le  f o r  the 
HTGR-GT, s i g n i f i c a n t  variations--may occur between the AIPA r e s u l t s  f o r  
the  HTGR-GT and SC. Therefore, sa fe ty  must be considered as a  neut ra l  
market f a c t o r  a t  t he  present  t ime f o r  the HTGR-GT. 

Personnel Rad ia t i on  Exposure 

Sect ion  4.2 examines t h e  pro jec ted  and the experienced HTGR-SC per- 
sonnel exposure data. The major  maintenance procedure which would 
cause t h e  r e s u l t s  o f  t h a t  ana lys is  t o  d i f f e r  f o r  the HTGR-GT i s  the  
turbomachine removal, r e p a i r ,  and replacement. I t  i s  n o t  poss ib le  t o  
accura te ly  q u a n t i f y  expected exposures from t h a t  a c t i v i t y  a t  t h i s  t ime, 
b u t  because o f  t h e  l e v e l  o f  f i s s i o n  product  r e t e n t i o n  t h a t  i s  expected 
due t o  HTGR f u e l  design, t h i s  market . f a c t o r  i s  s t i l l  considered t o  be 
p o s i t i v e  f o r  the HTGR-GT. 

Fuel Cvcl e  F l  e x i  b i  1  i t v  

The performance o f  t he  HTGR r e l a t i v e  t o  t h i s  nuclear  market f a c t o r  
i s  examined i n  Sect ion  4.2. Whi le t h i s  f a c t o r  i s  no t  c u r r e n t l y  a  
concern f o r  u t i l  i t i e s  because o f  t he  present  Admin is t ra t ion '  s  commi t- 
ment t o  the once-through fue l  cycle, i t  i s  expected t h a t  f ue l  cyc le  
f l e x i b i l i t y  w i l l  become a  major advantage t o  the HTGR i n  the  ea r l y  21s t  
century. F o r  these reasons, t h i s  i s  considered a  p o s i t i v e  nuclear 
market f a c t o r  f o r  the HTGR-GT. 

Advanced Appl i c a t i  ons 

The advanced a p p l i c a t i o n s  o f  t h e  HTGR-GT serve t o  p rov ide  an i ncen t i ve  
f o r  the HTGR commercia l izat ion e f f o r t  by exposing the unique markets 
which t h e  HTGR may u l t i m a t e l y  be able t o  serve. These advanced a p p l i -  
ca t i ons  o f  t h e  HTGR-GT, namely cogenerat ion and h igher  e f f i c i e n c i e s  
through a  bottoming c y c l e  o r  h igher  temperatures, do prov ide  an added 
i n c e n t i v e  f o r  government p a r t i c i p a t i o n  i n  the Program. It does appear, 
however, t h a t  more advanced technologies may s a t i s f y  these perceived 
f u t u r e  demands before  the HTGR-GT can enter  the market and t h a t  the 
economic i n c e n t i v e  f o r  h igher  HTGR-GT e f f i c i e n c i e s  may be l i m i t e d .  

Summary 

While a  s i zab le  market i s  p ro jec ted  t o  e x i s t  f o r  e l e c t r i c i t y  produc- 
t i o n  i n  the 2000-2020 t ime frame, a  s i g n i f i c a n t  f r a c t i o n  o f  which w i l l  
r e q u i r e  dry o r  dry/wet cool ing,  t he  economic i ncen t i ves  f o r  the  devel- 
opment o f  t h e  HTGR-GT t o  s a t i s f y  these markets do n o t  appear t o  be 
s u f f i c i e n t l y  l a r g e  a t  t he  present  t ime t o  warrant  t he  expenditure o f  
s i g n i f i c a n t  funds f o r  commercial i z a t i o n  o f  t he  HTGR-GI. The economic 
data i n d i c a t e  t h a t  e x i s t i n g  LWRs can s a t i s f y  the dry coo l i ng  market and 
t h a t  the HTGR-SC can outperform the LWR i n  these markets. I n  areas 
where water a v a i l a b i l i t y  i s  o f  no concern, the  HTGR-GT b inary  c y c l e  
p l  an t  has p ro jec ted  power costs essent ia l  l y  equ iva len t  t o  the HTGR-SC 



and LWR. Whi le these conc lus ions a r e  based on c u r r e n t l y  a v a i l a b l e  c o s t  
est imates which have l a r g e  u n c e r t a i n t i e s  assoc ia ted  w i t h  them; the 
re1 a t i v e  unce r ta i  n t i e s  o f  t h e  HTGR-GT c o s t  es t imates  a r e  g rea te r  than 
f o r  the LWR and coa l  c o s t  es t imates  due t o  the r e l a t i v e  immatur i t y  of 
the HTGR-GT designs. It i s  expected t h a t  the  HTGR c o s t  es t imates  a r e  
suscep t i b l e  t o  f u r t h e r  1  arge c o s t  i ncreases. 

Because the  .economics a re  e s s e n t i a l l y  a t  p a r i t y  w i t h  the LWR, t he  
HTGR-GT ' s  t echn i ca l  devel opment s t a t u s  wi 1  1  become t h e  governi  ng market 
f a c t o r  i n  the re fe rence  t ime per iod .  Th i s  f a c t o r  w i l l  be viewed as 
negat i ve  because o f  t h e  many years  o f  ope ra t i ona l  experien,ce t h a t  the 
LWR w i l l  possess which w i l l  g i ve  i t  a s i g n i f i c a n t  advantage i n  the 
dry-cool  i ng market. R e l a t i v e  t o  t he  coal  - f i r e d  u n i t ,  t h e  economi,~ 
advantage o f  t he  HTGR-GT can a l s o  be achieved by t he  HTGR-SC w i t h  much 
1 ower expendi tu res  o f  devel opment funds; t he re fo re ,  t h e  HTGR-SC becomes 
t he  HTGR-GT' s  c h i e f  compet i to r  i f HTGR techno1 ogy achieves commerci a1 
s ta tus .  

Based on the above, i t  i s  concluded t h a t  f u t u r e  work must produce 
s i g n i f i c a n t  c o s t  and performance improvements i n  the HTGR-GT i n  o rde r  
t o  j u s t i f y  t h e  expendi ture o f  t h e  research, design, and .development 
fund ing  necessary t o  b r i n g  t h e  HTGR-GT i n t o  the commerci a1 marketplace. 



4.2 HTGR B e n e f i t s  

T h i s  s e c t i o n  w i  11  assess the -va - r i ous  c h a r a c t e r i s t i c s  o f  t h e  HTGR 
which a f f e c t  i t s  a b i l i t y  t o  be operated s a f e l y  as we l l  as i t s  perceived 
1  i c e n s a b i l  i ty. These c h a r a c t e r i s t i c s  w i  11 be assessed re1 a t i v e  t o  the 
l a t e s t  engineer ing i n fo rma t ion  t h a t  i s  a v a i l a b l e  t o  GCRA as we l l  as t h e  
1  a t e s t  regu la to ry  c r i t e r i a .  

4.2.1 Safety and L icens ina  

Proponents o f  t h e  HTGR have l ong  c i t e d  i t s  inherent  sa fe ty  character-  
i s t i c s  as a  major advantage i n  l i c e n s i n g  considerat ions. The evalua- 
t i o n  o f  t h e s e  c h a r a c t e r i s t i c s  by r e g u l a t o r y  a u t h o r i t i e s  has been 
l i m i t e d  t o  the  rev iew o f  the  app l i ca t i ons  f o r  cons t ruc t i on  permi ts  f o r  
the  Summit and Ful  t o n  HTGR generat ing s ta t ions .  These. appl i c a t i o n s  
were withdrawn p r i o r  t o  g ran t i ng  o f  the cons t ruc t i on  permits,  b u t  
Summit had rece ived a  L im i ted  Work Author iza t ion .  

These inherent  sa fe ty  c h a r a c t e r i s t i c s  o f  the HTGR a re  g iven i n  Table 
4.2.1-1, which was taken from Ref. 1. The HTGR core  i s  constructed 
e x c l u s i v e l y  o f  ceramic mater ia ls ,  p r i m a r i l y  graphi te,  which main ta in  
t h e i r  i n t e g r i t y  a t  very h igh  temperatures, we1 1  above normal opera t ing  
cond i t ions .  The core  i s  designed w i t h  a  low power dens i ty  and s t rong 
n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e a c t i v i t y ,  t h e r e b y  c r e a t i n g  
re1 a t i v e l y  s l  ow r e a c t o r  temperature and power t rans ien ts .  I n  the event 
o f  l o s s  o f  core  coo l ing ,  the g raph i te  ac ts  as a  heat sink. I n te r rup -  
t i o n s  o f  co re  coo l i ng  o f  approximately 30 minutes can be t o l e r a t e d  
w i t h o u t  any damage t o  pr imary system components. Approximately t h ree  
hours i s  a v a i l a b l e  t o  res to re  coo l i ng  be fore  fue l  damage o r  rad io -  
a c t i v i  ty re1 ease occurs. 

Another inherent  c h a r a c t e r i s t i c  o f  t h e  HTGR o f  importance t o  sa fe ty  i s  
t h e  use o f  he l ium as t h e  primary coolant .  Helium cannot r e a c t  w i t h  the  
core  o r  r e a c t o r  i n t e r n a l  s  because i t  i s  chemical ly  i n e r t  and remains i n  
the gaseous phase. Because heat  can be removed from the  reac to r  core 
w i t h  any gas, even a t  low pressure, i t  i s  n o t  necessary t o  main ta in  a  
f u l l  i n v e n t o r y  o f  c o o l a n t  i n  t h e  r e a c t o r  vessel  d u r i n g  c o o l  down. 

A p a s s i v e  s a f e t y  f e a t u r e  o f  t h e  HTGR i s  t h e  p r e s t r e s s e d  c o n c r e t e  
r e a c t o r  vessel (PCRV), which was in t roduced i n  gas reac tors  i n  B r i t a i n  
because o f  i t s  sa fe ty  cha rac te r i s t i cs .  It i s  a  s t r u c t u r a l l y  redundant 
c o n c r e t e  mono1 i t h  wh ich  enc loses  t h e  e n t i  r e  p r i m a r y  system. The 
s t reng th  and redundancy o f  t he  PCRV a re  provided by a  1  arge number o f  
s t e e l  tendons t h a t  run a x i a l l y  through and c i r c u m f e r e n t i a l l y  around the  
vessel.  The concrete ac ts  as a  neutron s h i e l d  and i s  under compres- 
sion; there fore ,  cracks a re  n o t  sub jec t  t o  propagation. 

I n  o r d e r  t o  q u a n t i f y  t h e  r e l a t i v e  w o r t h  o f  t h e s e  i n h e r e n t  s a f e t y  
cha rac te r i  s t i c s ,  General Atomic Company (GA) performed the  accident  
i n i t i a t i o n  and progression ana lys i s  (AIPA) study. us ing p r o b a b i l i s t i c  
r i s k  assessment methodology. It stud ied  a  wide spectrum o f  acc ident  



TABLE 4.2.1-1 

Inherent or 
Fassive Feature Relevant Properties . . Safety Significance 

~ 

Reactor core High heat capacity Slow transient.response 

Low power density More t ime f o r  remedial measures, bo th  w i t h i n  and ex te rna l  t o  
p l a n t  

Strong negative temperature. Fast-acting shutdown system not required 
coefficient 

Graphite cannot melt but Structural integrity of core maintained for weeks following 
may locally sublime loss of cooling 

Coated particle ceramic Slow controlled release of volatile nuclides under 
fuel 'no-cooling conditions I 

-P 

~elium coolant Single-phase gas No boiling, bubbles, liquid level., or pump cavitation 
I 
-4 

problem; no added coolant inventory needed for core cool- 
ing, only forced circulation 

Neutronically transpmrent No reactivity effects, no cool  a n t  a c t i v a t i o n  

Chemically inert No chemical fuellhelium interactions 

Low stored energy Reduced containment damage potential 

PCRV Multiplicity of tendons Failure of individual structural members inconsequential 

Tendons shielded by concrete Neutron emhrittlement and subsequent fracture eliminated 

Concrete under compression 'Tiny cracks self-sealing, do not propagate 

.Massive robust structure . Effective retention of radioactivity; retains great frac- 
tion of heat escaping core 

Containment Not unique to HTGRs but particularly effective because of above-listed inherent features 

Source: Ref. 1 



sequences which might  r e s u l t  i n  re lease o f  r a d i o a c t i v i t y  from a l a r g e  
HTGR Steam Cycle p lan t .  A summary t a b l e  o f  r e s u l t s  o f  t he  A I P A  i s  
presented i n  Table 4.2.1-2 from Ref. 1. The A I P A  study received peer 
rev iew from several o f f i c e s  o f  t h e  Nuclear Regulatory Commission (NRC), 
Brookhaven Nat ional  Laboratory, Oak Ridge Nat ional  Laboratory, Ae ro je t  
Nuclear Company, KFA i n  J u l  i ch ,  Federal Republic o f  Germany, and the 
Safety and R e l i a b i l i t y  D i r e c t o r a t e  o f  t h e  Uni ted Kingdom Atomic Ener.gy 
Au tho r i t y .  General ly ,  t he  comments d i d  no t  change o r  contes t  the major 
conclus ions o f  t h e  study. Work i s  cont inu ing  t o  study new i n i t i a t i n g  
events, f i s s i o n  product  t ranspor t  assumptions under acc ident  condi- 
t i ons ,  and i n  o the r  areas where the uncer ta in ty  bounds which were 
o r i g i n a l l y  used are  considered t o  r e q u i r e  f u r t h e r  refinement. 

As p a r t  o f  t h e  N o n p r o l i f e r a t i o n  A1 t e r n a t i v e  Systems Assessment Program 
(NASAP) study, NRC submit ted t o  the Department o f  Energy a l i s t  o f  29 
quest ions and comments on 8 top i cs  concerning the safety aild l i c e n s i n g  
documentation f o r  the proposed l a r g e  Steam Cycle HTGR design. These 
quest ions and the GA responses a r e  presented i n  Ref. 14. The major  
t o p i c s  and t h e i r  responses a re  reviewed below: 

e Use o f  Graph i te  as a S t r u c t u r a l  Ma te r i a l  - The design c r i t e r i a  f o r  
g raph i te  s t ruc tu res  have n o t  y e t  been completed o r  approved. A 
~ o i n t  subcommittee o f  the American Concrete I n s t i t u t e  and American 
Society  o f  Mechanical Engineers (ASME) has been formed t o  generate 
a code s e c t i o n  f o r  graphi te.  Many o f  the i tems before  the sub- 
committee r e q u i r e  experimental v e r i f i c a t i o n  which w i l l  be obta ined 
from the  ongoi ng base techno1 ogy program. Tenta t ive  adopt ion o f  
t h e  code i s  a t  1 e a s t  a year  away. 

Graphi te c o r r o s i o n  i s  another s i g n i f i c a n t  area o f  graphi t e  re -  
search. n x i d a t i o n  o f  t h e  g raph i te  occurs a t  high temperatures i n  
t he  presence o f  water vapor. Experimental work to date i r ~ d i c d t e s  
t h a t  o x i d a t i o n  under HTGR opera t ing  cond i t ions  causes a surface- 
predominated a t tack  whOch can be al lowed f o r  i n  the s t r u c t u r a l  
ana lys i s  and design. GA's p o s i t i o n  i s  t o  design the graph i te  
components so t h a t  the minimum safe ty  f a c t o r s  requ i red  by the 
proposed design c r i t e r i a  w i l l  be ava i l ab le  a t  the  end o f  p l a n t  
l i f e .  Design o x i d a t i o n  r a t e s  and Design Basis Events f o r  water 
ingress  i n t o  the  PCRV have no t  y e t  been determined o r  approved. 

o Core Seismic Response - NRC quest ions i n  t h i s  area centered on the 
seismic design c r i t e r i a  and the seismic ana lys i s  methods t o  be 
used. Several computer codes have been w r i t t e n  which u t i l i z e  t e s t  
data f o r  values used i n  the models. Large ar ray  t e s t s  have been 
p e r f o r m e d  t o  v e r i f y  t h e  codes and t o  g i v e  i n f o r m a t i o n  on t h e  
c h a r a c t e r i s t i c s  o f  t h e  core  f o r  design purposes. There are no 
major  open 1 i cens ing  issues i n  t h i s  area. 

e Fuel Trans ien t  Response - A l a r g e  data base o f  in fo rmat ion  was 
compiled on h i g h l y  enriched uranium (HEU-93%) f u e l  i n  a 750°C 
hel ium environment. The reference f u e l  f o r  the Lead P r o j e c t  i s  
LEU (20% enr iched) .  As a r e s u l t ,  much experimentat ion remains t o  
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TABLE 4.2.1-2 

RISK ASSESSMENT RESULTS FOR HTGR FROM AIPA STUDY 

( a ) ~ e p r e s e n t a t i v e  U. S. s i te .  

( b ) ~ e i r  Commission recommendations used. 
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be done on LEU f u e l  p a r t i c l e s  and t h e i r  p roper t ies ,  i n c l u d i n g  
f i  ss ion product  r e t e n t i o n .  .-.As h igher  temperature .appl i c a t i o n s  a r e  
pursued, i .e., 850°C core o u t l e t  temperatures f o r  the  Gas Turbine 
and Reformer va r ian ts ,  new data w i l l  need t o  be generated f o r  
these f u e l s  i n  o rder  t o  meet the NRC l i c e n s i n g  c r i t e r i a .  

e In -Serv ice  Inspec t i on  and Test ing  (IS11 - Sect ion X I ,  D i v i s i o n  2 
o f  the  ASME B o i l e r  and Pressure Vessel Code conta ins the  ~ r o o o s e d  
gu ide l i nes  f o r  IS1 o f  HTGR components. The categor ies o f  a f f e c t e d  
components i nc lude  those requ i red  f o r  ( a )  shutdown heat  removal, 
( b )  c o n t r o l  o f  nuclear  r e a c t i v i t y ,  ( c )  de tec t i on  o r  con t ro l  o f  
chemical ingress,  and ( d) con t ro l  1  ed pr imary cool an t  depressuriza- 
t i o n .  An open quest ion i n  t h i s  area i s  the requirement f o r  the  

. poss ib le  I S 1  o f  t h e  PCRV l i n e r .  GA's c u r r e n t  p o s i t i o n  i s  t h a t  a  
thermal l y  i n s u l a t e d  l i n e r  w i l l  n o t  r e q u i r e  I S I .  Th ls  remains t o  
be conf irmed by the  NRC. NRC d id ,  however, requ i re  IS1 o f  t h e  
core  support s t r u c t u r e  f o r  the Ful t o n  HTGR. 

o Primary System I n t e g r i t y  - Corros ion e f f e c t s  w i t h i n  the primary 
'loop w i l l  be i n s i g n i f i c a n t  because o f  the  i n e r t  hel ium environment 
except i n  two p o t e n t i a l  areas: metal c a r b u r i z a t i o n  i n  the top 
head and o x i d a t i o n  i n  the lower g raph i te  core  support blocks due 
t o  i m p u r i t i e s  i n  t h e  helium. The c a r b u r i z a t i o n  problem increases 
w i t h  temperature and i s ,  there fore ,  o f  more concern i n  the 850°C 
core  o u t l e t  app l i ca t i ons  o f  t h e  HTGR. Research i n  these areas i s  
con t i nu ing  t o  es tab l  i sh appropr iate design c r i t e r i a .  

The design bases f o r  the design o f  the  PCRV c losures a r e  n o t  y e t  
approved by the  NRC. Most c losures a r e  designed and fab r i ca ted  t o  
ASME Code Sect ion 111, D i v i s i o n  1. In p r e v i n ~ . ~ ~  l i c e n s i n g  e f f o r t s ,  
these c losures  have u t i l i z e d  f l ow  r e s t r i c t o r s  t o  l i m i t  the f r e e  
f l o w  area t o  100 i n 2  o r  l e s s  i n  the event  o f  a  f a i l u r e .  LWRs 
a r e  n o t  requ i red  t o  assume f a i l u r e  o f  Class-1 pressure vessels; 
t he re fo re ,  the  GA p o s i t i o n  i s  t h a t  t he  assumption o f  such f a i l u r e s  
f o r  the HTGR i s  excessive and should n o t  be considered as a  Design 
Basis Accident,  prov ided the penetrat ions and c losures a re  n o t  
operated a t  temperatures above those a t  which ASME Sect ion I 1 1  
appl i es .  Steel  c losures  whose temperatures exceed those a1 1  owed 
by the low-temperature p rov i s ions  o f  t he  Code may be used a t  steam 
p i p e  p e n e t r a t i o n s .  These a r e  des igned  t o  meet t h e  r u l e s  o f  
high-temperature code cases and u t i l  i z e  f l  ow r e s t r i c t o r s .  Pre- 
s t ressed concrete c losures used f o r  l a r g e  heat  exchanger c a v i t i e s  
a r e  designed and constructed t o  ASME Code Sect ion 111, D i v i s i o n  
2. Due t o  t h e i r  redundant p res t ress ing  elements, GA considers 
t h e i r  gross f a i l u r e  to  be i n c r e d i b l e  and, therefore,  precludes 
r a p i d  depressur iza t ion  due t o  t h e i r  f a i l u r e .  

Another  i tem c o n c e r n i  ng p r i m a r y  system i n t e g r i t y  i s a c o u s t i c  
e x c i t a t i o n  w i t h i n  the pr imary system. For  the  Steam Cycle and 
Reformer var ian ts ,  the  pr imary source o f  t h i  s  acoust ic  exc i  t a  t i o n  
i s  the main c i r c u l a t o r s .  I n  the Gas Turbine p lan t ,  t he  turbo- 
machinery w i l l  generate much l a r g e r  noise l e v e l s  which may a f f e c t  



t he  l i n e r  i n s u l a t i o n .  S tud ies  a re  con t i nu ing  i n  t h i s  area t o  
model t h e  a c o u s t i c  p r o p a g a t i o n s  as  w e l l  as t o  d e t e r m i n e  t h e  
long- term e f f e c t s  on reac to r - -  i n t e r n a l  s. Th i s  i s -  a major  area of 
unce r ta i n t y  f o r  the HTGR-Gas Turb ine  (GT). 

e Emergency Core Coo l ing  P rov i s i ons  - Dur ing t he  Ful  t o n  and Summit 
l i c e n s i n g  process, the  NRC t r e a t e d  t h e  co re  a u x i l i a r y  coo l  i n g  
system c i r c u l a t o r s  and s h u t o f f  v a l  ves as p r o t o t y p i c a l  i tems which 
deserved spec ia l  t e s t i n g  programs. GA s t i l l  must develop core  
a u x i l i a r y  c o o l  i ng sys tem t e s t i n g  c r i t e r i a  f o r  p r e o p e r a t i o n a l  
d e s i g n  v e r i f i c a t i o n  and o n - l i n e  t e s t i n g .  A l s o ,  a  computer  
program must be developed f o r  assessing t h e  s t a b i l i t y  marg in  o f  
t h e  c o r e  a u x i l i a r y  hea t  exchanger. While these a re  s t i l l  open 
l i c e n s i n g  issues, they a re  n o t  expected t o  impact o v e r a l l  p l a n t  
l i c e n s a b i l  i ty .  

e A n t i c i p a t e d  T rans ien t  Wi thout  Scram (ATWS) - The sub jec t  o f  ATWS 
remains an unresolved l i c e n s i n q  and des isn i ssue .  There have been 
some p r e l  i m i n a r y  s t u d i e s  o f  - H T G R - S ~ ~ &  C y c l e  ATWS t o  s u p p o r t  
e a r l i e r  l i c e n s i n g  e f f o r t s ,  b u t  t h e y  were d i  r e c t e d  t o w a r d  NRC 
i n t e r p r e t a t i o n  o f  LWR ATWS requirements.  Work remains t o  be done 
t o  reso lve  t h e  ATWS i ssue  f o r  the  HTGR on the  bas i s  o f  i t s  i n -  
he ren t  sa fe t y  fea tu res .  T h i s  i ssue  i s  n o t  expected t o  impact  
o v e r a l l  p l a n t  l i c e n s a b i l  i ty. 

The sa fe t y  and l i c e n s i n g  i ssues  discussed above a re  a p p l i c a b l e  t o  
t he  gener ic  HTGR design and were developed from reviews o f  t h e  Steam 
Cycle concept. The d i r e c t  c y c l e  o r  Gas Turb ine v e r s i o n  o f  t h e  HTGR has 
a d d i t i o n a l  ma jo r  sa fe t y  and l i c e n s i n g  issues which r e s u l t  f rom the  
f o l l o w i n g  major  design d i f f e rences :  

R e l a t i v e  t o  the  Steam Cycle HTGR, t h e  Gas Turb ine has: 

e An i n c r e a s e  i n  c o r e  o u t l e t  t e m p e r a t u r e  f r om 700°C t o  850°C. 

e 50% h ighe r  opera t ing  pressures and d i f f e r e n t i a l  p ressure  across 
t h e  core. 

e P o t e n t i a l l y  h i ghe r  f i s s i o n  p roduc t  re lease  due t o  h i ghe r  tempera- 
tu res .  

@ 50% h ighe r  pr imary c o o l a n t  f l o w  ra tes .  

o The turbomachinery l o c a t e d  w i t h i n  the PCRV. 

e A r o t a t i n g  s h a f t  pene t ra t i ng  t he  PCRV. 

o Precoolers  and recuperators  which r e q u i r e  ASME qua1 i f i c a t i o n .  

0 The p o s s i b i l i t y  o f  turbomachine l u b r i c a n t  leakage i n t o  the  pr imary 
sy s  tem . 

a The p o s s i b i l i t y  o f  ove rs t ress ing  t h e  thermal b a r r i e r  due t o  the  
e f f e c t s  o f  r a p i d  i n t e r n a l  pressure t r ans ien t s .  



The sa fe ty  s i g n i f i c a n c e  o f  several of these i tems i s  discussed i n  more 
d e t a i l  be1 ow: 

-.. .- . . 

e Shaf t  Seal F a i l u r e  - The turbomachine/generator s h a f t  penetrates 
t h e  pr imary coo lan t  system boundary. F a i l u r e  o f  t h e  seal can 
cause r a p i d  depressur iza t ion  o f  t he  PCRV. The present design a lso  
c a l l s  f o r  l o c a t i o n  o f  t h e  g e n e r a t o r  o u t s i d e  t h e  con ta inmen t  
b u i l  ding, thereby adding an add i t i ona l  r o t a t i n g  s h a f t  seal i n  t h e  
containment w a l l .  A pos tu la ted  f a i l u r e  which coul d  cause l o s s  o f  
i n t e g r i t y  o f  bo th  the  PCRV and containment r o t a t i n g  seals woul d  be 
unacceptable and remains a major 1  i cens ing  concern. 

e I n t e r n a l  Pressure Equi 1  i b r a t i o n  Accidents - Dur i  ng normal opera- 
t i o n  o f  t h e  HTGR - GT , l a r g e  pressure d i f f e r e n t i a l s  e x i s t  across t h e  
t u r b i n e  and compressor sect ions o f  t h e  turbomachine (.%685 and 743 
p s i a  r e s p e c t i v e l y ) .  A f a i l u r e  o f  t he  turbomachine which would 
cause t h e  co l l apse  o f  these d i f f e r e n t i a l s  i s  c a l l e d  an I n t e r n a l  
Pressure Equi 1  i b r a t i o n  Accident. Designers have recen t l y  com- 
p l e t e d  an  i n - d e p t h  s tudy  of  t h e  l i c e n s i n g  e f f e c t s  o f  such an 
accident  and have concluded, based on e x i s t i n g  t u r b i n e  and turbo-  
machine f a i l u r e  r a t e  data, t h a t  a de fens ib le  f a i l u r e  r a t e  f o r  the  
turbomachine i s  per  machine-year. Based on t h i s  probabi 1  - 
i t y ,  t h e  ca tas t roph ic  f a i l u r e  o f  t he  turbomachine must be assumed 
as  a  Des ign  B a s i s  Event .  The s t u d y  a l s o  conc luded t h a t  t h e  
consequences o f  such an accident  s t rong ly  depend on t h e  assumed 
r a t e  o f  pressure d i  f f e r e n t i a l  co l lapse.  A conservat ive assumption 
t h a t  t he  t u r b i n e  w i l l  completely deblade i n  one r e v o l u t i o n  a t  42% 
overspeed, o r  .012 seconds, r e s u l t s  i n  a  depressur izat ion r a t e  i n  
t h e  core  o u t l e t  plenum o f  6310 ps i /sec over  . O 1  seconds (Ref. 
15). Th is  speed assumes f a i l u r e  a t  t he  f ree - f ree  c r i t i c a l  speed. 
Tile st)-esses imposed on the  reac to r  i n t e r n a l s  by t h i s  acc ident  
must be combined w i t h  the  stresses imposed by the safe-shutdown 
earthquake because o f  i t s  c l a s s i f i c a t i o n  as a  Design Basis Event. 
The r e s u l t s  o f  p re l im ina ry  analyses show t h a t  redesign o f  the  core 
support posts, permanent s ide r e f 1  e c t o r  posts, core auxi 1  i ary 
c o o l i n g  system components and the core support s t r u c t u r e  w i l l  be 
requ i red  i f  t h e  above design assumptions are u t i l i z e d .  A t e s t i n g  
program i s  r e q u i r e d  t o  reduce t h e  c o n s e r v a t i s m  i n  t h e  above 
assumptions and e s t a b l i s h  a  more appropr ia te  and defensib le design 
basis. 

e Turbomachine M i s s i l e s  - I n  a d d i t i o n  t o  causing r a p i d  pressure 
t rans ien ts ,  turbomachine f a i l u r e s  can c rea te  h igh energy m i  s- 
s i l e s .  The design o f  m i s s i l e  sh ie lds  t o  conta in  blade and r o t o r  
fragments i s  under way; however, these designs w i l l  be a f fec ted  by 
the  r e s u l t s  o f  t h e  turbomachine f a i l u r e  t e s t i n g .  

e Core A u x i l i a r y  Cool ing System Design - The turbomachine forms the 
p r i n c i p a l  res i s tance  t o  reverse f l ow  through each power conversion 
loop. The design basis f o r  the  core a u x i l i a r y  coo l i ng  system 
f l  ow requ i  rements assumes a  s i n g l e  turbomachine f a i l u r e  which 
reduces t h e  l o o p  f l o w  r e s i s t a n c e .  T h i s  des ign  b a s i s  and t h e  



amount of  resistance tha t  can be assumed a f t e r  a turbomachlne 
fa i l u re  must be analyzed and accepted. 

a Overpressure Protection - ~ i l i k e  the HTGR-Steam Cycle (SC), there 
i s  no i den t i f i ed  source f o r  overpressurization o f  the PCRV i n  the 
HTGR-GT. It i s  proposed tha t  overpressure protection as required 
by the ASME Code be provided by in ternal  pressure r e l i e f  by using 
safety-grade valves i n  each power conversion loop t o  regulate 
pressure from high- t o  low-pressure portions of the loop. It i s  
not anticipated tha t  t h i s  issue w i l l  impact the overal l  p lant  
1 i censabi 1 i ty . 

4.2.2 Water U t i  1 i zat i  on 

One o f  the major claims o f  HTGR proponents has been the assertion t n a t  
the HTGR can be cooled e f f i c i e n t l y  while consuming less water than 
current LWR o r  fossi 1 - f i r e d  plants. This claim has been presented as a 
major incentive f o r  the development of  the HTGR-GT. Several studies i n  
the past have shown that, indeed, the HTGR-SC wi th  wet cooling consumes 
15% t o  25% less water than a wet-cooled LWR under s imi la r  s i t e  condi- 
t ions due t o  i t s  higher thermodynamic ef f ic iency and lower re jec t  heat 
load (Ref. 2). A study performed i n  1975 by General E lec t r i c  Company 
f o r  the E lec t r i c  Power Research I n s t i t u t e  (Ref. 3)  attempted t o  quanti- 
fy the cooling performance o f  the HTGR-GT re la t i ve  t o  other nuclear 
systems. It also projected areas of  the country where some form o f  dry 
cooling would be needed by the year 2000. The resul ts o f  t h i s  study 
were documented i n  the GCRA HTGR Market Assessment - Inter im Report. 
I n  order t o  better quantify the size of  the potent ial  dry-cool i  ng 
marltet i n  the 2000-2020 time frame, which i s  where the HTGR-GT i s  
targeted f o r  c o m r c i  a1 ization, GCRA enl is ted the Hanford Engi neeri ng 
Development Laboratory (HEDL) because of the i  r Water Use Information 
System and i t s  capabil i t ies. The resul ts o f  the HEDL study (Ref. 4) 
are presented i n  t h i s  section. 

The study u t i l i z e d  the  p ro jec t i ons  o f  t h e  Water Resource Council  
Second National Water Assessment and the HEDL data base t o  i den t i f y  
aggregated subareas (ASA) where sur f  ace water def i c i  enci es woul d ex1 s t  
by the year 2020. These areas are shown i n  Fig. 4.2.2-1. The study 
then u t i l i z e d  the econometric model t o  derive a projected e lec t r i c  
energy demand by National E lec t r i c  Re1 i abi 1 i ty Counci 1 (NERC) regi on i n 
theyears 2000, 2010, and 2020. This case was taken as the median, and 
h igh  and low cases were a l so  generated. They are shown i n  Table 
4.2.2-1. Two separate techniques were used t o  determine where the 
capacity would be located t o  serve the proJected demands. The f f r s t  
technique located the new capacity i n  ex is t ing power generation areas 
(PGA). This I s  consistent with the theory tha t  maw future plants w i l l  
be located on ex is t ing power p lant  sf tes. The second technique used a 
population-wei ght i  ng factor which located the new capaci ty i n  propor- 
t i o n  t o  projected population location. Projected growth rates f o r  
cogeneration, and retirements of  exi s t ing  plants were calculated t o  
project the to ta l  capacity produced by central power plants that  would 
need t o  be constructed during the period i n  each ASA. Overlay tech- 
niques were used t o  determine the fuel  mix o f  the capacity i n  each 



Figure 4.2.2-1 Locat-on o f  Surface Water Deficient ASAs Forecasted for 
the year 2090 



TABLE 4,Z.g-1 

Forecast o f  I n s t a l l e d  Capacity by NERC Region (GW) 

H i  gh-Case Scenario 

Region 

ECAR 
ERCOT 
MAAC 
MA1 N 
MARCA 
NPCC 
SERC 
SWPP 
WSCC 
Tot  a1 

Region 

ECAR 
ERCOT 
MAAC 
MA1 N 
MARC A 
NPCC 
SERC 
SWPP 
WSCC 
T o t  a1 

Low-Case Scenario 



ASA. Coal, geothermal,  s o l a r ,  and biomass p ro j ec t i ons  were made. 
Nuclear p r o j e c t i o n s  were based on a t o t a l  i n s t a l l e d  nuc lear  capac i ty  of 
250 GW(e) i n  2000 and 600 GW(e)-..in 2020. The end resu1.t i s  a projec-  
t i o n  o f  the  number of  GW(e) o f  new e l e c t r i c a l  c a p a c i t y  t h a t  w i l l  
r e q u i r e  e i t h e r  t o t a l l y  dry o r  dry/wet cool ing  i n  each ASA f o r  t h r e e  
growth scena r io s .  These requi rements a r e  f u r t h e r  def ined by projec-  
t i o n s  f o r  f o s s i l ,  n u c l e a r ,  and o t h e r  h e a t  s o u r c e s .  F i g .  4.2.2-2 
summarizes t h e s e  f i n d i n g s  using the PGA di saggregat ion technique.  Fig.  
4.2.2-3 p re sen t s  the r e s u l t s  using t h e  popul ation-wei gh t i  ng technique.  
I t  can be seen t h a t  even i n  t h e  low-growth scenar io  i n  Fig. 4.2.2-2, 
some form of dry coo l ing  wi l l  be requi red  f o r  170 GW(e) of capac i ty .  
For  the  median-growth ca se ,  257 GW(e) wi l l  r equ i r e  some form of dry 
cool ing .  F ig .  4.2.2-4 shows the l o c a t i o n  of capac i ty  add i t i ons  re- 
qui r i n g  some form of  dry cool ing  using the PGA technique f o r  the base 
ca se .  The va lues  shown a r e  the number of GW(e) r equ i r ing  -some form of 
d r y  c o o l i n g .  F i g .  4 .2 .2-5  shows t h e  same i n f o r m a t i o n  u s i n g  the 
popul ation-wei g h t i  ng technique.  

Based on the above da t a ,  there appears  t o  be a subs t an t i a l  market f o r  
dry cool ing  technology a f t e r  the y e a r  2000. In o rde r  t o  eva lua t e  the 
market po t en t i a l  of the HTGR-GT based on these f ind ings ,  GCRA con- 
t r a c t e d  w i t h  United Engineers & Const ruc tors  Inc.  ( U E & C )  t o  perform an 
economic eva lua t ion  comparing t h e  HTGR-GT t o  a comparably s i zed  LWR and 
coal p l a n t ,  a1 1 a t  a common s i t e  w i t h  cool ing  systems optimized f o r  
given water  consumption cons t r a i  nts. The parameters of t h e s e  p l a n t s  
a r e  given i n  Table  4.2.2-2. Water consumption was cons t ra ined  i n  t h e s e  
ana lyses  because t h e  HEDL study i n d i c a t e s  t h a t  water  shor tages  w i l l  be 
manifested by c o n s t r a i n t s  on water  consumption and not by h igher  water 
p r i c e s  (Ref. 4 ) .  A l l  ana lyses  were performed f o r  a s i t e  a t  Modesto, 
Ca l i  f o r n i a ,  because i t e x h i b i t s  c h a r a c t e r i  s t i c s  which a r e  representa- '  
t i v e  of  many of  the a r e a s  where dry cool ing  will be requi red ;  however, 
coo l ing  system performance and eva lua ted  c o s t s  a r e  extremely s i t e -  
dependent. The r e s u l t s  obtained a t  the Modesto s i t e ,  while v a l i d  only 
a t  t h a t  p a r t i c u l a r  s i t e ,  a r e  considered t o  be r ep re sen t a t i ve  of t h e  
r e s u l t s  t h a t  would be obtained e l  sewhere i n  t h e  dry cool ing  market 
a r ea s .  

UE&C designed an optimized cool ing system f o r  each p l a n t  w i t h  a given 
water  c o n s t r a i n t .  Six c o s t  pena l ty  c a t e g o r i e s  were then evaluated 
a g a i n s t  t he  system performance w i t h  si te-speci  f i c  temperature var i  a- 
t i o n s .  These penal t i e s  were evaluated on an annual b a s i s ,  c a p i t a l i z e d  
over  the p l a n t  l i  fe t ime,  and added t o  t h e  c a p i t a l  c o s t  of t h e  cool ing  
system. The sum of the c a p i t a l  c o s t  and t h e  c a p i t a l i z e d  penal ty  c o s t s  
is  c a l l e d  the t o t a l  eva lua ted  cool ing  system cos t .  

The r e s u l t s  of  the ana lyses  a r e  shown g raph ica l ly  i n  Figs .  4.2.2-6, 
7 ,  and 8 f o r  the f o s s i l  p l a n t ,  the LWR, and t h e  HTGR-GT re spec t ive ly  
and a r e  based on the economic assumptions shown i n  Table 4.2.2-3. For 
t o t a l l y  dry-cooled p l a n t s ,  t he  t o t a l  eva lua ted  cool ing  system c o s t s  of 
the f o s s i l  p l a n t  a r e  127% higher  than f o r  the HTGR-GT, while t h e  LWR 
c o s t s  a r e  193% higher .  These h igher  c o s t s  a r e  due pr imar i ly  t o  t h e i r  
high ope ra t i ng  penal t i e s  a s soc i a t ed  w i t h  t h e  Ranki ne Cycle p l a n t s  w i t h  
d ry  cool ing  during per iods  of high ambient temperature.  The implica- 



Figure 4.2.2-2 

Advanced Cool i n g  Requirements 2000-2020 - -. (Disaggregat ion -- Based Upon Power Generation Area) 
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Figure 4.2.2-4 

Areal D i s t r i b u t i o n  o f  Forecasted Need f o r  Advanced Cool i n g  : 
Median Growth Scenario, Power Generation (GW) 

Note : Numbers i n d i c a t e  GWe of capaci ty  r e q u i r i n g  d ry  o r  dry/wet coo l i ng  



Fiqure 4 . 2 . 2 -  5 

Areal Distribution of Forecasted Need for Advanced Cool ing : 
Median Growth Scenario Po~ulation (GW) 

Note: Numbers indicate GWe of capacity requi'ring dry or drylwet cool i'ng 



TABLE 4.2.2-2 

PLANT PARAMETERS FOR COOLING SYSTEM 
ECONOMIC ANALYSIS 

Rated Power - MW(t) 

Gross S t a t i o n  Heat Rate - BTUIkw-hr 

Gross E l e c t r i c a l  Output - MW(e) 

Net Thermal E f f i c i  ency 

Net E l e c t r i c a l  Output - MW(e) 

LW R - Coal HTGR-GT 

2896 2022 . 2000 
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C a p l t a l  - U n l t  C a p i t a l  Cost  o f  P l a n t  C o o l l n s  System ( E n c l t ~ d l n g  Sur face  Condenrer) 

P e a s l t y  - U n l t  P e n r l t y  Cos t  
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ANNUAL HAKE-UP WATER REQUIREHENT. lo8 GAL 

Figure  4.2.2-6 Cost Character4 s t i c s  as a Funct ion o f  Make-Up Water Requirements 
f o r  Cool ing Systems Designed f o r  an 855-MW(e) F o s s i l  P l a n t  a t  
Modesto, C a l i f o r n i a  
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LEGEND: D r y  - D r y  Tower C o o l l n g  Sys tem ( I l l g h  Beck P r e a s t ~ r e  T u r b l n e )  
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Wet - Wet T w e r  C o o l l n g  Sys tem (Low Bnck P r e s n u r e  T u r b l n e )  

Caplt.1.- U n l t  C a p l t s l  C o s t  o f  P l a n t  C o o l l n g  Sys tem ( b x c l u d l n g  Su r face  Condenser)  

P e n a l t y  - U n l t  P e n a l t y  Coo t  

ANHVAL HAKE-UP WATER REQUIREMENT. 10' CAI. 

Figure  1.2.2-7 Cost Cha rac te r i s t i c s  as a Funct ion o f  Ma ke-Up Water Requirement 
f o r  Cool ing Systems Designed f o r  an 838-MW(e) PWR P l a n t  a t  
Modesto, C a l i f o r n i a  
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Figure 4.2.2-8 Cost Character' s t i c s  as a Funct ion o f  Make-Up Water Requi rement 
f o r  Cool ing Systems Designed f o r  an 808-MW(e) HTGR-GT P lan t  a t  
Modesto, C a l i f o r n i a  



TABLE 4-~2-;2-3 

ECONOMIC FACTORS FOR COOLING SYSTEM ANALYSIS 

P r i c i n g  Date January 1980 

Average P lan t  Capacity Factor  

Annual F ixed Charge Rate 

P lan t  Book L i f e  

Capaci ty Penalty Charge Rate [$/KW ( e l l  

Base 
Low 
High 

Replacement Energy Cost (Level i zed 
m i  11 s/kw-hr) 

Base 
Low 
High 

Water Cost (Level ized $/lo00 g a l )  

Base 
Low 
High 

70% 

18% 

30 years 



t i o n  i s  t h a t  i f  any water  i s  a v a i l a b l e  f o r  consumption, a  peak-shaved, 
dry/wet  system should be used t o  decrease the  pena l t ies .  F ig .  4.2.2-9 
compares the  r e l a t i v e  evaluated -.. cos ts  -. o f  the HTGR-GT .aga ins t  the  LWR 
and the coal p l a n t  as a  func t i on  o f  water a v a i l a b l e  f o r  'annual consump- 
t i o n .  The dashed l i n e s  i n d i c a t e  ex t rapo la t i ons  from the  s p e c i f i c  
o p t i m i z a t i o n  p o i n t s  which a re  marked by "+." Opt imizat ions were no t  
performed i n  the dashed-l ine reg ion  because dryness r a t i o s  lower than 
50/50 do n o t  conserve s u f f i c i e n t  water t o  warrant  t h e i r  use. From Fig.  
4.2.2-9, the  f o l l o w i n g  conclusions can be drawn: 

e A1 1  th ree  p l a n t  types can be dry- o r  dry/wet-cooled. The Ranki ne 
Cycle p l a n t s  must u t i l i z e  a  h igh  back pressure t u r b i n e  w i t h  t o t a l  
d ry  c o o l i n g  i n  o r d e r  t o  ob ta in  the performance shown. 

The HTGR-GT can u t i l i z e  d ry  o r  dry/wet coo l i ng  more e f f i c i e n t l y ,  
hence more economically, than the LWR o r  f o s s i l - f i r e d  p lan ts .  

The most economical coo l ing  system f o r  the  HTGR-GT i s  a  wet/dry 
system, w h i l e  a l l - w e t  coo l i ng  i s  p re fe r red  f o r  the LWR and f o s s i l  
p l  ants. 

e The magnitude o f  t h e  HTGR-GT advantage i s  a  f u n c t i o n  o f  water 
a v a i l a b i l i t y .  General ly,  t h e  l e s s  water t h a t  i s  a v a i l a b l e  f o r  
consumption, t h e  l a r g e r  the advantage o f  the HTGR. 

e The t o t a l  e v a l u a t e d  c o o l i n g  system c o s t s  o f  t h e  HTGR-GT w i t h  
w e t / d r y  systems a r e  re1  a t i v e l y  i n s e n s i t i v e  t o  c o o l i n g  w a t e r  
a v a i l a b i l i t y  when compared t o  the f o s s i l  p l a n t  and the LWR sensi- 
t i v i  t i e s  t o  water  a v a i l a b i l i t y .  

I n  o rder  t o  check the  s e n s i t i v i t i e s  o f  the  above resu l t s ,  UE&C per- 
formed low- and high-case s tud ies  f o r  each type o f  p l a n t  us ing  the  
f a c t o r s  shown i n  Table 4.2.2-3. The r e s u l t s  a r e  summarized i n  Figs. 
4.2.2-10, 11, and 12 f o r  the f o s s i l ,  LWR, and HTGR-GT p l a n t s  respec- 
t i v e l y .  By comparing these f igures ,  i t  can be seen t h a t  t he  HTGR-GT i s  
re1 a t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  the three s e n s i t i v i t y  v a r i -  
ables. Table 4.2.2-4 summarizes these s e n s i t i v i t i e s  f o r  the f o s s i l  and 
LWR p l a n t s  re1 a t i v e  t o  the  HTGR-GT w i t h  water consumption constra ined 
t o  115 x 106 ga l /y r ,  which corresponds t o  a  95% dry/wet system f o r  
the  HTGR-GT. 

The e f f e c t s  o f  vary ing  i n d i v i d u a l  parameters were a lso examined f o r  
each p l a n t  i n  Ref. 5 The f o l l o w i n g  conclusions can be drawn from 
t h e  s e n s i t i v i t y  ana lys i  s: 

e The HTGR-GT main ta ins  i t s  advantage over the LWR and the  f o s s i l  
p l a n t '  over  a  wide range o f  economic var iab les .  

As replacement power costs increase, the  HTGR-GT becomes more 
economic w i t h  100% dry  c o o l i n g  than w i t h  wet ld ry  coo l ing .  Th is  
increases t h e  HTGR-GT advantage w i t h  a1 1-dry coo l i ng  over i t s  
competi tors. 
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Figure  4.2.2-9 Comparison o f  To ta l  Evaluated Cost C h a r a c t e r i s t i c s  
o f  800-MW(e) (Nominal ) Power P lan ts  a t  Modesto, 
C a l i f o r n i a  



F i g u r e  4.2.2-10 Ef fects  o f  Composite Changes of Economic Factors  on t he  
T o t a l  Evaluated Costs of A l t e r n a t e  Cool ing Systems f o r  
an 855 F o s s i l  P l a n t  



F igure  
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4.2.2-11 E f f e c t s  o f  Composite Changes o f  Economic Factors  on the  
To ta l  EvaTaated Costs o f  A l t e r n a t e  Cool ing Systems f o r  
an 838 MW(e) PWR P l a n t  



ECONOMIC FACTORS 

TO'EAL 
EVALUATED 

COST, 
$ / k ~ e  

.. Base Low llLgh 
Capacity Pen- 621 311 1242 
a l t y  Charge 
Rate, $/kW 

Replacement 40 .8  20.4 122.5 
Energy Cost 
(Level ized) ,  
mills/kWh 

Water Cost 
(Level ized) ,  
$11000 gal 

MAKE-UP WATF,R REQUIREMENT, lo6 GALIYR. 

F igu re  4.2.2-12 E f f e c t s  o f  Composite Changes of Economic Factors  on t he  To ta l  Evaluated 
Costs o f  A l t e r n a t e  Cool ing Systems f o r  an 808 HTGR-GT P l a n t  



TABLE 4.2.2-4 

SENSITIVITY ANALYSIS SUMMARY 
TOTAL EVALUATED COOLING SYSTEM COST DIFFERENTIALS 

Water Cons t ra in t :  115 x 1 0 6 ~ a l / ~ r  

S e n s i t i v i t y  Case Foss i  1 - LWR - HTGR-GT 

Base 1.81 ($65.2M) 2.68 ($135.2M) 1.00 (Base) 

Low 1.30 ($24.3M) 1.85 (868.3M) 0.73 (-$21.8M) 

High 3.37 ($192M) 5.14 ($335M) 1.76 ($61.4M) 



It should be noted t h a t  work i s  progressing on t h e  development o f  a  
c o o l i n g  system which uses ammonia as the  working f l u i d  t o  r e j e c t  heat  
f rom t h e  steam condenser t o  the atmosphere through dry -coo l ing  towers. 
Th i s  e f f o r t ,  which i s  documented i n  Ref. 6, i n d i c a t e d  t h a t  subs tant ia l  
economic savi ngs a r e  poss ib le  when- the  system i s  used - t o  dry-cool o r  
w e t / d r y - c o o l  Rank ine  C y c l e  power p l a n t s .  F o r  example, h i g h  back 
pressure t u r b i  nes w i l l  n o t  be requi red  f o r  dry-cool i ng app l i ca t i ons  
w i t h  t h e  ammonia system. Fig. 4.2.2-13 from Ref. 6  i s  based on a  
p l a n t  l oca ted  a t  Phi ladelphia,  Pennsylvania, and shows substant ia l  
sav i  ngs avai 1  ab le  over t h e  convent ional dry-cool ed systems exami ned i n  
t h i s  sect ion.  F u r t h e r  work on t h i s  system must be done t o  v e r i f y  these 
p ro jec t i ons ,  b u t  successful  commerci a1 i z a t i o n  o f  t h i s  ammoni a  phase- 
change system w i l l  s i g n i f i c a n t l y  a f f e c t  t h e  r e l a t i v e  r e s u l t s  o f  t h e  
analyses o f  t h i s  sect ion.  

4.2.3 Other S i t i n g  Considerat ions 

The HTGR o f f e r s  advantages over i t s  compet i t ion f o r  s i t i n g  i n  areas 
where water i s  n o t  r e a d i l y  a v a i l a b l e  f o r  consumption. This  sec t i on  
w i l l  examine t h e  o t h e r  f a c t o r s  which w i l l  a f f e c t  t h e  s i t i n g  o f  t h e  
HTGR, namely i t s  r a d i  01 ogi  ca l  and seismic cha rac te r i s t i cs ,  and the  
i n s t i t u t i o n a l  b a r r i e r s  o f  nuclear s i t i n g  as they apply t o  the HTGR. 

Radi 01 ogi  c a l  

T h i s  s e c t i o n  w i l l  p r e s e n t  a  compara t i ve  a n a l y s i s  wh ich  a t t e m p t s  
t o  i d e n t i f y  t he  envelope o f  s i t e  c h a r a c t e r i s t i c s  t h a t  would meet t he  
r a d i o l o g i c a l  impact ob jec t i ves  necessary t o  t h e  s i t i n g  o f  an HTGR. 
Fo r  t h i s  analys is ,  Appendix I o f  10CFR50, which s p e c i f i e s  the  rad io -  
l o g i c a l  impact ob jec t i ves  f o r  t h e  LWR, was assumed as the app l icab le  
regu la to ry  g u i d e l i  ne f o r  t h e  HTGR. Th is  ana lys is  app l ies  s p e c i f i c a l l y  
t o  t he  l a rge  C3000 MW(t)] HTGR Steam Cycle design, b u t  the  r e s u l t s  are 
comparable t o  those t h a t  would be obta ined f o r  the  Gas Turbine and 
Reformer systems. 

Appendix I o f  10CFRSO spec i f i es  t h a t  each reac to r  s h a l l  be designed 
such t h a t  t he  maximum ca lcu la ted  r a d i a t i o n  dose t o  an i n d i v i d u a l  i n  t h e  
u n r e s t r i c t e d  area around the p l a n t  s h a l l  n o t  exceed the  f o l l o w i n g  
values p e r  r e a c t o r  pe r  year:  

L i q u i d  E f f l u e n t  

Whole body dose 
Dose t o  any organ 

Gaseous E f f l u e n t  

e Gamma a i r  dose 
Beta a i r  dose 
Sk in  dose 

m Whole body dose 

3  mrem 
10 mrem 

10 mrad 
20 mrad 
15 mrem 

5  mrem 

A i  rborne Radioact ive I o d i  ne and P a r t i c u l  ates 

Dose t o  any organ 15 mrem 



F igu re  4.2.2-13 Comparison o f  Coo l ing  System Present Worth Revenue 
Requirements f o r  an 1140-MW(e) P l a n t  



Other regulations such as 10CFR40 and 10CFR20 also af fec t  the radio- 
1 ogical  design of nuclear  power p lan t s ,  b u t  general ly compliance 
w i t h  10CFR50 almost assures compli ance w i t h  a1 1 others. . . 

The two groups of factors  which determine i f  a particular plant will 
meet the above guidelines a t  a particular s i t e  are (1) Plant Per- 
formance Characteristics and ( 2 )  Si te-Dependent Characteristics. The 
designer must take the s i  te-dependent characteristics into account in 
order to  design the radwaste systems such that the plant performance 
character is t ics  will resu l t  i n  releases that  comply w i t h  the above 
c r i t e r i a .  One of the most important s i  te-dependent characteristics 
tha t  affect gaseous releases of radioactivity i s  the atmosphere's 
ab i l i t y  to  disperse and d i lu te  the releases. A quantitative measure of 
d i  l u t i o n  i s  t h e  annual average atmospheric d i  spersion f a c t o r  X / Q  
where: 

e X i s  the concentration of the diluted radioactive gaseous releases 
a t  a given point of in te res t  i n  units of mass/volume. 

a Q i s  the strength of radiological releases a t  the source i n  units 
of masdtime. 

The f a c t o r  X / Q  i s  estimated by atm spher ic  d i f fus ion  odels  and 
will vary from approximately 2 x 10% to  2 Sec/mgl a t  500 m 
fo r  ground releases,  and 1 x t o  2 x 10% sec/m for stack re- 
leases a t  500 m. 

The other s i  te-dependent characteri s t i  c i nfl uenci ng radi 01 ogi cal dose 
i s  the. pathway through which the radionuclides are transported to  man. 
This  a n a l y s i s  wi l l  only consider  the  a i r  pathways as  the  c u r r e n t  
reference design f o r  a l l  HTGR systems i s  based on zero liquid re- 
'I eases. tieneral ly ,  the a l  r pathways consfciered i r~clude; 

a Air submersion. 

a External exposure to  deposited materi a1 s .  

e Inhalation and transportation. 

m Ingestion of food crops. 

a Ingestion of animal products. 

Doses are calculated for  the whole body and i t s  significant organs. A 
l imiting pathway, i .e. ,  the worst case, i s  then selected and analyzed. 

Ref. 2 compared a large HTGR Steam Cycle plant to  both BWRs and PWRs. 
Table 4.2.3-1, which i s  taken from Ref. 2 ,  shows t h e  s t rength  of 
various radionucli des released from various plants accordi ng to  the i r  
Safety Analysis Reports. The Fulton Station HTGR,  which was used i n  
the study, d i d  release some liquid effluents. These will be eliminated 
i n  future HTGRs. Because the plants l i s t ed  are of differing sizes,  



TABLE 4.2.3-1 

ESTIMATE OF ANNUAL RELEASE OF RADIOACTIVITY I N  EFFLUENTS 
(AS  EXTRACTED FROM FINAL ENVIRONMENTAL STATEMENT) 

Effluentr  t o  Atmosphere IC l /v r l  . Llquld Efl lucntr  (CL/yr) 
Vendor 6 !kt ?!t((e) 

PI &?t S m e  R e x t o r  T v e  L o c ~ t l o n  . I-a31 Kr-'8s. Kr-88 Xe-I33 Xe-l3S Xe-138' ' Co-S8 Co-60 Sr-89 Sr-?O 1-131 Cs-I34 C - 7  11-3 . Cnlt . 
Fulton 

Grand Gulf Lb2 

SL;aplt 162 

Cllr.tcn la: 

River Be-d I62 

Sine, Xl le  Polnt 2 

Susqueharar. 162 

B?scn 162 

EnICsood I62 

Shearon I larr ls  162 

Sx:h icxas  162 

Corr~nihe Przk LG? 

C a t ~ r h a  ::: 
Pct.ble Scrlcgs 162 

Sorrh An?a !*;.I 

Surry 3GJ 

b77S.5 J 

Grec?.uood 21.3 

P i l g r l o  2 

S a t t r f o n l  3 

San Onofbe i t 3  

LTPSS id5 ' 

C\-IITGR 

GE - Bii4 

GE - BIiR 

GE- BhX 

GE-6bR 

GE-6hR 

GE-GYR 

Y-PYR 

S-PhR 

N-PhR 

S - PIiR 

K-ViR 

S- FYR 

B6Y-Ph'R 

B6X-Ph'R 

B6Y-rhR 

86s-PAR 

RCh'-iWl 

CE-WR 

CE-PHR 

CE-PYR 

CE-PYR 

Fulton. Pa. 7.9 r la-' 
Port Gibson. >l l r r .  .O¶ . 

Scdro Nooley, Sash. ..028 

C1In:oa. I l l .  .27 . 
St .  F r ~ n c l ? r l l l e .  La. .08 

Scrlba. S.S. .S8 

Bcrulck. Pa. .OU 

B)rcn. 111. .OS 

Braldmod.' I l l .  .. OS 

Xeuhill, N.C. .043 

Palaclor.. Tea. .OW 

Glen Rose. Tcx. .044 

Lake h.yllc. S:C. . '.OW 

Xrllnpton. Ore. .040 

tllneral,  .\'a. .Ole 

Gravel Seck. Va. . !IS, 

~ l c h l a n d ;  h'.. .OW 

S t .  C l s l r  Co.. Mlch. .019 

P l ~ n a r t h .  Mass. .16'  

T l f t .  La. . I1  

San Clcmente. Ca. .29 

setsop. N ~ .  .017 

7 .  ' 2 

420 240 

418 230" ' 

420 230 

361 17 

253 . '280 ' 

210 77 

4 0 6 

4 0 6 

46 . b .  , 

1 6 .  B 

2 6 6 .  

2 . 6  

5 5 8 

1 7  4 '  

2 7 4 

JS' , I 
41 . 6 

Sd 8 .' 
4 3 6 .  

J 8 6 

3 1 8 .  

.. . ,0001 .0009 * 
. . 

. I1  .013 1 1  ' ,  .OD6 . I6  

No Planned Release¶ of Radloactlve Liquids 

.0091 .OOlI .OOS3 . .00027 .0098 

0 3  .OOlS .Ope .OOOS .025 

.OIS .002 .0082, . .00051 .O42 

.040 .028 .0014 ' .OS7 

.00028 .00004 .OW01 . .062 

.00028 .00004 .OW01 • .062 

.00011 .00003 . .049 

.OOPS .0088 • .07S 

.0021 .00028 .OW08 * , . l a '  

.0018 .00023 ..O@OOll • .20 

.OOl .00013 t .. - . .04s 

.00037 .OOOOlZ .000014 .7S 

.00028 .00004 ..023 

.40016 .00002 ,* . .005 

.ooo12 ' . O O O O ~  * . ' .OlI 

.OS2 '-01s .002l .00006 1.3 

.0025 ..000082 .OW13 .OOOOOS .l9 

.00096 .OOOJ .OW37 .000013 2.2 

.0046 .O@037 .OW17 . -016 

("IITGR plant  design has the optlon c f  e l r h e r  recycling a l l  a f  the  Kr-8$ through the hel lun pur l f l ca t lon  system o r  i e l c e ~ l n g  
Lr-IS in : . en i t t en t ly  to  the  atmosphere under favorable metrorologlcel condl t lonr .  I f  recycled. there  u l l l  be no re lease  
of  Kr-35 t o  the a tmrphcre .  I f  rc leascJ .  the  r s t o  of  ~ e l e s o  I s  estimated t o  be 4185 Cl/yr.  

,. 

Too low t o  be Included. 



Table 4.2.3-2 normalizes  t h e  r e l e a s e s  t o  1160 MW(e), which was t h e  s i z e  
of  t h e  Ful ton  u n i t ,  f o r  d i r e c t  comparison purposes. I t  can be seen 
from t h i s  t a b l e  t h a t  t h e  HTGR genera l ly  enjoys a two-orders-of-magni- 
t ude  reduc t ion  i n  t h e  amount of rad ionucl ides  re leased  i n  gaseous 
form. 

Ref. 2 then c a l c u l a t e d  t h e  dose r a t e s  f o r  each l i m i t i n g  pathway and 
determined t h e  es t imated  annual dose t o  an ind iv idua l  and his s i g n i f i -  
c a n t  organs f o r  t h e s e  pathways a s  a func t ion  of the X / Q  a t  t h e  l o c a t i o n  
where  a p e r s o n  may l i v e .  F i g .  4.2.3-1 shows t h e  whole body d o s e  
(mrem/yr) from gaseous e f f l u e n t s  t o  t h e  atmosphere. Fig. 4.2.3-2 shows 
t h e  a d u l t  s k i n  dose and Fig. 4.2.3-3 shows t h e  t hy ro id  dose t o  an 
i n f a n t  d r ink ing  milk. I t  can be seen from these f i g u r e s  t h a t  t h e  HTGR 
can be s i t e d  i n  a r e a s  w i t h  r e l a t i v e l y  unfavorable atmospheric d i spe r -  
s i o n  f a c t o r s ;  t h e r e f o r e ,  i t  does not  r e q u i r e  t a l l  s tacks.  f o r  gaseous 
re1 ea se s .  

General conc lus ions  t h a t  can be drawn on t h e  above information and from 
Ref. 2 ana lyses  a r e :  

The HTGR and  t h e  LWR c a n  be  l o c a t e d  o v e r  a r e l a t i v e l y  wide 
range of  s i t e  condi t ions  and s t i l l  meet t h e  rad io logica l  impact 
o b j e c t i v e s  s p e c i f i e d  i n  Appendix I of 10CFR5O. 

For  gaseous r e l e a s e s ,  t h e  LWR usua l ly  r e q u i r e s  about two orders  
of  magnitude more atmospheric d i l u t i o n  than  t h e  HTGR. Because 
of t h e  a d d i t i o n a l  d i l u t i o n  requi red ,  the LWR w i l l  r equ i r e  addi- 
t i o n a l  radwaste  equipment i n  t h e  p l a n t  design. 

F o r  t h e  HTGR, t h e  l i m i t i n g  r a d i o l o g i c a l  impac t  f o r  g a s e o u s  
r e l e a s e  i s  t h e  whole body d o s e  from immersion i n  a ga seous  
c l o u d .  F o r  t h e  LWK, i t  Is t he  thyrold  dose ~ P O I I I  t h e  l o d l r ~ e -  
m i  1 k-i nf a n t  pathway. 

e From t h e  s t andpo in t  of r ad io log ica l  impact, t h e  HTGR i n  general 
has  g r e a t e r  f l e x i b i l i t y  i n  s i t i n g  than  t h e  LWR. 

4.2.3.2 Geological 

According t o  t h e  requirements  se t  f o r t h  i n  the GCRA Functional Spec i f i -  
c a t i o n  f o r  t h e  HTGR-SC, t h e  design maximum hor izonta l  ground acce le ra -  
t i o n s  are  .15g O B E Y  .3g SSE f o r  a hard rock s i te ,  and .2g O B E ,  .4g SSE 
f o r  a f i rm s o i l  s i te.  For t h e  HTGR-GT, t h e  s e l e c t e d  values  a r e  .15g 
OBE and .3g SSE f o r  a l l  types  of s o i l .  As a re fe rence ,  a major LWR 
s u p p l i e r  uses (.25g a s  i t s  re fe rence  SSE acce l e r a t i on .  To quant i fy  t h e  
a r e a s  o f  t h e  U.S. market which would be s a t i s f i e d  by t h e s e  geological 
design c r i t e r i a ,  GCRA commissioned s t u d i e s  by Dames & Moore and URS/ 
John Blume & Associates .  

The purpose of t h e  Dames & Moore r epo r t  (Ref. 7 )  was t o  make a prelim- 
i na ry  assessment of t h e  a r ea s  wi th in  t h e  cont iguous U.S. having s u f f i -  
c i e n t l y  s u i t a b l e  subsur face  condi t ions  t o  permit economical design and 



TABLE 4.2.3-2 

ESTIMATE OF ANNUAL RELEASE OF R A D I O A C T I V I T Y  I N  EFFLUENTS 
(NORMALIZED TO 1160 MWe) 

Vendor 6 Re- Effluents to Atmosphere (Cl/vr) 

Plant Same rctorlype 1-'111 Ir-85 - 8 8  Xe-I33 Xo-135 

Fulton 

t;anJ Gulf I62 

Skaglt 162 

Cllnton 162 

Rlvcr RcnJ 162 

Sine Hllc Poant 2 

Surquchanna 162 

"Rcprcscntotlve" 

GI\-IIl'GR 

CE-BGR 

GE-BYR 

GE -0liR 

CC-DYR 

CE-BiiR. 

GE -BliR 

CE-BIiR 

Llquld Effluents (Cl/).rl Eormalltlng 
Co-58 Co-60 Sr-39 51-90 1-131 C - 4  Cs-137 ' 11-3 Factor 

' .0001 .OW9 .Old .OJ6 21 1.00 

.lo .a12 .lo .006. .IS .a4 .54 19 0.,918 

No planned releases of llqulds contalnlng radloactlvlty"* 1.09 

.0111 .0011 .006S .00033 -012 ..0099 .OOSO 24 . 1.22 

.olS .OOIS .OIZ .00062 .031 . O I ~  .eon is I .zs 

.016 .0021. .0086 .00056 .044 .OOb7 .OOJ4 21 1-05 

.017 ' . .025 .001S .06J .025 .Ole 22 1.10 

.OJ2 . .0034 .OJO .0018 .060 .18 .12 22 

Bj'ron 16: Y-PGR .05 1000 2s 2500 4 2 6 .00029 .00004 .OU001 .06S. .0062 .0048 360 1.04 

Braldvood 162 N- P!iR '.OS . 1000 2s . 2500 4 2 6 . .00029 .00004 .00001 .065 .0062 .0048 360 1.04 

Shcaron llarrlr 182 N-PIiR . ;OSS 1000 110 ., 3200 S9. ' 8 .00027 .00004 .063 , , .0075 .OOSS 450 11.29 

Soulh T e x a s  162 h.-PIiR .081 :970 10 320 32 7 .0042 .0082 .070 .016 .023 330 ;0.928 

Conanchc Feab I62 Y-PXR .044. 970 22 . 280 ' 26 6 .  .0021 .00028 .00008 . 1 8  .OIS .0097 350 1.00 

Catauba I62 . N-Ph'R -092. ' 950. -20 290 24 ' . 6 '  .0018 .0002S .00008 .20 .17 .12 . 340 0.983 

"Rcprcscntatlve'* h'-~liR ..062.".980 39 . 1500 38 . 7 - '.0015 . .00015 .00001 .ll .OX7 .028 370 
. . 

Pebble Sprlnps 162 BGX-PliR' .04S JSO 31 3200 53 7 .boo9 .00012 .041 , .0040 .0011 IS0 0.921 

North Anna 361 06s-PYR .022 920 . 20 ' 1200 . 33.. 5 .00046 .000015 .000015 .93 .0060 .0042 1200 1.24 

Surry 564 8th'-PIR .06. 950 11 1200 35 ' 5 .00036 .0005 .019 .017 .011 450 1.29 

Y P ~ S S  4 R6li-PltR .oJ 230 . 21 700 32 5 .OD015 ,000019 • . . . .0046 .022 0 3 0  0.928 
Greexood 241 BLK-PKR .018 $60 . 23 . 2700 39 6 .OOOll .00002 ' . .all .002b .0017 540 0.96 

"Reprcscntat lve" 86:)'-FliR .OJS $40 23 1800 38 5 .00040 .OOOL6 .20 .010 .006 . 490 

NarcrforJ 3 CE-FYR .I I 580 26 3500 4 3 6 .0025 .000082 .00013 .OOOOOS .29 1.6 I. 3 1000 0.996 

San Cnofrc 263 ' ' CE-PYR .30 550 - 24 2500 39 . -6 .00098 .0005'1 .00038 .000013 2 2  -43 .37 1020 1.02 

. . 

(.r)Pl.rnt dcslpn calls for rccycllnp all of tho Kr-8S to the hellum coolant. If It !s released, the total sstlmsted Kr-85 would be 418s CI/P. 
'Too low to bc 1ncl11Jcd 



Figure  4.2.3-1 Whole Body Dose from Gaseous E f f l u e n t s  t o  the  Atmosphere 



Annual Aver.9 XI0 Iaeclml) 

Figure 4.2.3-2 Skin Dose from Gaseous E f f l uen ts  t o  the Atmosphere 



Annual Average 1m ' I s e c l m ~  1 

Figure 4.2.3-3 Thyroid Dose Rate t o  an. I n f a n t  from Inges t ing  M i l k  Containing 1-131 



construction of HTGR foundations. Maps were prepared showing zones of 
geological ly simi 1 a r  conditions. Within these zones, approximate 
percentages of potential s i t e s  -.were determi ned having .four different 
soil beari ng pressure categories a t  an assumed foundation depth of 
forty f et .  The GCRA reference s t a t i c  a1 lowable bearing capacity i s  10 5 kips/f t  a t  an assumed depth of forty feet. This value i s  important 
in reference plant design because as the allowable bearing capacity 
decreases, the size of the foundations must increase to dis t r ibute  the 
structure weight over a larger area and, therefore, the design i s  
necessarily more expensive. 

The four foundation condition categories were defined as: 

Category A: Where bearing pressure of 20 to  30 kips per sq.uare foot 
(ksf)  or more may be appropriate. 

Category B: Where bearing pressures on the order of 10 ksf may be 
appropriate. 

Category C :  Where s i t e  improvement methods will render s i t e s  suitable - - 
for  designs using bearing pressures in the range of 10 to  
20 ksf. 

Category D:  Where prospects for  upgradi ng t o  conditions commensurate 
w i t h  design for  10 ksf are technically or economically 
unfeasible ,  i . e . ?  cos t s  of s i t e  improvements wi l l  be 
greater than $50 million. 

The results of the study are summarized in  Table 4.2.3-3. The physio- 
graphic provinces a r e  shown i n  F i g .  4.2.3-4. These r e s u l t s  show 
that  for  the reference design s t a t i c  bearing capacity of 10 ksf, the 
HTGR will be siteable in most areas and will not be unduly restricted. 

The URS/Blume study (Ref. 8)  attempted t o  define safe-shutdown-earth- 
quake (SSE) design ground accelerations by regions of the contiguous 
U.S. The purpose of this  study was t~ determine the impact of the 
refererice design seismic levels specified by GCRA on the potential HTGR 
market size. 

There are two basic steps i n  specifying the SSE for  a s i te .  The f i r s t  
i s  to determine the maximum earthquake potential of capable fau l t s  and 
seismic sources i n  the area. The second i s  to ascertai-n the dependence 
of the amplitude of ground motion on earthquake size and distance. The 
potential earthquake that  produces the strongest motion a t  the s i t e  i n  
the c r i t ica l  frequency band can then be identified as the SSE. Ry 
ut.ilizing data from existirig nuclear plants i n  the various regions and 
by analyzi ng these data w i t h  state-of-the-art methodology, the report 
produced a map, which i s  shown i n  Fig .  4.2.3-5, of contours of the 
maximum expected horizontal ground accelerations for nuclear s i tes .  
Based on th is  e f for t ,  i t  appears that the seismic design values for  the 
reference HTGR plants will not unduly r e s t r i c t  the s i t ing  capability of 
any of the HTGR systems. 



TABLE 4.2.3-3 

SUMMARY OF RESULTS 

. . 

Estimated Perce.ntage of 
Area in Different Categories 
h B c D Physiographic Province 

Pacific Mountain Division 
Puqet-Willamette Lowland 

Washington 
Oreqon 

cascade, Klamath, Sierra . 
Nevada Ranges 90 5 5 <1 

Central Valley of California 10 30 5 5  <5  
Coast Ranges 7 5  10 . 10 5 

Rocky ~ountain Division 
Northern Rocky Mountains 
Blue Mountains 
Middle Rocky Mountains 
Southern Rocky Mountains 
Wyoming Basin 

Intermontane Division 
Columbia Basin 
Harney-Owyhee Broken Lands 
Snake River Lowland 
Basin and Range 

Arizona 
California 
'Nevada 
Utah 

Colorado River Plateau 
Upper Gila Mountains 

Interior Division 
Central Lowlands 

Dakota-Minnesota Drift 
and Lake Bed Flats 

North-central Lake-Swamp 
Moraine Plains (east) 

(west) 
Southwest Wisconsin Hills 
Middle Western Upland Plain 
Mid-Continent Plains and 

Escarpments 
East-central Drift and 

Lake Bed Flats 
Interior Low Plateaus 



TABLE 4.2.3-3 
(Continued) 

P h y s i o g r a p h i c  P rov ince  

SUMMARY OF. RESULTS 

I n t e r i o r  D i v i s i o n  ( c o n t i n u e d )  
G r e a t  P l a i n s  

Upper Missour i  Bas in  
Broken Lands 

Nebraska Sand H i l l s  
Wes t -cen t ra l  R o l l i n g  H i l l s  
High P l a i n s  
Rocky Mountain Piedmont 
Stockton-Balcones Escarpments 

Appalachian  Highlands 
Piedmont 
Blue Ridge 
Va l l ey  and Ridge 
Appalachian  P l a t e a u s  
Adirondack 
New England 
St. Lawrence V a l l e y  

I n t e r i o r  Highlands  
Ozark P l a t e a u s  
Ouchi ta  P l a t e a u s  

A t l a n t i c  P l a i n s  
Atlantic Coastal P l a i n  
Gulf R o l l i n g  P l a i n s  
Gulf C o a s t a l  F l a t s  
Lower M i s s i s s i p p i  A l l u v i a l  P l a i n  

Es t imated  Percen tage  of 
Area i n  D i f f e r e n t  C a t e q o r i e s  
A B C D 



REFERENCES: U.S.G.S. TIE NATIOMAL ATLAS OF T I E  
UNITED STATES OF AMERICA. 1970. SHEETS 6 0  6 61 



Figure 4.2.3-5 

mvf; Ilu oarsurs .br I d l w r e  s Q u l M t g  &ha *.lute I e r l  of 
uxlw r u t c r u l m  t b l  r w l d  haw l o  r colullnd I n  1 k  slllng 
of d e a r  f u l l l t l e s .  brteura for wwi8ratlou -4lmg 0.19 
w. n e  .*oun. 

UIS/Jdm A. lliume b Associates, Engineers 



I n s t i  t u t i  onal 

The purpose o f  t h i s  section i s  to_-analyze the HTGR re la t i ve  t o  i n s t i t u -  
t i ona l  c r i t e r i a  and t o  determine i t s  s i t e a b i l i  t y  re la t i ve  t o  the LWR. 
The quant i f iab le i n s t i t u t i o n a l  factors that  a f fec t  reactor s i t i n g  can 
be analyzed by exami n i  ng the exi s t ing  s i t i n g  regul a t1 ons and c r i t e r i a .  
The governing document a t  present i s  10CFR100, which covers factors t o  
be considered when evaluating s i tes  and procedures f o r  determi ning 
exclusion areas, 1 ow population zones (LPZ) , and population center 
distances around the reactor. The areas and sizes o f  these zones are 
determi ned u s i n g  lOCFRlOO gut d e l i  ne dose l i m i t s  r e s u l t i n g  from a 
Maximum Hypothetical Fission Product Release (MHFPR). The Part 100 
dose levels  are not acceptable l i m i t s  f o r  emergency doses t o  the publ ic 
under accident conditions but  serve only as reference values t o  be used 
i n evaluating reactor sites. A reactor wi th  an MHFPR which had fewer 
radiological  consequences than the LWR would be allowed t o  have a 
smaller exclusion area and low population zone, and also could be s i ted  
c loser  t o  the nearest population center accordi ng t o  these c r i te r ia .  

For the HTGR, the dose rates resul t ing from the MHFPR are lower than 
f o r  an LWR a t  s i t es  w i th  comparable dispersion characterist ics and 
equal exclusion rad i i .  Tables 4.2.3-4 and 4.2.3-5 show these doses f o r  
the  Fulton Steam Cycle HTGR. Table 4.2.3-6 shows these doses f o r  an 
LWR. The exclusion area radius i s  2500 f t  f o r  the HTGR and 3400 f t  f o r  
the  LWR, and X/Q i s  equivalent f o r  both sites. The reference exposures 
per  lOCFRlOO are 25 rem whole bo@ o r  300 rem thyro id from iodine a t  
t h e  exc lus ion  area boundary f o r  two hours a f t e r  the  s t a r t  o f  t h e  
release. The reference LPZ dose l i m i t s  are the same (25 rem and 300 
rem) f o r  arly ind iv idual  exposed t o  the radioactive cloud f o r  the en t i re  
per iod o f  i t s  passage while located a t  the LPZ outer boundary. Based 
on the  above HTGR performance, an argument can be made t h a t  the HTGR i s  
more easi ly siteable, and, i n  fact, t h i s  d l  ffer-erwe has been rccegnircd 
t o  sonre degree i n  Appendi x A t o  Regulatory Guide 4.7, General S i te  
S u i t a b i l i t y  C r i t e r i a  f o r  Nuclear Power Stations. This document states 
t h a t  although NRC s t a f f  has found t h a t  a minimum exclusion distance of 
0.4 m i le  (2100 f t )  has been generally used as the LWR standard, i n  
c e r t a i n  instances d i f f e r e n t  dimensions have been es tab l i shed f o r  
HTGRs. However, there has not been a d e f i n i t i  ve set o f  s i t i n g  c r i t e r i a  
established solely f o r  the  HER.  - - 

-. 
A t  the present time, a major reassessment o f  nuclear s i t i n g  c r i t e r i a  i s  
under way. I n  August 1979, NUREG-0625 was i ssued (Ref. 12). One of 
i t s  major recommendations i s  as follows: 

Revise Par t  100 t o  change the way protection i s  provided f o r  
accidents by incorporating a f i xed  exclusi on and protection 
a c t i o n  d i  stance and popu la t ion  densi ty  and d i  s t r i  bu t i on  
c r i t e r i a .  

1. Specify a f i x e d  minimum exclus ion d is tance based on 
l i m i t i n g  the indiv idual r i s k  from design basis acci- 
dents. Furthermore, the regulations shoul d c l a r i  f y  the 
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TABLE 4.2.3-4 

K T G R  -.. .. 

LOW POPULATION ZOiJE 30 DAY DOSES FOR TIIE FLtiFPR 

Dose T y p e  30 Day D o s e  at the LPZ B o m d a r y  
( R e m )  - 

T h y r o i d  150.0 

Whole B o d y  3.2 

B o n e  1.1 

1.0 L u n g  

HTGR - 
MCLUSION. ZOSE. BO~JNDARY DOSES. FOR - ~ m .  HHFPR (2500 ' ) 

0-0.5 hr 0.5-1.0 hr 1.0-1.5 hr 1.5-2.0 hr Total 
D o s e  D o s e  D o s e  D o s e  0-2 hr D o s e  

D o s e .  l"vDe. - ( R ~ R I )  . . {Rm) . . (Rem) . . . . . . (Rem) . . . . . (Rem) . . . . 

1.81 T h y r o i d  0.022 0.075 0,39 7 1.37 

whole Body 0.002 0.003 0.015 0.042 0.062 

B o n e  0.009 0.009 0.011 0.017 0.046 

L u n g  0.002 0.003 ' 0.009 -0.031 0,045' 

Source: Ref. 16 



TABLE 4.2.3-6 

EXCLUSION ZONE BOUNDARY DOSES FOR THE LWR MHFPR (3400' ) 

Dose T Y D ~  

Thyro id  

Whole Body 

Tota l  2-Hour Dose 
( Rem ) 



requ i red  c o n t r o l  by the  u t i l i  t y  over a c t i v i  t i e s  tak ing  
p lace i n  land and water po r t i ons  o f  t h e  exclus ion area. 

-.. .- 
,2. Specify a  f i x e d  m i  nimum emergency p lanning d is tance o f  10 

mi les.  The physical  c h a r a c t e r i s t i c s  o f  t h e  emergency 
p lanning zone should prov ide reasonable assurance t h a t  
evacuation o f  persons, i ncludi  ng t rans ien ts ,  woul d  be 
f e a s i b l e  i f  needed t o  m i t i g a t e  t h e  consequences o f  
acc i  dents. 

3. Incorporate s p e c i f i c  popu la t ion  densi ty  and d i s t r i b u t i o n  
l i m i t s  ou ts ide  the  exclus ion area t h a t  are dependent on 
the  average populat ion o f  t h e  region. 

4. Remove the  requirement t o  c a l c u l a t e  r a d i a t i o n  doses as a  
means sf es tab l i sh ing  m i  nimum exclus ion distances and 1  ow 
populat ion zones. 

A t  the t ime o f  t h i s -  w r i t i ng ,  a  rulemaking process i s  under way t o  
implement the i n t e n t  o f  t he  above recommendation. The cu r ren t  NRC 
p o s i t i o n  i n  t h i s  .area was announced i n  October 1979 when an NRC-EPA 
task fo rce  recommendation was approved requ i  ri ng two emergency p lanning 
zones (EPZ)  around each nuclear p lan t .  Wi th in  each EPZ, l o c a l  au tho r i -  
t i e s  must be able t o  take remedial a c t i o n  i n  case o f  a  rad io log i ca l  
th rea t .  Wi th in  t h e  i n n e r  10 m i l e  EPZ, the  loca,l governments should be 
able t o  deal w i t h  a i rborne r a d i a t i o n  exposure. Wi th in  t h e  ou te r  50 
m i l e  EPZ, plans should be i n  e f f e c t  f o r  t h e  impounding o f  food t h a t  may 
be contaminated. I f  the  recommendations o f  NUREG-0625 are adopted, the  
rad io log i ca l  advantages t h a t  the  HTGR enjoys over  t he  LWR may not  be 
recognized as havi ng m e r i t  i n  t h e  s i t e  s e l e c t i o n  process. 

A t  the  present time, GA i s  p rov id ing  in fo rmat ion  t o  the NRC f o r  t he  
rulemaking process i n  order t o  ob ta in  recogn i t i on  o f  t h e  HTGR's i n -  
herent  design d i f f e r e n c e ~ .  

4.2.4 Operation and Maintenance 

A1 though t h e  charges  a r i s i n g  f rom o p e r a t i o n  and maintenance are 
a r e l a t i v e l y  small p a r t  o f  t he  t o t a l  c o s t  o f  power from a nuclear 
p lan t ,  the  length  o f  t he  outages caused by poor o p e r a b i l i t y  and main- 
t a i n a b i l i t y  can be the  source o f  major f i n a n c i a l  losses due t o  l a rge  
rep1 acement power costs. For  t h i s  reason, u t i l i t i e s  cons tant ly  s t r i v e  
t o  minimize p l a n t  down t ime by the  i n s t i t u t i o n  o f  design and procedural 
measures. This  sec t ion  o f  t he  document w i l l  examine the  unique aspects , 

o f  t he  HTGR t h a t  are p e r t i n e n t  t o  i t s  perceived a b i l i t y  t o  prov ide 
r e l i a b l e  power w i t h  h igh a v a i l a b i l i t y ,  thus min imiz ing replacement 
power costs. 

4.2.4.1 F o r t  S t .  Vra in 

One o f  t he  ways of exami n i  ng the  operabi 1  i t y  o f  f u t u r e  HTGR Steam Cycle 
p l a n t s  i s  by examining the  operat ional  record  o f  the prototype F o r t  S t .  



V r a i  n  reac tor .  Several s tudies have done t h i s  i n  t he  past, one o f  t he  
more d e t a i l e d  be ing  i nc luded  i n  Sect ion 6 o f  t h e  RAMCO commercializa- 
t i o n  study (Ref. 13). Th i s  study ch ron i c led  the  p l a n t  performance 
from September 1970 through September 1977. A review o f  the  data 
i n d i c a t e s  t h a t  t he  v a s t  m a j o r i t y  o f  t he  problems encountered have been 
non-HTGR-re1 ated, such as cable separat ion, feedwater chemi s t r y  and 
f i r e  p ro tec t i on .  Whi le these types o f  problems are p l a n t  spec i f i c ,  two 
gener ic  problem areas have been i d e n t i f i e d  which a re  having a  d i r e c t  
e f f e c t  on p l a n t  a v a i l a b i l i t y ,  namely hel ium impur i t y  and core power 
osc i  1  1  a t i  ons. 

He l i um I m p u r i t y  - The HTGR p r i m a r y  c o o l a n t  i s  p u r e  he l ium.  
I n  o rder  t o  l i m i t  i m p u r i t i e s  such as oxygen and moisture i n  t h e  
cool  ant, he1 i um p u r i  f i c a t i o n  systems are  p rov i  ded; however, these 
systems a t  F o r t  S t .  V ra in  were no t  designed t o  remove t h e  quant i -  
t i e s  o f  mo is tu re  and oxygen t h a t  have been in t roduced i n t o  the  
PCRV. Oxygen and moisture have a  tendency t o  be absorbed by the 
g r a p h i t e  i n  t h e  c o r e  and canno t  be o f f - g a s s e d  u n t i l  t h e  c o r e  
temperature i s  elevated, thus a1 lowi  ng some graph i te  cor ros ion  t o  
take  place. Technical spec i f i ca t i ons  l i m i t  t h e  amounts o f  impur i -  
t i e s  a1 l owed  i n t h e  he l ium;  t h e r e f o r e ,  h i g h  i m p u r i t y  l e v e l s  
r e s t r a i n  p l a n t  power ascension. Th i s  has been one o f  t he  major 
reasons f o r  F o r t  S t .  V ra in 's  slow r e t u r n  t o  power a f t e r  outages. 

La rge  w a t e r  i ngresses  have been exper ienced,  p r i m a r i l y  due 
t o  leaks from t h e  hel ium c i r c u l a t o r  a u x i l i a r i e s .  The e f f e c t  o f  
water  i n  t h e  PCRV on the  l i f e  o f  the  graph i te  i s  c u r r e n t l y  under 
study t o  detenni ne graph i te  ox ida t i on  ra tes  and t h e i r  long-term 
e f f e c t s  on p l a n t  l i f e .  F u t u r e  HTGRs w i l l  have m o t o r - d r i v e n  
c i r c u l a t o r s  i ns tead  o f  the steam- and pe l  ton-wheel -d r iven c i  rcu la -  
t o r s  used a t  F o r t  St. Vrain. These new c i r c u l a t o r s  w i l l  have 
water-1 u b r i  cated bear i  ngs h ~ t .  w i  t.h A redesigned b u f f e r  he1 ium 
system so t h a t  they should experience a  g r e a t l y  reduced frequency 
of leakage. Through proper design a t t e n t i o n  t o  poss ib le  sources 
of water ingress  and t o  g raph i te  component design margins, the  
e f f e c t s  o f  water ingress  on p l a n t  a v a i l a b i l i t y  should be m in i -  
mized. 

The e f f e c t  o f  mo is tu re  on f u e l  performance i s  a  r e l a t e d  problem. 
The f u e l  p a r t i c l e s  a t  F o r t  St. Vra in  have f o u r  l aye rs  o f  coat ings 
surroundi ng t h e  f u e l  kernel .  These coat ings a c t  1  i k e  a  pressure 
vesse l  t o  r e t a i n  f i s s i o n  p r o d u c t s  w i t h i n  t h e  p a r t i c l e .  A t  
l o c a l  h i g h  tempera tu res  d u r i n g  normal p l a n t  o p e r a t i o n ,  some 
p a r t i c l e s  may experience f a i l u r e  o f  t he  ou te r  coat ing. When the  
f a i l e d  p a r t i c l e s  come i n  contact  w i t h  moisture a t  e levated temper- 
a t u r e s ,  h y d r o l y s i s  o f  t h e  f u e l  occurs ,  r e l e a s i n g  a l l  o f  t h e  
p a r t i c l e ' s  f i s s i o n  products i n t o  the  pr imary coolant.  The amount 
o f  m o i s t u r e  needed f o r  h y d r o l y s i s  i s  e x t r e m e l y  sma l l  as t h e  
moisture from humid a i r  t h a t  enters the  pr imary system du r ing  
f u e l  i ng operat ions i s  s u f f i c i e n t  t o  cause hydrolys is .  New mu1 - 
t i p l e  l a y e r  coat ings have been developed which shoul d  reduce t h i s  
problem f o r  f u t u r e  HTGRs; however, cos t /bene f i t  analyses show 



t h a t  i t  i s  n o t  c o s t  e f f e c t i v e  t o  t r y  t o  design f u e l  p a r t i c l e s  t h a t  
w i l l  exper ience a  near-zero f a i l u r e -  r a te .  F i s s i o n  p roduc ts  t h a t  
a re  re leased  over  f u e l  l i f e  can general  l y  be ' t o l e r a t e d  a t  the 
l e v e l s  p r e d i c t e d  w i t h  t h e  new c o a t i n g s  as d i s c u s s e d  i n  t h e  
Maintenance sec t ion .  I t  Cs - i n t e r e s t i n g  t o  n o t e  t h a t  even though 
F o r t  S t .  V r a i n  has e x p e r i e n c e d  l a r g e  w a t e r  i n g r e s s e s  i n  i t s  
ope ra t i on  t o  date, pr imary c o o l a n t  a c t i v i t y  i s  30% o f  t h a t  pre-  
d i c t e d  and a  f a c t o r  o f  60 be low  t h e  t e c h n i c a l  s p e c i f i c a t i o n  
l i m i t .  Th i s  i n d i c a t e s  t h e  degree o f  conservat ism t h a t  has been 
i nco rpo ra ted  i n t o  the  f u e l  design. 

s Core Temperature F l u c t u a t i o n s  - I n  l a t e  1977, w h i l e  approaching 
60% power, temperature f l u c t u a t i o n s  were observed i n  t h e  F o r t  St .  
V r a i n  pr imary coo lan t  c i r c u i t  a t  i n d i v i d u a l  co re  r e g i o n  o u t l e t s  
and a t  t h e  steam generator  module i n l e t s .  An i n t e n s i v e  i n v e s t i g a -  
t i o n  i n t o  t h e  na tu re  and' causes o f  t h e  f l u c t u a t i o n s  was i n i t i -  
a t e d .  These f l u c t u a t i o n s  have been o b s e r v e d  a t  power l e v e l s  
between 30% and 70%, w i t h  the  temperature swings gene ra l l y  s t a y i n g  
w i t h i n  t echn i ca l  s p e c i f i c a t i o n  1  i m i  t s .  The p e r i o d  o f  t h e  tempera- 
t u r e  f l u c t u a t i o n s  i s  i r r e g u l a r ,  rang ing  f rom 5 t o  20 min; however, 
t he  power changes observed on t h e  nuc lea r  channels a r e  very r a p i d  
and do n o t  show the  normal temperature feedback e f f e c t s .  The 
temperature changes a re  much f a s t e r  ' t h a n  c o u l d  be achieved w i t h  
r e g i o n  power changes, and t h e  t o t a l  c o r e  coo lan t  f l o w  and average 
power remained cons tan t  du r i ng  t h e  f l u c t u a t i o n s .  

The most probable exp lana t i on  o f  t h e  temperature and neu t ron  f l u x  
f l u c t u a t i o n s  i s  small movements o f  i n t e r n a l  r e a c t o r  components 
w i t h  r e s u l t i n g  changes i n  coo lan t  f l o w  through t h e  gaps between 
t h e  components. Th i s  mot ion i s  most l i k e l y  induced by p ressure  
d i f f e r e n c e s  i n  t he  gaps and thermal g rad ien t s  i n  t h e  co re  compo- 
n e n t s .  Through d a t a  c o l  l e c t i o n  and e x p e r i m e n t a t i o n ,  a  c o r e  
p r e s s u r e  d rop  vs. c o r e  f l o w  r a t e  t h r e s h o l d  has  been d e f i n e d .  
Based on t h i s  threshold,  ope ra t i on  o f  F o r t  S t .  V r a i n  has been 
l i m i t e d  t o  70% power. 

Reg ion  c o n s t r a i n t  d e v i c e s  were  added i n  e a r l y  1980 t h a t  a r e  
in tended t o  1  i m i  t f u e l  b lock  movement by t y i n g  t he  top b lock  i n  
each column t o  t he  ad jacen t  b locks.  Two s e r i e s  o f  t e s t s ,  a t  power 
l e v e l s  up t o  70% o f  f u l l  power, conducted s i nce  these devices were 
i n s t a l  1  ed have shown no temperature f l u c t u a t i o n s  even we1 1  i n t o  
ope ra t i ng  reg ions  where f l u c t u a t i o n s  had been p r e v i o u s l y  observed. 

One a d d i t i o n a l  r e s t r a i n t  t o  sus ta ined  f u l l  -power ope ra t i on  o f  F o r t  
St .  V ra in  i s  t h e  warranty  on t h e  e x i  s t i  ng f u e l .  The warranty  f o r  
f u e l  segments 2 through 9  i s  l i m i t e d  t o  r e a c t o r  ope ra t i on  up t o  
590 MW(t) u n t i l  December 31, 1984, which corresponds t o  a  r e a c t o r  
power l e v e l  o f  70%. A speci  a1 a1 lowance o f  no. more than 500 h r  
p e r  c y c l e  a t  h i ghe r  power l e v e l s  i s  covered by t h e  f u e l  warranty .  
Th i s  l i m i t e d  performance warranty  i s  n o t  based on a  t echn i ca l  
l i m i t a t i o n  o f  t he  f u e l ,  o n l y  a  con t rac tua l  one. The f u e l  manu- 
f a c t u r i n g  t e c h n o l o g y  t h a t  i s  i n  p l a c e  w i l l  a l l o w  f u l l  f u e l  
performance warrant ies;  there fo re ,  i t  i s  n o t  expected t h a t  f u t u r e  
p l a n t  performance w i l l  be l i m i  t e d  by t h i s  t ype  o f  problem. 



One o f  t h e  outstanding opera t iona l  c h a r a c t e r i s t i c s  o f  t he  HTGR 
t h a t  has been c o n f i r m e d  by F o r t  S t .  V r a i n  e x p e r i e n c e  i s  i t s  
a b i l i t y  t o  w i ths tand  severe ..transient cond i t ions .  w i t h o u t  adverse 
e f f e c t s .  The F o r t  S t .  V ra in  reac to r  has been subjected t o  com- 
p l e t e  l o s s  o f  f o rced  c i r c u l a t i o n  several t imes dur ing  i t s  l i f e ,  
t he  l onges t  d u r a t i o n  being approximately 15 minutes, w i t h o u t  any 
damage o r  i ncreased primary c i r c u i t  a c t i v i t y  . Th is  " f o r g i v i n g "  
c h a r a c t e r i s t i c  o f  t h e  p l a n t  i s  perhaps the  s i n g l e  most important  
opera t iona l  f e a t u r e  o f  the  HTGR and prov ides an e f f e c t i v e  1  i n e  o f  
defense aga ins t  human e r r o r  which otherwise may have s i g n i f i c a n t  
consequences w i t h  regard t o  p l a n t  p ro tec t i on .  

.4.2 HTGR-GT Ooerations 

Because t h e  HTGR-GT i s  a  d i r e c t ,  c l o s e d  B r a y t o n  Cyc1.e p l a n t ,  i t s  
o p e r a t i o n  w i l l  b e  u n i q u e  r e l a t i v e  t o  o t h e r  t y p e s  o f  l a r g e  gener-  
a t i n g  s ta t i ons .  As a  r e s u l t ,  spec ia l i zed  operator  t r a i n i n g  w i l l  be 
requ i red  t o  operate and main ta in  the  p lan t .  

Three c o n t r o l  concepts have been considered f o r  the HTGR-GT, namely: 

Bypass f l ow  from t h e  high-pressure t o  the low-pressure sect ions 
o f  the  power conversion loop. 

e Turbine i n l e t  temperature va r ia t i on .  

He1 ium i nventory va r ia t i on .  

The bypass f l o w  c o n t r o l  i s  the  only  concept w i t h  s u f f i c i e n t l y  r a p i d  
response t o  1  i m i  t turbomachine overspeed f o l l o w i n g  a  100% 1  oad re jec -  
t i o n .  Th is  concept has, however, t he  disadvantage o f  low e f f i c i e n c y  a t  
p a ~ t i a l  l o a d  as  show~i I F l y  4 . 2 4 -  t . 'Or t h ~ s  reason, i t  i s  de- 
s i r a b l e  t o  combine bypass f l ow  c o n t r o l  w i t h  tu rb ine  i n l e t  temper- 
a t u r e  c o n t r o l  and he1 i um i n v e n t o r y  c o n t r o l  . T h i s  combi n a t i o n  i s  
c u r r e n t l y  t h e  r e f e r e n c e  c o n t r o l  concep t  and a l l o w s  10% s t e p - l o a d  
p ickup w i t h  a  two-hour, steady-state pe r iod  between steps. The opt imi -  
z a t i o n  o f  p a r t i a l  -1 oad e f f i c i e n c y  requi  res a l a r g e r  he1 ium i nventory 
than e x i s t s  i n  t h e  reference design and represents an added cost,  
t h e  economics o f  which depend on whether o r  no t  t he  p l a n t  would be 
u t i l i z e d  i n  a  l oad - fo l l ow ing  mode. I t  can be seen from Fig.  4.2.4-1 
t h a t  i nven to ry  c o n t r o l  does have a  s i g n i f i c a n t  e f f e c t  on p l a n t  per- 
formance f o r  p a r t i a l  -1 oad operat ions. However, r a p i d  1  oad pickup does 
n o t  appear f e a s i b l e  on economic grounds w i t h  inventory  c o n t r o l  due t o  
the  amount o f  hel ium which must be i n j e c t e d  i n t o  the PCRV and the  r a t e  
a t  which t h i s  i n j e c t i o n  must take place. Fo r  these reasons, a  u t i l i t y  
which may wish t o  operate the  HTGR-GT i n  a  load- fo l low ing mode must 
be c o g n i z a n t  o f  i t s  per fo rmance l i m i t a t i o n s  a t  p a r t i a l  l o a d  and 
analyze the  c o s t  e f fec t iveness  o f  t h e  hel ium inventory  system f o r  i t s  
speci f i c  needs. 
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F i g u r e  4.2.4-1 HTGR-GT Par t -Load E f f i c i e n c y  f o r  t h e  
Var ious  C o n t r o l  Modes 



I n  o rder  t o  s t a r t  up the  HTGR-GT, t h e  turbomachines must be powered by 
an external  source t o  a t t a i n  a  r o t a t i o n a l  speed a t  which t h e  compressor 
develops a  s u f f i c i e n t  pressure - . ra t io  t o  a1 low the t u r b i n e  t o  produce 
the  power needed t o  d r i v e  and accelerate the compressor. This  occurs 
a t  one- th i rd  t o  one-hal f  synchronous speed and requ i res  approximately 
5000 hp pe r  machine. This  power w i l l  be supp l ied  by motor ing the  
generator  w i t h  a  5-MW, stat ic- f requency i n v e r t e r  f o r  each machine. 
Dur ing  s ta r tup ,  hel ium inventory  i s  reduced t o  40-50 percent  o f  f u l l -  
l o a d  inventory  i n  o rder  t o  minimize power requirements. The turbo- 
machine w i l l  operate i n  t h i s  motor ing mode f o r  several hours t o  a l l ow  
f o r  thermal c o n d i t i o n i n g  o f  t he  system. 

I n  summary, t he  HTGR-GT has unique operat ional  c h a r a c t e r i s t i c s  which 
have been i d e n t i f i e d  b u t  n o t  y e t  f u l l y  analyzed due t o  the p re l im ina ry  
na ture  o f  t h e  reference design. As work cont inues on t h i s  concept, a  
b e t t e r  understandi ng o f  i t s  complex i t ies  w i  11 be gained. 

. 

4.2.4.3 Maintenance 

As i n  t h e  prev ious sec t ion ,  the  gener ic  maintenance aspects o f  t h e  HTGR 
w i l l  be examined by rev iewing the  experiences o f  HTGR Steam Cycle 
p lan ts .  

The Steam Cycle HTGR system has many o f  the  same components and numbers 
o f  components as c o n v e n t i o n a l  f o s s i l  and LWR g e n e r a t i n g  p l a n t s .  
Therefore, a  s i g n i f i c a n t  d i f f e rence  i n  maintenance a r i s i n g  from compo- 
nent  design i s  n o t  an t i c i pa ted .  However, t he  dose r a t e s  and aggregated 
r a d i a t i o n  exposures due t o  maintenance a c t i v i t i e s  f o r  the HTGRs are 
expected t o  be l e s s  than those experienced i n  LWRs. Since federa l  law 
regu la tes  t h e  maximum exposure which can be accumulated by maintenance 
personnel i n  a  g iven t ime period, t h i s  c h a r a c t e r i s t i c  reduces personnel 
requ i  rcments and hence mai 11 tenarlce costs. Expel'C ence i n opera t i  ng the  
e a r l y  HTGRs supports t h i s  expectat ion, which i s  t he  r e s u l t  o f  the  
pr imary c i  r c u i  t a c t i v i t y  being re1 a t i  ve ly  1  ow when compared t o  LWRs. 

The Peach Bottom 1 HTGR, operated by Ph i lade lph ia  E l e c t r i c  Company, 
generated a  t o t a l  o f  1200 GW(e) hours o f  ne t  power from March 1966 t o  
October 1974. Year ly  and cumulat ive exposure data are 1  i s t e d  i n  Table 
4.2.4-1, whfch was taken from Ref. 9. Because Peach Bottom was a  
40-MWe pro to type reac tor ,  i t  can be compared w i t h  ea r l y ,  low-power 
LWRs. Exposure data f o r  B ig  Rock, Humbolt and Lacrosse a r e  presented 
i n  F ig.  4.2.4-2, where they are compared aga ins t  the Peach Bottom 
d a t a .  The man-rem exposure  r a t e  a t  Peach Bot tom can be seen t o  
be appreciably  l e s s  than the  LWRs. 



T A B L E  4.2.4-1 

PEACH BOTTOM HTGR OPERATING EXPERIENCE 

S o u r c e :  R e f .  9 

Yearof 
Operation 

1967 . 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

Cumulative 
Occupational 

Exposure 
[man-rem/GW(e)y] 

176 

188 

188 

176 

182 

186 

183 

N A 

Man-Rem Exposure 
Net Power Generation- 

[GW(e)yl 
. 
By Year 

1. 3 

"-l3 

1.3 

'L 3 

1.4 

1. 3 

1.3 

N A 

By Year 

0.017 

0.015 

0.0157 

0.0163 

0 .024 

0.012 

0.021 

0.0183 

Cumulative 

1.3 . 

1.6 

1.9 

1.1 2 

' ~ 1 6  

1.19 

2 2 

N A 

Cumulative 

0.017 

0.032 

0.048 

0.068 

0.088 

0.102 

0.1205 

0.140 
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CUMULATIVE ELECTRICAL ENERGY, GW(e)y 

Figure 4.2.4-2 Cumulative Occupational Exposures fo r  
Early, Low-Power Nuclear Plants 

Source: Ref. 9 



A t  t h e  t ime  o f  i t s  f i r s t  r e f u e l i n g  i n  February 1979, F o r t  S t .  V ra i n  had 
gene ra ted  953 GW( e )  h o u r s  o f  -net power.  P e r s o n n e l  exposu re  d a t a  
c o l  l e c t e d  i n d i c a t e  t h a t  F o r t  S t .  V r a i  n has exposure  c h a r a c t e r i  s-  
t i c s  s i m i l a r  t o  those shown by Peach Bottom 1. Table 4.2.4-2 shows t h e  
F o r t  S t .  V ra in  man-rem exposure data f o r  t he  years  1977 and 1978, 
which a re  then compared t o  s i m i l a r l y  s i zed  p l a n t s  i n  F ig .  4.2.4-3. 
A1 though i t  i s  s t i l l  r e l a t i v e l y  e a r l y  i n  i t s  l i f e ,  i t  can be seen t h a t  
F o r t  S t .  V ra i n  exposures are below a1 1 LWR exposures w i t h  t he  excep- 
t i o n  o f  t h e  San Onofre PWR, which had r e l a t i v e l y  equ i va len t  expo- 
su res .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  d u r i n g  t h e  F o r t  S t .  V r a i n  
r e f u e l i n g  outage, exposure t o  personnel amounted t o  0.27 man-rem. O f  
t h i s  t o t a l ,  0.013 man-rem was due t o  replacement o f  one o f  t h e  main 
he l ium c i r c u l a t o r s ,  0.037 man-rem was due t o  work performed i n  t h e  h o t  
se rv i ce  f a c i l i t y ,  and the  remaining 0.22 man-rem was due t o  hand l i ng  
spent f u e l  elements and c o n t r o l  r o d  d r i v e  u n i t s  (Ref. 10).  

Fo r  t h e  re fe rence  900-MWe HTGR-SC p l a n t ,  t h e  r e f u e l i n g  ope ra t i on  i s  
expected t o  r e s u l t  i n  5.5 man-rem o f  exposure, which i s  c o n s i s t e n t  w i t h  
t he  F o r t  S t .  V ra i n  data when i t  i s  ex t rapo la ted  f o r  r e a c t o r  s i z e  and 
t he  t ime delay t h a t  occurred a t  F o r t  St. V r a i n  between shu'tdown and t h e  
s t a r t  o f  r e f u e l i n g  operat ions. Th i s  compares t o  an average ac tua l  LWR 
r e f u e l i n g  exposure o f  39 man-rem i n  1976 accord ing t o  NUREG 0323. 
Table 4.2.4-3 shows t h e  expected and t h e  design bas i s  exposures f o r  t h e  
r e f e r e n c e  steam c y c l e  HTGR. These d a t a  a r e  t h e n  compared t o  LWR 
e x p e r i e n c e  i n  F i g .  4.2.4-3. I t  can  be c o n c l u d e d  t h a t  t o t a l  HTGR 
exposure r a t e s  should be s i g n i f i c a n t l y  l owe r  than  those o f  t h e  LWR. 

It should be noted t h a t  t h e  ac tua l  HTGR exposure ra tes ,  w h i l e  they have 
been a t  o r  be low  p r e d i c t e d  v a l u e s  t o  d a t e ,  a r e  dependent  on f u e l  
design. The Peach Bottom and F o r t  St. V r a i n  reac to r s  bo th  u t i l i z e  
h i g h l y  enr iched uranium (HEU-93%) f u e l .  The re fe rence  HTGR f u e l  i s  
c u r r e n t l y  LEU-20% enr iched uranium, which w i  11 r e s u l t  i n  d i f f e r e n c e s  i n  
t h e  generated f i s s i o n  products.  Fo r  example, Ag-110 m, which i s  n o t  a 
major  product  i n  HEU f ue l s ,  i s  produced from t h e  more abundant PU-239 
i n  t h e  LEU fue l s .  With a h a l f  l i f e  o f  approximately 250 days, i t  c o u l d  
p r o v e  t o  be a s i g n i f i c a n t  f a c t o r  t o  be  c o n s i d e r e d  i n  f u t u r e  HTGR 
maintenance work and i s  c u r r e n t l y  be ing  i n v e s t i g a t e d  a long w i t h  i m -  
proved p a r t i c l e  coat ings t o  r e t a i n  h i ghe r  percentages o f  t h e  f i s s i o n  
products.  

The economic va lue o f  t he  reduced exposures of t h e  HTGR i s  d i f f i c u l t  t o  
q u a n t i f y  a t  t h i s  t ime. GCRA performed a survey o f  i t s  member nuc lear  
u t i l i t i e s  i n  an at tempt  t o  determine t h e  wor th  of t h i s  f e a t u r e  t o  t he  
u t i l i t y  indus t ry .  I n  response t o  one o f  t h e  quest ions, several  u t i l i -  
t i e s  f e l t  t h a t  lower  personnel exposure l e v e l s  would be an advantage 
f o r  t h e  HTGR as l o n g  as i t  coul  d achieve a 20% t o  75% decrease from the  
c u r r e n t  LWR l e v e l s  o f  about 500 man-remlplant year .  Other  u t i l i t i e s  
f e l t  t h a t  t he  lower  exposures would n o t  prove t o  be a s i g n i f i c a n t  
advantage f o r  t h e  HTGR f o r  two reasons: ( 1 )  t h e  c la ims  o f  t h e  lower  
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TABLE 4.2.4-3 

MAN-REM PREDICTIONS FOR HTGR-SC 

* 
From low-level noble gas activity in containment building. 

Type of Operation 

ReEueling 

Reactor Operation 
and Surveillance 

NSS Maintenance 
and IS1 

BOP Maintenance 

Special Maintenance 

Rate of Accumulation 

[YUU MW(e), 80% 
load factor] 

* * / 

Assumed; no information is available from an architect-engineer. 
*** 

Tube plugging every year @ 1.0 man-rem; steam-generator removal every 
10 years @ 1 . 6 5  man-rem; circulator removal every 2 years @ 1.0 man-rem. 

Annual' >fan-Rem Exposure for 900 W(e) Unit 

Source: Ref. 9 

Expected 

5 . 5  

7.0* 

10.1 

25. o** 

*** 
3.2 
50.8 

50.8- man-rem 
0.9 x 0.8 - 70 GW(e) y 

Design Basis 

2 0 

2 0 

2 0 

5  0 

- 2 0 
130 

130 . = 180 man-rem 
0.9 x 0.8 GW(e)y 



PEACH BOTTOM 2,3, 
IWR (1065 MWe PER UNIT) 

0 HADDAM NECK 

6 FORT CALHOUN 
PWR (457 MWe) 

A OYSTER CREEK 

HTGR (EXPECTED) 
70 MAN-REM/GW(e)y 

0 1 2 3 4 5 

CUMULATIVE ELECTRICAL ENERGY, GW(e)y 
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exposure l e v e l s  cannot be g iven  much c r e d i b i l i t y  u n t i l  they a re  proven 
i n  a commercial s i z e  p l a n t  hav ing s i g n i f i c a n t  ope ra t i ng  h i s t o r y  and ( 2 )  
LWR exposures w i l l  p robab ly  dcTrease i n  p l a n t s  b u i l t  ' a f t e r  t h e  y e a r  
2000, thereby decreas ing t h e  r e l a t i v e l y  l a r g e  perce ived  HTGR advan- 
tage. I n  t r y i n g  t o  q u a n t i f y  the  va lue  o f  a man-rem o f  exposure, i t  was 
q u i t e  e v i d e n t  t h a t  t h i s  number i s  very  s i t e  s p e c i f i c .  Values ranged 
f r o m  $600 t o  $20,000, w i t h  t h e  w e i g h t e d  ave rage  a r o u n d  $1.5K p e r  
man-rem, which i s  c l o s e .  t o  t h e  10CFRS0, Appendix I g u i d e l i n e  o f  $1K. 
I t  was a l so  no ted  t h a t  f o r  s p e c i a l t y  s k i 1  l e d  workers, a man-rem can be 
as h i g h  as $15K t o  $20K. The consensus o f  o p i n i o n  o f  t h e  survey was 
t h a t  i t  i s  i m p o r t a n t  f o r  t h e  HTGR t o  r e t a i n  i t s  p o t e n t i a l  f o r  lower  
personnel exposure and t h a t  t h e  b e s t  means o f  accompl ish ing t h i s  would 
be through f u e l  performance. 

A ma jo r  maintenance a c t i v i t y  f o r  any nuc lear  p l a n t  i s  r e f u e l i n g .  F o r  
t he  HTGR, r e f u e l i n g  a c t i v i t i e s  and equipment have rece i ved  a g r e a t  deal 
o f  a t t e n t i o n  and a n a l y s i s .  A new r a p i d  r e f u e l i n g  scheme has r e c e n t l y  
been  d e v e l o p e d  and  i s  b e i n g  i n c o r p o r a t e d  i n t o  t h e  r e f e r e n c e  HTGR 
designs. I t i s  expected t h a t  w i t h  p rope r l y  ope ra t i ng  equipment, t he  
r e f u e l  i ng a c t i v i t i e s  f o r  t h e  re fe rence  2240-MW( t )  HTGR can t ake  p l ace  
i n  11 days. A complete d e s c r i p t i o n  o f  HTGR r e f u e l i n g  a c t i v i t i e s  a t  
F o r t  S t .  V r a i n  i s  con ta ined  i n  Ref. 10. 

4.2.4.4 HTGR-GT Maintenance 

Maintenance f o r  t h e  Gas Turb ine  HTGR has been t h e  s u b j e c t  o f  an exten- 
s i v e  s tudy by GA. The c r i t i c a l  pa th  i t e m  f o r  maintenance a c t i v i t i e s  i s  
t h e  removal and i n s t a l  l a t i  on o f  a turbomachine. With the  p resen t  
design, a p e r i o d  o f  21  days i s  r e q u i r e d  f o r  removal and i n s t a l l a t i o n  o f  
a spare machine. I t  i s  expected t h a t  each p l a n t  w i l l  have one spare 
turbomachine which w i l l  be a v a i l a h l ~  f o r  i m m d i a t e  replaccmcnt.  A f t e r  
a machine i s removed, i t  i s  p laced  i n  a sh ie l ded  cask and t r anspo r ted  
t o  a maintenance f a c i l i t y  where i t  w i l l  be decontaminated t o  a l l o w  
hands-on maintenance. I t  has n o t  been determined as o f  y e t  how t h e  
turbomachi ne w i  11 be decontami nated and what e f f e c t  t h i  s decontami na- 
t i o n  w i l l  have on machine l i f e .  These a r e  major  open i ssues  f o r  t he  
HTGR-GT. P r e l  i m i  nary assumptions p r e d i c t  t h a t  t h e  exposure f o r  tu rbo-  
machine removal w i l l  be 2.1 man-rem (Ref. 11). T o t a l  y e a r l y  exposure 
f o r  r e a c t o r  t u r b i n e  system maintenance i s  es t imated  t o  be 22 man- 
rem. 

4.2.5 Fuel Cvc le  

Two bas i c  f u e l  cyc les  have gene ra l l y  been cons idered f o r  thermal-  
spectrum reac to r s :  t h e  low-enrichment uranium (LEU) c y c l e  and t he  
t h o r i u m  cyc le .  Wh i le  t h e  LEU c y c l e  has t r a d i t i o n a l l y  appeared more 
a t t r a c t i v e  f o r  LWR p lan t s ,  t he  thor ium c y c l e  gene ra l l y  l o o k s  advan- 
tageous f o r  t h e  HTGR. A number o f  v a r i a n t s  on each o f  these cyc les  i s  
p o s s i b l e  depending upon whether f u e l  r e c y c l e  i s  u t i l i z e d  and upon t h e  
makeup f u e l  t o  be used w i t h  recyc le .  The va r i ous  f u e l  cyc les  and 
r e a c t o r  systems were t h e  s u b j e c t  o f  study by t he  Department o f  Energy 



(DOE) through the  Non-Pro1 i f e r a t i o n  A1 t e r n a t i v e  Systems Assessment 
Program (NASAP ) . 

-. .- 
It i s  becoming i n c r e a s i n g l y  apparent t h a t  t he  s e l e c t i o n  o f  a  na t i ona l  
f u e l  c y c l e  s t r a tegy  i s ,  and w i l l  con t inue  t o  be, surrounded by con- 
f u s i o n  and unce r ta i n t y .  Probably most apparent i s  t h e  c u r r e n t  uncer- 
t a i n t y  i n  p o l i c y  d i r e c t i o n s  as a  r e s u l t  o f  nuc lear  weapons p r o l i f e r a -  
t i o n  concerns. The economics o f  f u e l  r e c y c l e  must a1 so be regarded as 
an unce r ta i n t y  u n t i l  commerci a1 exper ience i s  a v a i l  ab le  w i t h  spent- fue l  
reprocessing, bred- fue l  r e f a b r i c a t i o n ,  nuc lear  waste process i  ng and 
waste storage. The commerc ia l i za t ion  process i t s e l f  poses a  se r i ous  
unce r ta i n t y  on r e c y c l e  imp1 ementation, 1  a rge l y  due t o  t he  u n c e r t a i n t i e s  
i n  acceptable technology d i  r e c t i o n s  and t he  economic i n c e n t i v e s  f o r  
those d i r ec t i ons .  As a  r e s u l t  o f  these u n c e r t a i n t i e s ,  t h e  i n t e r e s t  o f  
u t i l i t i e s  m igh t  be b e s t  served by t he  support  o f  r e a c t o r  and f u e l  c y c l e  
techno1 ogi  es havi  ng s u f f i c i  e n t  f l  e x i  b i  1  i t y  t o  accommodate any o f  t h e  
poss ib l e  d i r e c t i o n s  t h a t  m igh t  evolve. Not o n l y  should a  r e a c t o r  have 
s u f f i c i e n t  f u e l  c y c l e  f l e x i b i l i t y  t o  accommodate any o f  t h e  several  
poss ib l e  p r e f e r r e d  d i r e c t i o n s ,  b u t  i t  a l s o  should a l l o w  an e v o l u t i o n  t o  
more advanced technolog ies as po l  i c y  d e f i n i t i o n ,  technology development 
and commerci a1 i z a t i o n  f avo r  t h e  app rop r i a te  evo lu t i ona ry  steps. With 
t h e  HTGR, i t  i s  f e a s i b l e  t o  deploy an HTGR i n d u s t r y  on t h e  bas i s  o f  a  
once-through f u e l  c y c l e  s t r a tegy  and subsequently adopt a  r ecyc le  f u e l  
management p l a n  i f  and when i t  becomes des i rab le  w i t h  no s i g n i f i c a n t  
change t o  t h e  reac to r .  Th i s  f l e x i b i l i t y  o f  t h e  HTGR would assure t h a t  
a  u t i l i t y  cou ld  progress a long an evo lu t i ona ry  f u e l  c y c l e  pa th  w i t h  no 
inconvenience t o  t he  p o t e n t i a l  user.  See Appendix A.3 f o r  a  descr ip -  
t i o n  o f  t h e  planned Spent Fuel  Treatment Program. 

4.2.5.1 Resource U t i l i z a t i o n  

The HTGR o f f e r s  cons iderable p o t e n t i a l  f o r  improvements i n  U308 u t i l -  
i z a t i o n  e f f i c i  ency over  t h e  LWR, independent o f  which po l  i c y  d i  r e c t i o n  
migh t  be pursued by t h i s  o r  f u t u r e  adm in i s t r a t i ons .  Both p l a n t  thermal 
e f f i c i e n c y  and r e a c t o r  convers ion r a t i o s  a r e  impor tan t  f a c t o r s  i n  t h e  
U308 u t i l i z a t i o n .  Table 4.2.5-1 summarizes U308 requirements f o r  
several  f u e l  c y c l e  a l t e r n a t i v e s ,  f o r  bo th  LWR and HTGR p lan t s .  The 
t a b l e  shows i nven to ry  requirements as w e l l  as annual makeup requ i re -  
ments. The l o a d  f a c t o r  chosen here  i s  s l i g h t l y  h i g h e r  than  t h e  65% 
g e n e r a l  l y  assumed i n  p r e v i o u s  n a t i o n a l  c o s t - b e n e f i  t s t u d i e s ,  b u t  
somewhat l o w e r  t h a n  t h e  75% now b e i n g  used  i n  NASAP s t u d i e s .  An 
enrichmant t a i l s  assay o f  0.1% has been se lec ted  ( r a t h e r  than  0.2% now 
used by t he  DOE), s ince  a  l owe r  assay i s  expected a f t e r  t h e  t u r n  o f  t he  
cen tu ry  as a  r e s u l t  o f  improved enr ichment techno1 ogi  es. 

Present  data i n d i c a t e  t h a t  t h e  20% LEU/Th once-through c y c l e  a l l ows  a  
30-year U308 commitment f o r  t h e  HTGR which i s  o n l y  75% o f  t h e  stan- 
dard LWR once-through, i .e., a  U3O8 commitment improvement o f  34% 
over  the  LWR. The improvement i s  s t i l l  about 20% r e l a t i v e  t o  t h e  LWR 
w i t h  an extended f u e l  burnup 1  i fe t ime.  

For  the 20% LEU/Th r e c y c l e  mode o f  f u e l  management, t he  HTGR o f f e r s  a  
reduc t i on  i n  t h e  30-year U308 commitment o f  a lmost  50% over  t t i d t  o f  



TABLE 4.2.5-1 

U308 REQUIREMENTS AND Puf DISCHARGE 

FOR ALTERNATIVE FUEL CYCLES I N  LWR AND HTGR PLANTS* 

(LOAD FACTOR = 70%; ENRICHMENT TAILS = 0.1%) 

*LWR the rma l  e f f i c i e n c y  assumed a t  33.4%; 
HTGR the rma l  e f f i c i e n c y  assumed a t  39.6%. 
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the LWR once-through mode, o r  a commitment improvement of 86%. Other 
comparisons are equal l y  as impressive. For example, the commi tment 
improvement o f  t he  HTGR HEU/Th -fuel w i t h  recycle over . t ha t  o f  t he  LWR 
once-through cyc le  i s  a f a c t o r  2.9, o r  190%. As prev ious ly  ind ica ted ,  
the  HTGR o f f e r s  s i g n i f i c a n t  improvements i n  resource u t i l i z a t i o n  f o r  
a1 1 comparable cases. 

4.2.5.2 Fuel Cycle Economics 

On t h e  basis  o f  most recent  nuclear  growth pro jec t ions ,  i t  i s  u n l i k e l y  
t h a t  t h e  c u m u l a t i v e  U3O8 r e q u i  rements w i l l  p r e s e n t  a s i g n i f i c a n t  
problem i n  .the next 50 years, b u t  l a r g e  annual uranium requirements 
cou ld  have an impact on U3O8 p r i c e s  and, therefore,  on reac to r  eco- 
nomics. There are two fac to rs  t h a t  are p a r t i c u l a r l y  important  r e l a t i v e  
t o  fuel cyc le  economics: 

1. Fuel costs, i .e., t he  costs associated w i t h  fue l  consumption and 
f u e l  i nventory working c a p i t a l  . 

2. H a n d l i n g  c o s t s ,  i .e., t h e  c o s t s  a s s o c i a t e d  w i t h  f a b r i c a t i o n ,  
shipping, reprocessing, re fab r i ca t i on ,  etc.  

The f i r s t  o f  these fac to rs  i s  genera l l y  recognized as being important,  
though i t s  importance f requent ly  tends t o  be overstated. The second 
f a c t o r  i s  no t  so general ly  appreciated, perhaps due t o  u n f a m i l i a r i t y  
w i t h  recyc le  operations. 

Q Fuel Costs - A t  the outset,  i t  i s  important t o  note t h a t  f u e l  
costs, and p a r t i c u l a r l y  those associated w i t h  U308 costs, a re  
no t  as s i g n i f i c a n t  r e l a t i v e  t o  generat ing cos ts  as are f u e l  cos ts  
i n f o s s i l  - fue led  p lants.  Speci f i c a l  l y  , whi le  coal resource and 
f r e i g h t  costs t y p i c a l l y  con t r i bu te  50% t o  the  cos t  o f  generat ion 
i n  coa l - f i r ed  p lants,  U3O8 supply costs con t r i bu te  only  5% t o  
15%, depending on the  p a r t i c u l a r  f u e l  cycle. The more important 
q u e s t i o n ,  then,  i s  t h e  e f f e c t  o f  p o s s i b l e  i n c r e a s e s  i n  U3O8 
p r i ces  on energy generat ing costs. 

The cos t  penal ty  o f  increased U3O8 p r i ces  on generat ing cos ts  
i s  in f luenced by two fac tors :  

- The cos t  increase o f  the  enriched uranium (per  u n i t  o f  U-235 
conta i  ned) r e s u l t i n g  from U308 p r i c e  increases. 

- The cos t  increase o f  energy generat ion r e s u l t i n g  from the  
f u e l  c o s t  (U-235 1 i ncrease. 

The f i r s t  f a c t o r  a r i ses  simply because t h e  U-235 c o s t  depends 
both on the  U308 p r i c e  and the  separat ive work pr ice ;  the U308 
p r i c e  cont r ibu tes  t y p i c a l l y  about one-half o f  t he  U-235 cost. The 
second f a c t o r  r e f l e c t s  the  f a c t  t h a t  resource-e f f i c i  en t  reac tors  
use l e s s  f u e l ;  therefore, f u e l  c o s t  increases con t r i bu te  l e s s  t o  
generat ing costs i n  t h e  more e f f i c i e n t  reactors. 



Some o f  t h e  n u c l e a r  f u e l  c o s t  p e n a l t y  a r i s i n g  f rom p o t e n t i a l  
U3O8 p r i c e  i n c r e a s e s  i n  t h e  n e x t  few decades m i g h t  a l s o  be 
1  argel  y  o f f  s e t  by separat ive work p r i c e  decreases as Advanced 
Isotope Separat ion Techno1 ogy i s introduced. The bas ic  conclu- 
s i o n ,  t h e n ,  i s  t h a t  t h e  p o t e n t i a l  e f f e c t  o f  l a r g e  U3O8 p r i c e  
esca la t ions  can be m i  nimi zed by resou rce -e f f i c i  en t  reactors.  I n  
add i t ion ,  the  i n t r o d u c t i o n  o f  resou rce -e f f i c i en t  reac tors  can he lp  
t o  s t a b i l i z e  t h e  p r i c e  o f  U3O8 through the lower ing o f  U3O8 de- 
mands. The HTGR i s  we l l  su i t ed  f o r  the r o l e  o f  t h i s  resource- 
e f f i c i e n t  r e a c t o r  as shown by Table 4.2.5-1. 

e Fuel Handl ing Costs - Typ ica l l y ,  the  fue l  handl ing c o s t  f o r  t h e  
LWR once-through f u e l  cyc le  con t r i bu tes  about 15% t o  the  t o t a l  
f u e l  c y c l e  cost;  t h e  fue l  c o s t  cont r ibu tes  the o ther  85%. With 
recycle,  the  handl i ng c o s t  f r a c t i o n  i ncreases t o  approximately 30% 
t o  40%, bo th  because the cos ts  o f  reprocessi ng and r e f a b r i  c a t i o n  
a r e  s i g n i f i c a n t  and because the  f u e l  c o s t  component i s  reduced by 
t h e  more e f f i c i e n t  u ran ium u t i l i z a t i o n .  F o r  t h e  HTGR, f u e l  
handl i ng cos ts  f o r  the once-through f u e l  cyc le  con t r i bu te  about 
25% t o  the  t o t a l  f u e l  cyc le  cos ts  w h i l e  w i t h  uranium recycle,  
hand l ing  cos ts  are approximately 50% o f  t o t a l  f u e l  cyc le  costs. 
The hand l ing  c o s t  component tends t o  be d i f f e r e n t  f o r  d i f f e r e n t  
f u e l  c y c l e s  because o f  d i f f e r e n c e s  i n  h a n d l i n g  d i f f i c u l t i e s  
(most ly  r e f a b r i c a t i o n )  and because o f  t h e  f r a c t i o n  o f  recycled 
f u e l  t h a t  i s  involved.  

e T o t a l  F u e l  C y c l e  Cos ts  - Tab le  4.2.5-2 p r e s e n t s  t h e  r e l a t i v e  
t o t a l  f u e l  c y c l e  cos ts  f o r  t h e  HTGR and the  LWR f o r  var ious fue l  
c y c l e  scenari  0s. These cos ts  a re  based on recent comprehensive 
s tud ies  performed by GA us ing  the  economic assumptions presented 
i n  Table 4.2.5-3. They represent  t h e  ca l cu la ted  fue l  c o s t  d i f f e r -  
e n t i a l s  mcasurod i n  mi l ls /kwhr.  I t  s t ~ u u l d  be noted t h a t  a 0.2% 
enrichment t a i l s  was used f o r  t he  f u e l  cyc le  cos t  c a l c u l a t i o n s +  
Th is  value was se lec ted  i n  order  t o  mainta in a  cons is ten t  r e f e r -  
ence c o s t  data base w i t h  the  government's recen t l y  released NASAP 
s tud ies  (Ref. 16). 

Based on t h e  d a t a  p r e s e n t e d  i n  T a b l e  4.2.5-2, i t  can be seen 
t h a t  f o r  t h e  once-through fue l  cyc le  f o r  t he  Steam Cycle HTGR, the  
f u e l  c y c l e  cos ts  a re  b a s i c a l l y  the  same as f o r  present LWRs and 
t h e i r  once-through f u e l  cyc le.  The Steam Cycle fue l  cos t  advan- 
tage would be maximized i f  i t  were t o  u t i l i z e  HEU fue l  w i t h  f u l l  
recyc le.  For  t h e  HTGR-GT and HTGR-R, these reactors w i l l  have a  
f u e l  c y c l e  c o s t  disadvantage r e l a t i v e  t o  the  LWR unless HEU and 
f u l l  r e c y c l e  a r e  a l l owed .  T h i s  i s  b a s i c a l l y  due t o  t h e  more 
conservat ive f u e l  design t h a t  i s  requ i red  a t  the  h igher  coo lan t  
temperatures (850°C core out1 e t )  o f  these reactors. 

4.2.5.3 Advanced Converter Reactors and Symbiotic Systems 

Both the  LWR and the  HTGR have p o t e n t i a l  f o r  reac to r  and fue l  cyc le  
improvements. These two systems p l u s  the  l i g h t  water breeder reac to r  
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TABLE 4.2.5-2 

Reactor 

LWR 

LWR 

LWR 

HTGR-SC 

HTGR-SC 

HTGR-GT 

HTGR-GT 

HTGR-R 

HTGR-R 

RELATIVE FUEL CYCLE COSTS FOR 
ALTERNATIVE FUEL CYCLES 

Fuel Cycle 

LEU; O.T. 

U+Pu Recycle 

U C r e d i t  

LEU/T~(ZO%); 0.T- 

Re1 a t  i ve Fuel 
Cyc le  Cost 



TABLE 4.2.5-3 
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FUEL CYCLE COST ECONOMIC ASSUMPTIONS 

Capacity Fac to r  

T a i l s  Assay 

S ta r tup  Date 6/95 

P l a n t  E f f i c i e n c y  

I n f l a t i o n  Rate 

Worki ng Cap i ta l  Rate* 

D i  scount Rate* 

Level i z i  ng P e r i  od 

Fuel Costs ( '80 $M) 

Conversion ($/kg)  

Enrichment ($/kg-SWU) 

U308 ( $ / I  b) 

U233/U235 P a r i t y  R a t i o  

Pu/U235 P a r i t y  R a t i o  

39.5% HTGR and 33.0% LWR 

6% 

15.6% 

. lo .  2% 

30 y rs .  

5.0 

100.0 

Reference - 1990 - 45.0 

2010 - 75.0 

2020 and onward - 120.0 

1.15 

0.60 

*The d i  scount r a t e  i s t h e  weighted c o s t  o f  c a p i t a l  . The worki  ng c a p i t a l  r a t e  i s  
t h e  i n t e r e s t  r a t e  on monies used t o  purchase fuel  and f u e l  hand l ing  serv ices and 
i nc ludes  t h e  weighted c o s t  o f  c a p i t a l  and t h e  federa l  t a x  on t h e  equ i t y  c a p i t a l  . 



(LWBR) a re  t h e  candidates w i t h  the  g r e a t e s t  p o t e n t i a l  as advanced 
conver te r  r e a c t o r  ( ACR) concepts; however, t h e  HTGR appears t o  o f f e r  
t he  bes t  p o s s i b i l i t y  f o r  an economical ly a t t r a c t i v e ,  r e s o u r c e - e f f i c i e n t  
reac to r .  

.--. .. . . 

A1 though t r a d i t i o n a l  t h i n k i n g  some f i v e  t o  t en  years  ago env is ioned  t he  
complete rep1 acement o f  thermal -spectrum reac to r s  by f a s t  breeder 
r eac to r s  (FBR) i n  the long-range f u t u r e ,  i t  i s  now becoming apparent 
t h a t  t he  optimum nuclear  system w i l l  c o n s i s t  o f  a  symbiot ic  combinat ion 
o f  ACRs and FBRs. Several f a c t o r s  c o n t r i b u t i n g  t o  t h i s  r e a l i z a t i o n  
are:  

The n u c l e a r  g r o w t h  p r o j e c t i o n s  now i n d i c a t e  t h a t  s e v e r e  r e -  
sou rce  s t r a i n s  w i l l  n o t  b e  imposed o n  t h e  m i n i n g  and m i l  1  i n g  
i n d u s t r y  f o r  some 30 T o 3 0  years,  p a r t i c u l a r l y  i f  more resource- 
e f f i c i e n t  r eac to r s  and f u e l  cyc les  a r e  in t roduced.  

e The c o s t  p e n a l t y  a s s o c i a t e d  w i t h  i n c r e a s e d  U308 p r i c e s  w i l l  
n o t  be  s u b s t a n t i a l  i f  r e s o u r c e - e f f i c i e n t  r e a c t o r s  and  f u e l  
cyc les  a r e  in t roduced.  

The c a p i t a l  c o s t  and o p e r a t i n g  c o s t  o f  t h e  l i q u i d  m e t a l  f a s t  
b r e e d e r  r e a c t o r  (LMFBR) now appear  t o  be  such t h a t  v e r y  h i g h  
U3O8 p r i c e s  w o u l d  be r e q u i r e d  t o  j u s t i f y  t h e  LMFBR ( w i t h o u t  
improvements o r  mod i f i ed  f u e l  cyc les ) .  

A s t r a t e g y  c r e a t i n g  a  symbio t i c  r e l a t i o n s h i p  w i t h  t he  coup1 i n g  o f  f o u r  
HTGRs t o  one f a s t  breeder r e a c t o r  i s  one w i t h  much p o t e n t i a l  and many 
1  ong-range b e n e f i t s .  I n  o rder  t o  implement such a  s t ra tegy ,  i t  would 
be necessary t o  c r e a t e  t h e  marketplace f o r  U-233 u t i l i z a t i o n  p r i o r  t o  
FBR dep loyment  r a t h e r  t h a n  subsequent  t o  i t .  I n  t h i s  sense, t h e  
thor ium c y c l e  cou ld  a c t u a l l y  be used t o  exped i te  the i n t r o d u c t i o n  
o f  the FBR, w i t h  t h e  ACR becoming t he  nuc lear  energy "work horse" o f  
the f u t u r e .  

4.2.5.4 HTGR F l e x i b i l i t y  

Two hasir: f u e l  cycles were examined i n  t he  NASAP s tud ies  f o r  thermal 
spectrum reac to rs :  

LEU ( w i t h  <20% uranium enr ichment) Cyc le  
HEU (wi t h  720% uranium enr ichment) Cyc le  

An LEU c y c l e  w i t h  20% uranium enr ichment has rece ived  cons iderable 
a t t e n t i o n ,  p a r t i c u l  a r l y  i n the NASAP s t u d i  es because: 

e The e n r i c h m e n t  o f  t h e  i n i t i a l  f e e d  m a t e r i a l  i s  be low  t h a t  o f  
weapons-grade U-235. 

e The p lu ton ium bred i n t o  the  c y c l e  i s  l a r g e l y  consumed so t h a t  t he  
discharge p lu ton ium con ten t  i s  s u b s t a n t i a l l y  reduced over  t h a t  o f  
the  LEU cyc le .  

e The U-233 i s  ( o r  can be)  "denaturbed" w i t h  U-238. 



While the  pr imary NASAP a t t e n t i o n  f o r  near-term u t i l i z a t i o n  has cen- 
t e r e d  on the once-through f u e l  cyc le  us ing  LtU f u e l  , i t  i s expected 
t h a t  g rea te r  economic pressure far.. recyc le  w i  1  1  devel op. .as t h e  p r i c e  o f  
U308 increases. The NASAP s tud ies  i n d i c a t e  t h a t  one des i rab le  possi-  
b i  li ty f o r  subsequent  r e c y c l e  i n  t he rma l - spec t rum r e a c t o r s  woul d  
i n v o l v e  t h e  use of t he  thor ium cyc le  w i t h  the recyc le  o f  e i t h e r  de- 
natured U-233 o r  gamma-active U-233. 

Not o n l y  should a  r e a c t o r  have s u f f i c i e n t  f u e l  cyc le  f l e x i b i l i t y  t o  
accommodate any o f  the  several poss ib le  p re fe r red  d i rec t i ons ,  b u t  i t  
shoul d  a1 so a1 1  ow an e v o l u t i o n  t o  more advanced techno1 ogy p o s s i b i l  i- 
t i e s  as pol i c y  d e f i n i t i o n ,  technology development, and commercial i za -  
t i o n  favo r  the  app rop r ia te  evo lu t ionary  steps. It i s  q u i t e  p r a c t i c a l  
t o  deploy an HTGR i n d u s t r y  on the basis  o f  a  once-through f u e l  cyc le  
s t ra tegy  and subsequently adopt a  recyc le  f u e l  management p lan  i f  and 
when i t becomes des i rab le  w i t h  no s i g n i f i c a n t  change t o .  the reac tor .  
I n  cont ras t ,  the  development o f  an advanced LWR i n v o l v i n g  movable f u e l  
c o n t r o l  (as i n  t he  LWBR) o r  spectra l  - s h i f t  con t ro l  would requ i re  major 
changes i n  t h e  r e a c t o r  des ign .  I n  a d d i t i o n ,  t h e  i n t r o d u c t i o n  o f  
breeder reac to rs  would requ i re  the deployment o f  an e n t i r e  recyc le  
i n d u s t r y  be fore  t h e  breeder reac tors  cou ld  be used. The f l e x i b i l i t y  o f  
the  HTGR-ver, woul d  a1 low u t i l i t y  users t o  progress along an 
evo lu t i ona ry  f u e l  cyc le  path w i  t h  no inconvenience dur ing  successive 
steps. 

I n  the near term, i t  i s  expected t h a t  the LEU/Th (20%) once-through 
f u e l  cyc le  w i t h  fuel  storage would represent t he  optimum d i r e c t i o n  f o r  
t he  HTGR i n  terms o f  na t i ona l  p o l i c i e s ,  al though t h e  economic incen- 
t i v e s  f o r  u t i l i z i n g  t h i s  cyc le  are  meager. A t  some appropr iate f u t u r e  
date, t he  U-233 s to red  i n  the spent f u e l  cou ld  be separated and re-  
cyc led  i n  the same reac tor .  F i n a l  l y ,  when U-233 becomes a v a i l a b l e  from 
an external  source such as an FBR, t h e  same HTGR p l a n t  cou ld  then 
u t i l i z e  the U-233 as a  makeup f u e l  and the p l a n t  would perform as a  
near-breeder reac tor ,  i .e., w i  t h  a  conversion r a t i o  o f  approximately 
0.9. 

Hence, the f l e x i b i l i t y  o f  the HTGR a1 lows i t  t o  accommodate any p o l i c y  
o r  economical ly a t t r a c t i v e  technology d i r e c t i o n .  

Summary 

F u t u r e  d i r e c t i o n s  f o r  n u c l e a r  f u e l  c y c l e s  a r e  b e i n g  c o m p l i c a t e d  
by uncer ta i  n t i e s  a r i s i n g  from nat iona l  p o l i c i e s ,  economic f a c t o r s  and 
i n d u s t r y  commercial i z a t i o n  problems. While 1  ong-range devel opment 
should favo r  the recyc le  o f  f u e l  i n  resou rce -e f f i c i en t  reactors,  i t  
i s  des i rab le  f o r  u t i l i t i e s  t o  have access t o  reac tors  t h a t  operate 
economical ly on a  once-through f u e l  cyc le  i n  the near term b u t  t h a t  
can accommodate the  more e f f i c i e n t  f u e l  cyc les as p o l i c i e s  and f a c i l i -  
t i e s  a1 low these improvements. The HTGR has t h e  unique f l e x i b i l i t y  t o  
adapt t o  these changing cond i t ions  w i t h  no redesign o f  the  reac to r  
i t s e l f .  Furthermore, t h e  e f f i c i enc ies  o f  the  a1 t e r n a t i v e  cyc les f o r  
t h e  HTGR a r e  such t h a t  improved r e s o u r c e  u t i l i z a t i o n  w i l l  occu r .  



When compared t o  LWR f u e l  costs ,  t he  economics o f  t h e  HTGR f u e l  cyc les  
l ead  t o  the f o l l o w i n g  conc lus ions:  

e The HTGR f u e l  c y c l e  c o s t  '?idV-antage i s  appreciabTe: o n l y  when HEU 
and r e c y c l e  a r e  u t i l i z e d .  I t  i s  impo r tan t  t h a t  t h i s  o p t i o n  be 
mainta ined as t h e  HTGR f u e l  c y c l e  goal .  

s The s tandard 33,000-MWD/T LWR once-through and t h e  LEU/Th (20%) 
HTGR Steam C y c l e  o n c e - t h r o u g h  f u e l  c o s t s  a r e  t h e  same. Ex- 
tend ing  t he  LWR burnup t o  50,650 MWD/T leads t o  a  7% reduc t i on  
i n  the  LWR once-through costs.  

e F o r  a  r e c y c l e  LEU/Th (20%)  c y c l e ,  t h e  HTGR and LWR c o s t s  a r e  
w i t h i n  2%. The p r e v i o u s l y  c a l c u l a t e d  HTGR advantage o f  8%-10% 
has d i m i n i s h e d  due t o  t h e  $23,80O/block r e f a b  c o s t ,  w h i c h  i s  
t w i c e  t h e  HEU/Th r e f a b  c o s t  due t o  much l o w e r  r e c y c l e  b l o c k  
throughputs  f o r  t he  LEU cyc l c .  

Fu tu re  work. which may a f f e c t  t h e  above conc lus ions  must be performed t o  
reso l ve  t h e  u n c e r t a i n t i e s  t h a t  e x i s t  regard ing  HTGR waste treabnent,  
p a r t i c u l a r l y  f o r  C-14, and HTGR f u e l  b l  ock sh ipp ing  and packaging 
costs .  It i s  c l e a r ,  however, t h a t  one o f  t h e  p r imary  i n c e n t i v e s  f o r  
t h e  HTGR, namely t h e  f l e x i b i l i t y  o f  i t s  f u e l  c y c l e ,  w i l l  rema in .  
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5.0 LEAD PROJECT AND PROGRAM 

5 .I Lead Project Technical De f in i t i on  . .. 

5.1 .I . Reactor Turbi ne System 

This section presents a b r i e f  descr ipt ion o f  the reactor turbf ne system 
( RTS) f o r  a d i  rect-cycl e, HTGR-GT 2000-MU( t )  , two-1 oop noni ntercool ed 
lead p lan t  (Fig. 5.1.1-1). 

The RTS wf 11 operate w i th  a core out l  e t  temperature o f  850°C (156Z°F) 
and a primary coolant compressor discharge pressure o f  8.41 MPa (1220 
psia). A t  nominal (100%) power, the primary helium flow a t  the corn- 
pressor discharge of each loop w i l l  be 563 kg/s (4.471 x lo6 lb /hr) ;  
t h i s  w i l l  produce a nominal net output of  800 MW(e) f o r  a p lan t  e f f i c i -  
ency o f  4Q%. A p lan t  m e t i n g  these c r i t e r i a  provided the- basi s for the 
component designs tha t  have been developed a t  GA. A more optimized de- 
sign, wi th  a 2170-MM( t )  core, has recently been defined, and t h i s  has 
become the basis f o r  follow-on gas turbine design ef for ts .  Only the 
2000-MW( tl p l  ant vzr iant  i s  described i n  t h i s  section. Section 5.2 
gives fur ther  deta i ls  on the p lan t  performance o f  both plants. The 
performance o f  a gas turbine p lan t  can be fur ther  improved by the addi- 
t i o n  o f  a binary o r  bottoming cycle, e.g., using ammonia o r  f lashing 
stem; these cycles are described i n  the general discussions o f  the 
colllmerci a1 gas turbine pl ant i n  Section 3. 

The HTGR nuclear power p l  ant contai tts a graphi te-moderated, he1 i urn- 
cooled reactor core located w i th in  a PCRV. The scope o f  supply o f  the 
RTS extends t o  the cooling water nozzles a t  the i n l e t  and ou t l  e t  o f  the 
precooler, t o  the cooling water nozzles a t  the i n l e t  and out l  e t  o f  the 
core auxi l iary  heat exchanger (CAHE) , and t o  s imi la r  nozzles f o r  the 
PCRV l i n e r  cooling water system. The RTS comprises the fol lowing f i ve  
major systems: 

1. PCRV. 
2. Reactor in ternal  s. 
3. Reactor care. 
4. Primary coolant. 
5. Core aux i l ia ry  cooling system (CACSI- 

The design and development program required t o  support the Lead Project 
i s  presented i n  de ta i l  i n  Appendix A o f  t h i s  report. 

5.1.1.1 PCRV System 

The PCRY system c q r i s e s  the PCRV structure, the cavi ty 1 iners, pene- 
trations, closures, and the thermal barr ier.  The functions o f  t h i s  
system are t o  provide the primary coolant pressure boundary, t o  house 
the major RTS components, and t o  provide a biological  sh ie ld around the 
reactor core. 

The prestressed concrete (PCRV) structure i s  a mu1 t i cav iQ  vessel char- 
acterized by a central core cav i ty  and peripheral cav i t ies  tha t  house 
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the main heat exchangers and the CACS components. The turbomachine 
cavities are located horizontally i n  the bottom head of the PCRV. The 
vessel i s  prestressed circumferentially by wound strand cables and ver- 
tically by linear strand tendons.- The bottom head region of the PCRV 
uses hari zontal 1 i near strand tendons instead of ci rcumferenti a1 pre- 
stress1 ng. These two prestressi ng systems provide sufficient precom- 
pression i n  fhe concrete to resist  the primary and secondary loads 
during the 1 i f e  of the vessel. The pri nci pal design parameters of the 
PCRV are given i n  Tabl e 5.1 .l-1. 

The steel liners and the penetration closures forin the continuous, gas- 
t i g h t ,  prfmary coolant pressure boundary of the PCRV. The penetra- 
tions, closures, and PCRV concrete act collectively t o  resist  primary 
cool ant pressures. The 1 iner and penetration anchors t ransmit  1 oads to 
the concrete f r m  the internal equipment supports and the steel clo- 
sures, respective1 y; the concrete, i n  t u r n ,  transmi ts these loads t o  
the vessel support structure. Circul atfng water, i n  tubes atuched to 
the liners, cools the liners a t  their interface w i t h  the concrete, re- 
moving the heat that permeates the thermal barrier and that i s  gener- 
ated in the steel and concrete by ionizing radiation. 

The thermal barrier mfnimizes heat losses from the primary coolant and 
maintains 1 i ner and concrete temperatures w i t h i n  acceptable 1 i m i  ts. 
Various temperature zones of the PCRV use different thermal barrier 
types. Typically, the thermal barrier consists of layers of fibrous 
insulation held against the 1 iner by metal cover pi ates. A t t a c h n t  
fixtures, designed to minimize thermal conduction to the 7 i ner, anchor 
these plates to the 1 i ner. 

A n  internal valve system, which controls the he1 ium bypass between the 
high- and low-pressure zones of the primary coolant system, provides 
pressure re1 ief to the PCRV. Tabl e 5 .I .I-1 includes the design a1 1 ow- 
able maximum pressures. 

PCRV structural instrumentation provides data on PCRV response t o  tem- 
perature and pressure loads t o  verify the adequacy of the design and 
the qua1 i t y  of materials and construction. 

5.1.1.2 Reactor Internals System 

The reactor internal s system comprises six major components: core 
support floor structure, core lateral restraint, permanent side reflec- 
tor, core peripheral seal, upper plenum structure of the in-vessel re- 
fueling system, and core out1 e t  duct. 

The major function of the core support floor i s  t o  provide vertical 
support for the reactor core (Fig.  5.1 .I-2).  The core support floor 
consists of graphi te  core support blocks resting on graphite posts, 
which i n  t u r n  are supported on graphite seats atop ceramic bases; 
the open space between the graphite posts forms the lower plenum fo r  
the core outlet gas. Each core support block under the active core 
contains gas flow passages and a plenum, which a1 lows mixing of the 



TABLE 5.1 .I-1 
PCRV MAJOR'PARAMETERS 

D I RECT-CY CLE, HTGR-GT 2000-MW ( t ) TWO-LOOP PLANT 

Overall  dimensions 
Diameter, m ( f t )  
Height, m ( f t )  
Core o f f s e t  from PCRV, m ( f t )  

Core cav i ty  (a) 
Quant i ty  
Diameter, m ( f t )  
Height, i ncl  udi  ng i n-vessel 

re fue l i ng  plenum, m ( f t )  

Mu1 t i c a v i  t y  PCRV 

Recuperator and precool e r  cavi t y  (a)  
Quant i ty  2 
Diameter a t  mid-height, m ( f t )  5.74 (18.83) 
Height, m ( f t )  25.55 (83.83) 

Auxil  i a r y  loop cav i ty  (.a) 
Quant i ty  
C i  r c u l  a to r  cav i ty  diameter 

A t  mid-height, m ( f t )  
A t  top, m ( f t )  

CAHE bundl e cav i ty  diameter 
A t  mid-hcight, m ( f t )  
A t  bottom, m ( f t )  

Turbomachi ne cavi t y  ( a) 
Quant i ty  
Diameter, m ( f t )  
Length, ( tu rb ine  p u l l  out t o  

generator p u l l  out  end), m ( f t )  

Maximum cavi ty  pressure 
High pressure, MPa (psig) 
Low pressure, MPa (psig) 
Equil i br i ium pressure, MPa (psig) 

PCRV support Integrated wi th  containment 

( a ) ~ i a m e t e r  dimensions are t o  the insides o f  the cav i ty  1 iners. 
( b)~aximum cavi t y  pressure resul ti ng from heat bal ance i s 8.69 
MPa (1260 psig) , which may resul t i n  possible increase i n PCRV 

dimensions, 
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Figure 5.1.1-2 HTGR reactor core and support arrangement 



primary coolant from the columns of that fuel region. The mixed gas 
stream flows past a graphite sleeve, which contains the core outlet 
thermocouples, and then exits the core support block and enters the 
1 ower plenum. The design i s  being further developed to provide addi- 
t i  onal capabf 1 i ty to resi s t  combi nations of seismic and pressure tran- 
sient loads. 

The core lateral restraint provides lateral support for the reactor 
core, core support floor, and reflectors and also accommodates relative 
movements during normal o r  abnormal operations. The core lateral re- 
s t raint  consists of metal support assemblies i n  a regular array between 
the permanent side reflectors and the PCRV liner, and thus also acts as 
a neutron side shield to reduce the thermal neutron flux reaching the 
PCRV 1 iner. 

The primary function of the permanent side refl ector i s  to attenuate 
the neutron flux t o  components surrounding the core and t o  refl ect neu- 
trons back into the core. Permanent side reflector blocks make the 
transition from the irregular outer core boundary to an approximately 
circular shape concentric w i t h  the PCRV 1 iner. As a close-fitting cy- 
1 i ndrical assembly, the permanent side refl ector inhibits radi a1 inflow 
of coolant bypass into the core. 

The core peripheral seal restricts bypass flow through the annular  
space between the core support f loor  and- the PCRV Ilner. The seal must 
also accommodate movement between the core support floor and PCRV due 
to  thermal expansion and PCRV shrinkage and creep. Peripheral core 
support blocks, w i t h  external sloping shelves, provide seats for  the 
inner seal; the outer seat i s  provided by a metal structure attached to  
the 1 iner and enclosed i n  the thermal barrier. 

The upper plenum structures of the in-vess~1 refueling system dre steel 
structut-cb, supparted above the top of the core from extensions of the 
refueling penetrations, which carry the refueling conveyor mechanisms 
w i t h i n  the upper part of the core cavity. During refuel ing, spent fuel 
blocks are raised to the level of this structure, pl aced on the convey- 
ors, and transported lateral ly t o  the elevator i n  the PCRV side wall . 
The function of the core outlet duct i s  t o  provide fo r  the flow of h o t  
core out1 e t  gas to the turbine inlet. Compressor discharge flow exter- 
nally cools the free-standing section of the duct, located i n  the ver- 
tical compressor discharge cavity. The duct can be removed through the 
turbomachi ne cavi ty when turbomachi ne mai ntenance i s  requi red. 

5.1 .I .3 Reactor Core Svstem 

The function of the reactor core system i s  t o  provide nuclear-generated 
heat for the HTGR-GT plant. T h i s  system consists of the fuel elements, 
refl ector elements, top 1 ayer/pl enum elements, and the startup neutron 
sources. 

The hexagonal fuel elements and reflector elements form columns sup- 
ported by the core support blocks. Each core support block under the 



active core supports one refueling region, which has a central control 
column and up to six surrounding fuel columns. Each refueling region 
has i t s  own flow orifice valve. Two rows of hexagonal reflector col- 
umns, which are surrounded by thepermanent side reflector, enclose the 
fuel regions. 

The reactor coolant enters the reactor core system after passing 
through the region flow control equipment and then flows downward 
through the upper refl ector, active core, and bottom ref1 elctor whil e 
absorbing the nuclear-generated heat. The coolant exits the system to 
the core support region where i t  collects, mixes, and finally dis- 
charges t o  the lower core cavity plenum. 

Table 5.1 .I-2 summarizes the major reactor core system design param- 
eters, and Fig. 5.1 .I-3 shows the core layout for the 2000-MW( t) HTGR- 
67 plant. 

The fuel cycle uses a patch loading scheme, which refuels a certain 
fraction of the core, known as a "fuel segment," on an annual basis. 
Thus, on the 4-yr cycle, reloading of about  one-fourth of the fuel re- 
g ions  occurs each year, and each region would remain in the core for 4 
yr .  The refueling scheme i s  chosen so that the regions t o  be refueled 
are symmetrical ly distributed throughout the core. Figure 5.1 -1-3 i l -  
lustrates the region distribution f o r  a 4-yr fuel cycle. The letters 
A,  B y  C, and D for each of the 61 fuel regions identify the fuel seg- 
ment distribution w i t h i n  the core for the 4-yr cycle. 

The fuel elements (Fig. 5.1 -1-4) are graphite blocks w i t h  the dual 
function of containing the fuel and acting as a moderator. The fuel 
el ements have drill ed cool ant passages and para1 1 el fuel channel s ,  
which contain the fuel rods. Individual fuel rods contain fuel par- 
t icles distributed i n  a graphf t e  matrix, The central fuel column of a 
region includes the control rod and reserve shutdown holes. 

The reflector elements are graphite hexagonal right prisms that have 
coolant holes, control rod and reserve shutdown holes, and shiel ding 
material as required b u t  do not contain fuel. 

The top 1 ayer/pl enum elements include the a1 loy steel hexagonal compo- 
nents that provide the flow plenums f o r  distributing the flow from the 
region flow control valves t o  the individual columns, t o  the lateral 
restraint during refueling, and to the flow control val ve/lower guide 
tube assembly support. 

The startup neutron sources, which consist of Cf-252 i n  a suitable con- 
tai  ner, are f nserted into the fuel elements t o  provide a source of neu- 
trons of sufficient strength t o  ensure a safe, controlled approach t o  
reactor critical i ty . 
The HTGR core can accommodate many different cycles including those 
w i t h  ful l y  enriched uranium and thorium (HEU/Th) and those wf t h  low 



TABLE 5.1 -1-2 
BASIC CORE PARAMETERS FOR HTGR-GT 

Nomi nal core power, MW ( t) 

Nominal core power density, ~ / c d  

Core layout 

Number of fuel blocks per column 

Number of fuel columns 

Number of seven-col u r n  regions w i t h  variable 
orifices 

2000 

6.6 

See Fig.  5.1.1-3 

8 

41 5 

Number o f  f i ve-col umn regions w i t h  variable 
o r i  fices 6 

Number of control rod pairs 

Number o f  power rods 

core volume, cm3 

Fuel cycle 

l n l t l a l  fuel cycle 

Refuel i ng cycl e 

Fissile material /particle 

Ferti 1 e materi a1 /particle 

. Fuel enrichment, % U-235 

4-yr cyc 1 e 
25% reloaded each year 
o r  "thick buffer" 



Figure 5.1 . l -3  HTGR-GT core 1 ayout 
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enriched uranium ( less  than 20!% U-235) w i t h  and without thorium (LEU/Th 
and LEU cycles). 

For the reference equilibrium '-cycle w i t h  HEU,  the f i ss i le  kernel i s  
urani um carbide surrounded by a buffer 1 ayer of 1 ow-densi ty pyrolytic 
carbon; a thinner layer of high-density pyrolytic carbon; a layer of 
s i l  icon carbide, which improves containment of fission products; and an 
outer layer of high-density pyrolytic carbon, which adds strength t o  
the coating. This coating system i s  referred t o  as a TRISO coating. 
The fer t i le  kernel i s  thor ium oxide surrounded by a TRISO coating, 

In LEU cycles the fuel design would be essentially unchanged, except 
the fuel rod diameters might be adjusted t o  accommodate the different 
fuel loadings. The fuel particle designs would be similar to those 
used for the reference cycle. 

5.1 .I ,4 Primary Coolant System 

The primary coolant system comprises those subsystems and components 
required for the transfer of energy from the reactor core to the elec- 
t r i c  generator and secondary coolant systems. The major system compo- 
nents involved i n  this function are the turbomachine, recuperator, pre- 
cooler, and control val ves, which constitute a si ngl e power conversion 
loop. 

Sensors measure the helium temperature a t  the exit of each core support 
block and a t  the turbine inlet. Adjustment of the flow orifice valve 
or control rod configuration, respectively, control s these tempera- 
tures. The orifice valve for manual adjustment of reg1 on f low i s  a t  
the plenum element a t  the entrance t o  the core. The average turbine 
i nl e t  temperature automati cal ly regul ates the control rods. 

The system uses an inventory of he1 ium 'to transfer energy from the 
reactor core t o  the gas turbine u n i t ,  where expansion of the helium 
drives the compressor and electric generator. After leaving the tur- 
bi ne, 1 ow-pressure he1 i um passes through the recuperator and gi ves up 
heat t o  the high-pressure he1 i urn f l  owi ng countercurrently f rom the com- 
pressor di scharge. Leavi ng the recuperator, the cool ed 1 ow-pressure 
he1 ium flows to  the precooler and transfers additional heat t o  the sec- 
andary coolant loop (circulating water system). The cold, low- 
pressure helium then passes t o  the compressor, which pumps i t  through 
the recuperator and the reactor core t o  complete the circuit, 

The 400-M(e) single shaft, direct drive helium turbomachine has 18 
compressor stages ( w i t h  a pressure rati o o f  2.6) and eight turbine 
stages (Fig. 5.1 .l-5). Two journal bearings support the rotor (of 
welded construction). The overall length of the machine i s  11.3 m (37 
f t )  and I t s  diameter i s  4.12 m (13.5 f t ) ;  the weight of the machine i s  
277,000 kg ( 305 tons) . 



Figure 5.1 . l - 5  HTGR-GT gas turbine 



The machine design incorporates rotor burst protection by means of con- 
tainment rings around the compressor and turbine rotor-bladed sections. 
Man-access cavities i n  the PCRV provide for inspection and limited 
maintenance work on the journal - bearings. Shielding isolates the 
spaces i n  which the bearings are located from the helium primary cool- 
ant; purged gas from the purification system provides an acceptable 
radiological environment for man access. The generator drive i s  a t  the 
compressor end of the turbomachine, and the thrust bearin and No. 3 
journal bearing are external to the primary coolant system 7 in the tur- 
bomachine cavi ty plug) t o  facil i tate inspection and maintenance. 

The turbomachinery couples to an a1 1 water-cooled generator, which i s  
1 ocated wtsf de the secondary containment boundary. The shaft penetra- 
tion of the contaimnt  building contains a bearing and seal system t o  
el fminate any gas 1 eakage from w i t h i n  the containment buf 1 ding. 

The recuperator, located entirely i n  the PCRV, i s  a tubular, straight- 
tube, gas-to-gas counterflow heat exchanger that recovers heat from the 
turbine dl  scharge he1 i um by preheat1 ng the compressor discharge he1 ium 
before i t  enters the core. The "stayed tubesheet" design (Fig. 5.1 .I- 
6 )  contaf ns two f l a t  tubesheets), whf ch are connected by about 53,000 
straight tubes. An outer shroud extends the full length of the tubes, 
i s attached to the lower tubesheet, and i s  perforated top and bottom 
for she1 1-side gas flow. A pipe i n  the middle of the tube bundle pro- 
vides fnspection access, and an "egg-crate" design supports the tubes 
laterally. Low-pressure he1 ium from the turbine enters the upper ple- 
num, flows down through the tubes, and leaves t h e  lower cavity through 
a duct to the precooler. Hfgh-pressure gas from the compressor enters 
the bundle a t  the lower end, turns 90" and flows upward parallel to the 
tubes, turns 90° a t  the top, and ex1 t s  to the core. The tubes, there- 
fore, are externally pressurized and loaded i n  tension, thus nstayi ng 
the tubesheets. " Table 5.1 -1-3 provides pertinent data on 
recuperator geometry and parameters. 

The precool er, which f s contained entirely w i t h i n  the PCRV, i s  a he1 i- 
cal 1y cot 1 ed, f inned tube, gas-to-water cross counterfl ow heat ex- 
changer. The precooler removes heat from the hot gas that leaves the 
recuperator after havi ng been d i  scharged from the tu rb i  ne (Fi g. 5.1 .I - 
7 ) .  I t  camprises a he1 ical bundle supported by eight support pl ates, 
which extend the length of the bundle. The support plates are welded 
to  an inner and outer shroud and a cavity-liner flange supports the 
enti re assembly. head-i n and 1 ead-out tubes connect the water inlet/ 
out1 e t  penetrations to the he1 i cal bundle. The (ci rcul ating) cooling 
water inlets are a t  the top of the module and the exits are a t  the bot- 
tan. Hot recuperator discharge gas enters the bottom of the precooler, 
flows upward over the outsf de of the tubes, turns 180°C, flows downward 
through the inner shroud duct, and exits a t  the bottom i n t o  the com- 
pressor. The two separate cool ing  water 1 ines can be isolated and 
drai ned independently of each other, permi tti ng continued reactor 
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TABLE 5.1 .l-3 
RECUPERATOR GEOMETRY AND PARAMETERS 
HTGR-GT 2000-MW( -- t )  .- TWO-LOOP PLANT - 

Inner shroud o.d., m ( f t )  
Outer shroud i .d., m ( f t )  
Bundle height, m ( f t )  
Number o f  tubes 
P i  tch-to-di ameter r a t i o  
Tube diameterlwall thickness, mm ( i n .  ) 
Tube material 
Low-pressure he1 ium inventory , kg (1 bm) 
High-pressure he1 i urn inventory , kg ( 1 bm) 

Low-pressure he1 i um pressure drop, kPa ( p s i  ) 

In1 e t  
Bundl e 
E x i t  

Total 

High-pressure he1 ium pressure drop, kPa ( ps i  

I n l e t  
Bundl e 
E x i t  

Total 

Low-pressure helium 

Flow rate, kg/s (lbrnlhr) 
I n l e t  temperature, O C ,  (OF) 
E x i t  temperature, O C  (OF) 
Pressure, MPa ( ps i d )  

High-pressure he1 i um 

Flow rate, kg/s (1 bm/hrl 
I n l e t  temperature, 'C (OF) 
E x i t  temperature, O C  (OF) 
Pressure, MPa (ps i  a )  
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Figure 5.1 .l-7 Precool er mechanical arrangement 



operation even a f t e r  a fa i lure  i n  one of the c i rcu i t s ;  this cf r cu i t  
prevents compressor overheat1 ng under backfl ow conditions. Tab1 e 
5 .I ,104 gives pertinent geometry and parameter data on the precool er .  - - - .  
The turbine control valve system has four valves arranged i n  a spl it- 
flow, bypass configuration i n  each of the power conversion 1 oops (Fig. 
5.1 .I -8). Trim, safety,  and primary bypass valves control core-turbi ne 
bypass flow between the core i n l e t  and the turbine out1 e t  i n  each 1 oop; 
the  attemperation val ve control s f l  ow between the compressor exi t and 
the turbi ne exit .  The trim valve makes f ine  adjustments of turbine 
speed and 1 oad and is of particul a r  use when synchronizing wf t h  the 
grid. The primary bypass valve operates i n  two modes: (1 ) i t  can be 
modulated by the plant control system fo r  plant load control, o r  ( 2 )  i t  
can be operated as a safety bypass valve i n  an open/close mode as par t  
of the safety bypass va1 ve system tha t  is included i n  the plant protec- 
t ion system. The safety valve is  used primarily for  turblne overspeed/ 
overpressure protection; i t  is  actuated by the plant protection sytem 
and operates only i n  an open/close mode. The attemperation valve mixes 
cold compressor discharge he1 ium w i t h  warm exhaust he1 ium, thereby min- 
i m i  z i  ng thermal shock t o  the power conversion 1 oop components, speci f- 
i ca l ly  to  the recuperator, dur ing  transients. A commercial off- 
the-shelf valve, such as  tha t  shown i n  Fig. 5.1 -1-9, has been con- 
sidered fo r  these control operations. 

Use of the power conversion loops i s  the preferred means for  effecting 
shutdown cooling and afterheat removal of the reactor core ( hereafter 
referred to  simply as  shutdown cool i ng) . The primary he1 i urn f nventory 
control system, which is used fo r  normal plant startup, can also be 
used f o r  these shutdown purposes. Programmed reduction of the primary 
he1 i um inventory pro1 ongs coastdown of the turbomachi nes u n t i  1 pres- 
sures and temperatures i n  t h e  primary coolant system are low enough to  
permit motorized operation of the turbomachines t o  mai ntai n continued 
forced circulation of hell um through the core. Off-sf t e  power i s re- 
q u i  red to  motorize the generators and t o  maintain c i  rcul ation of water 
through the precoolers and cooling towers. T h i s  means of shutdown 
cooling i s not available fol low4 ng a sudden 1 oss of plant 1 oad or  other 
events invol v i  ng an immedi a t e  t r i p  of the turbomachi ne. 

5.1.1.5 Core Auxiliary Cooling System 

The function of the CACS, an engineered safety feature, i s  t o  provide 
an independent means of cooling the reactor core i f  the primary cooling 
system should become inoperable. I t  consists of three para1 le l  inde- 
pendent cooling loops, each comprising a heat exchanger, a c i rculator  
w i t h  its drive motor, a loop shutoff valve, and the motor controls. 
The components of a single loop, w i t h  the exception of the motor and 
controls, a re  located i n  a PCRV cavity perf pheral t o  the central core 
cavity. Table 5.1 .l-5 s u m r i t e s  the design de ta i l s  of the CACS. 



TABLE 5.1 .l-4 
PRECOOLER GEOMETRY AND PARAMETERS 
HTGR-GT 2000-t44J-t)- TWO-LOOP PLANT 

Inner shroud o.d., m ( f t )  
Outer shroud i.d.,  m ( f t )  
Bundle he ight ,  m ( f t )  
Active tube length ,  m ( f t )  
Number of tubes/ tube cyl inders / tube  rows 
Transverse/l  ongi tud i  nal p i tch  , m ( i n  . ) 
Fin t i p  di ameter/root  d i  ameter/wall th ickness ,  
mn ( i n . )  
Fin th ickness / f in  he igh t ,  mm ( i n . )  
Number of f i n s  per  nnn ( i n . )  
Tube materi a1 
Water inventory, kg (lbm) 
He1 i urn inventory , kg ( 1 bm) 
Water pressure drop, kPa ( psi ) 
He1 ium pressure drop, kPa ( psi ) 

In1 e t  
Bundle 
E x i t  

Total 

He1 i urn 

Flow r a t e ,  kg/s (1  bm/hr) 
I n l e t  temperature, O C  (OF) 
E x i t  temperature, O C  (OF) 
Pressure, MPa ( p s i a )  

Water 

Flow r a t e ,  kg/s ( 1 bm/hr) 
I n l e t  temperature, O C  (OF) 
E x i t  temperature, O C  (OF) 
Pressure, MPa ( p s i a )  
E x i t  subcooling, O C  (OF) 
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Figure 5.1.1-8 Simplif ied turbine control valve diagram f o r  HTGR-GT power plant  
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Figure 5.1.1-9 Typical bypass control valve for HTGR-GT plant 



TABLE 5.1 -1-5 
CACS DESIGN DATA FOR THE DIRECT CYCLE HTGR-GT PLANT 

P lan t  size, MW(t) 

Number o f  CACS loops 

Number o f  loops required 

PCRV pressurized 
PCRV depressurized 

Heat duty per loop, W ( t )  

PCRV pressurized 
PCRV depressurized 

CAHE data (per loop) 

Tube surface area, m2 ( f t 2 )  
Tube bundle length, m ( f t )  
Tube bundle diameter, m ( f t )  

Auxi 1 i ary c i  r cu l  a to r  data 

Type o f  compressor 
Pressure r a t i o  
Design speed, rpm 
Design maximum power, kW (hp) 

Axi a1 
1 .048 
3600 
410 (548) 



The CACS has t h e  c a p a b i l i t y  of maintaining the temperatures of  a1 1 PCRV 
components wi th in  s a f e  1 imi ts w i t h  the system either pressurized o r  de- 
pressur i  zed. Forced c i  rcul a t i  on of the  primary cool a n t  t r a n s f e r s  the 
r e a c t o r  co re  hea t  through the C A H F t 6  the core auxi 1 i ary - cool ing water 
system (CACWS) . A i  r -bl  a s t  heat exchangers cool this  water and ul ti - 
mately reject the h e a t  t o  the atmosphere. 

Each CACS loop i s  capable of removing 50% of the residual  and decay 
hea t  from the  co re  following a r eac to r  trip from 102% normal r a t ed  
power when the PCRV i s  pressurized.  Heat removal of the depressurized 
PCRV requ i res  use of two of the three loops. 

The CAHE i s  a straight-bayonet- tube heat  exchanger, a s  shown in Fig. 
5.1 .l-10. Hot gas from the lower c ross  duct e n t e r s  the t o p  of the tube 
bundle and flows downward, pa ra l l e l  t o  the tubes. A t  t h e  bottom of the 
bundle t h e  gas t u r n s  90' and e x i t s  r a d i a l l y  i n t o  the re turn  duct  t o  the 
a u x i l i a r y  c i r c u l a t o r  through the annul us between the CAHE shroud and 
1 i n e r  thermal b a r r i e r .  The tube assembl ies c o n s i s t  of two concentr ic  
tubes ,  sea led  a t  the top end. Water e n t e r s  the CAHE through a penetra- 
t i o n  in  the bottom of the PCRV and flows upward counterf l  ow to the  
he1 ium through the annular space between the tubes, gaining heat 
through Ule o u t e r  tube wall . I t  then reverses  i t s  d i rec t ion  and flows 
downward i n  the  c e n t r a l  tube,  leaving the CAHE through the same pene- 
t r a t i o n  i n  t h e  bottom head of the PCRV. 

The auxi 1 i ary c i r c u l a t o r  equipment includes the compressor, the  d r ive  
motor, t h e  motor cont ro l  s ,  and the  shutoff  valve (F ig  . 5.1 .l-11). The 
variable-speed induction motors have s t a t i c  i n v e r t e r s  f o r  speed control  
through frequency va r i a t ion .  The shutoff  valve i s  of t h e  b u t t e r f l y  
type and i s  se l f - c los ing  to r e s t r i c t  reverse flow through the  system 
when t h e  main loops a r e  operat ing.  I t  i s  pressure-balanced t o  open 
automatical 1 y when the auxi 1 i ary c i  rcul a t o r s  a r e  opera t i  ng. 

The CACWS and t h e  a i r - b l a s t  heat  exchangers a re  external  t o  the  PCRV 
and a r e  within t h e  BOP scope of supply. 

5.1.1 .6 Other Systems 

Several o t h e r  se rv ice  and control systems, in  addit ion to those 
described above, support  the reac to r  turbine  system. 

The neutron and flow control system regula tes  r eac to r  power t o  meet the  
demands o f  the p l a n t  control system, the  p lan t  protect ion system, o r  
t h e  p l a n t  operator .  I t  a1 so regul a t e s  the he1 i u m  flow d i s t r i b u t i o n  
through various regions of the core by adjus t ing  the region i n l e t  
o r i f i c e s .  

The r o t a t i n g  machinery se rv ice  system i s  comprised of a turbomachinery 
turning gear  system, a turbomachinery 1 ubr ica t ing  and buffer  system, a 
niain s h a f t  penetrat ion sea l  o i l  system, a generator  and PCRV 



MANWAY ' 
FOgure 5.1.1-1 0 Direct-cycle 2000=MW(t) KT'GR-GT bayonet tube CAHE 
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Figure 5.1.1-1 1  Crass section through auxi 1  i a r y  c i r c u l a t o r  



.. . .  penetration,. bearing 1 ubrication system, a n d  an auxil iary circulator ser- 
vice system. These systems provide oil lubrication to bearings and 
seal s ,  buffer he1 iun to minimize.oi1 ingress t o  the primary coolant 
system (or  vice versa) ,  and purified cooling water t o  the generator 
( i . e . ,  rotor ,  s ta tor ,  and air-gap cool i ng passages) . These systems 
also supply mechanical support equipment where needed. 

The he1 ium servicg system removes he1 ium from the primary system and 
processes i t to remove parti cul ates , chemi cal impuri t i e s  , and radio- 
active contaminants. The clean helium i s  then used as a purge and seal 
gas throughout the plant;  in the l a t t e r  case, the he1 ium pressurizes 
the seal i nterspaces of selected penetration closures to  prevent 1 eak- 
age of primary coolant and to permit continuous monitoring of the in- 
tegri t y  of these seal s .  

The plant protection system in i t i a t e s  actions t o  prevent unacceptable 
releases of radioactivity tha t  could constitute a hazard to  the health 
and safety of the pub1 i c .  I t  monitors several p l  ant operating paran- 
eters  and takes appropriate action when any are outside of specified 
safe 1 imits. The system i n i t i a t e s  actions t o  protect fission product 
release barriers and t o  1 imit the release of radioactivity i f  any bar- 
r i  e r  fai 1 ures occur. 

The plant control system provides safe plant operation and high plant 
avai labi l i ty .  I t  regulates reactor power and controls the pressure and 
temperature of the primary coolant helium produced by the reactor tur- 
bine system based on appropriate interfaces w i t h  the balance of the 
pl ant. 

The service systems tha t  are not directly involved with reactor turbine 
system power production are the fuel hand1 i ng system, the fuel shipping 
system, the reactor service system, and the analytical instrumentation 
system. 

Appendix C provides more detailed plan and elevation drawings for the 
reactor turbine system structures and further assembly drawings of con- 
ponents . . . . . . . .  



Bal ance of Pl ant 

This sect ion presents the plant--descri ption fo r  the 2000 M W ( t )  HTGR- 
GT. A general description of the s i t e  arrangement i s  presented below. 
Summary functional . descriptions of each buil d i  ng are presented along 
w i t h  a summary of approximate building dimensions in Table 5.1.2-1. 
The general arrangement drawings of major s i t e  structures,  the heat 
balance, and t h e  e l e c t r i c a l  s i n g l e  1 i ne di agrams a r e  provided i n 
Appendix C. 

5.1.2.1 S i t e  Arrangements 

The plot plan f o r  the 2000 M W ( t )  HTGR-GT i s  shown on drawing SK-107. 
The i 11 ustrated arrangement i s  predi cated upon a prestressed concrete 
r e a c t o r  cont a i  nment buil d i  ng which houses a pres t ressed  concrete  
reactor vessel (PCRV) w i t h  turbomachinery loops canted a t  an angle of 
18'. The e lec t r ica l  generators are located i n the electr ical  generator 
buil d i  ng external t o  the reactor containment buil di ng and are connected 
t o  the turbomachines by shafts which penetrate the containment bound- 
ary. Locating the generators inside the reactor containment building 
was examined and found t o  be unattractive due t o  the increased s ize and 
cost of the reactor containment building. 

The containment building, containment annul us and penetration build- 
i ngs, auxi l i ary reactor service b u i  l di ng, and elect r i  cal generator 
building are  located on a common mat. This arrangement permits effec- 
t ive  u t i l iza t ion  of the oversized containment mat required t o  meet soil 
bearing requirements and achieves a high degree of coupling between 
major structures so as t o  minimize piping and cable runs and the travel 
distance f o r  refueling equipment. Minor increases in s ize or  changes 
i n conf i gurat i on of the major structures can be accommodated without  
,r' nval i dat 1 ng t Re bas Sc arrangement. The arrangement a1 so i ncorporat es 
the in-core refueling concept, which eliminates many of the height and 
arrangement constrai nts on the reactor cont ai nment bui 1 di ng and the 
auxi 1 i ary reactor service buil di ng imposed by the rapid refuel i ng 
system ut i l ized in previous designs. 

Three other major structures are located near the reactor contain- 
ment building b u t  on separate mats. The control auxiliary and diesel 
generator building abuts direct ly  to  the containment complex to  mini- 
mize cable runs. The fuel storage building i s  sized fo r  1.3 core 
storage and connects to  the reactor containment building by an under- 
ground tunnel as required by the in-core refueling concept The turbo- 
machine maintenance f ac i l i t y  i s  located adjacent t o  the auxiliary 
reactor service b u i  1 di ng and i s  sized t o  provide for  repai r/refurbi sh-  
ment of t h e  turbomachinery based upon decontamination t o  support 
"hands-on" operations. 

A dimensional summary of each building and summary descriptions of 
the major structures are provided in Table 5.1.2-1. 



TABLE 5.1.2-1 

2000 MW(t)/800 M W ( ~ )  HTGR-6T DIRECT CYCLE PLANT- 

STRUCTURE/SYSTEM FUNCTIONAL DESCRIPTION 

SEISMIC NUMBER OF HEIGHT WIDTH LENGTH VOLUME 
STRUCTURE CATEGORY STORIES FEET FEET FEET ~ O ~ F T ~  

212 Reactor Contain- Cat. I N A 269' 150'I.D. NA 4312 
ment Bui 1 d i  ng 159'O.D. 

213 Turbomachine t on-cat. I 1 59' 108' 132' 841 
Maintenance 
B u i l  d i  ng 

214 Secur i ty  Non-Cat. I 1 14' 69' 72' 7 0 
Bui 1 d ing  

215 A u x i l i a r y  Reactor Cat. I 6 . 137' 72' 96' 962 
Servi  ce Bui 1 d i  ng 

217 Fuel Storage Cat. I 1 78' 100' 110' 858 
Bui 1 d i  ng 

218A Contro l  Aux. Cat. I 6 126 ' 93' 128' 1500 
& Diesel Gen. 
B u i l  d ing  

2188 Admi n i  s t r a t i o n  Non-Cat. I 2 26' 160' 240' 1000 
& Services 
B u i l  d i  ng 

218C Labs & Shops Non-Cat. I 1 26' 100' 140' 36 4 

218D F i r e  Pump Non-Cat. I 1 26' 30' 75' 27 
House 

218E L.P. Helium Non-Cat. I N A N A 180' 233' , N A 
Storage Area 

218F E l e c t r i c a l  Gen- Non-Cat. I 2 90' 123' 210' 2325 
e r a t o r  Bui 1 d i  ng 

218H Diesel Cool i  ng Cat. I 2 73 ' 54' 94' 37 1 
& Fuel O i l  
Storage 

2181 Warehouse Cat. I 1 20 ' 50' 70' 7 0 



TABLE 5.1.2-1 
(Continued) 

-. .- 
2000 MW( t ) / 800  MW(e) HTGR-GT DIRECT CYCLE PLANT 

STRUCTURE/SYSTEM FUNCTI ONAL DESCRIPTION 

SEISMIC' NUMBER OF HEIGHT' WIDTH LENGTH VOLUME 
STRUCTURE CATEGORY STORIES FEET FEET FEET I O ~ F T ~  

2185 Contai nment Cat. I 2 52' 240'O.D. NA 440 
Annul us B u i l  d i  ng 159' I .D. 

218K Contai nment C a t . 1  5" 109 ' 37' 93' 429 
Penetrat ion 
B u i l  d i  ng 

218s Hol d i  ng Pond & . Non-Cat. I N A 8 '  80' 80' 5 1 
Control  House 1 10 ' 8 '  10' 1 

218T U l t ima te  Heat 
S i  nk 
T ra in  A & B Cat. I 2 72 ' 89 ' 146 ' 936 
T ra in  C 1 34 ' 62' 73' 154 

218U Control  Room Cat. I 1 10 ' 10' 10' 1 
Emergency I ntake 
Structures (2)  



5.1.2.2 S t ruc tu res  and Improvements 
-. -- 

e Reactor Containment Bui 1 d i n g  - The r e a c t o r  containment bu i  1 d i  ng 
houses  t h e  P C R V  and o t h e r  n u c l e a r  steam s u p p l y  sys tem (NSSS) 
components and i s  designed t o  p r o t e c t  them aga ins t  normal, ab- 
normal , and envi  ronmental cond i t i ons  and agai  n s t  tornado-borne 
m iss i l es .  The r e a c t o r  containment b u i l d i n g  i s  a l so  designed t o  
1 i m i  t f i s s i o n  product re1 eases d u r i  ng normal cond i t i ons  and d u r i  ng 
acc ident  cond i t ions ,  which i nc l  ude t h e  Design Basi s Depressur iza- 
t i o n  Accident and t h e  pos tu l a ted  Maximum Hypothe t i ca l  F i s s i o n  
Product Release. The r e a c t o r  con ta i  nment bu i  1 d i n g  i s  a Seismic- 
Category- I, prest ressed-concrete s t r u c t u r e  composed o f  a founda- 
t i o n  mat, c y l i n d r i c a l  she1 1, and hemispherical  dome w i t h  a de- 
s i gn  pressure o f  approx imate ly  70 psig. The r e a c t o r  con ta in -  
ment b u i l d i n g  i s  c o m p l e t e l y  l i n e d  on t h e  i n t e r i o r  w i t h  s t e e l  
p l a t e  t o  p r o v i d e  a p r e s s u r e - t i g h t  boundary,  and t h e  l i n e r  on 
t h e  b o t t o m  i s  p r o t e c t e d  by a c o n c r e t e  s l a b  wh i ch  s e r v e s  as 
t h e  r e a c t o r  containment b u i l d i n g  f l o o r .  There a r e  t h r e e  hatches: 
a 28' I.D. equipment hatch a t  t h e  r e f u e l i n g  f l o o r  l e v e l ,  a 27' 
I .D. turbomachi ne removal hatch t o  accommodate grade-1 eve1 re -  
moval, and an 8 '  I.D. personnel hatch. 

The  ,PCRV i s  s u p p o r t e d  on  a 1 2 ' 6 " - h i g h ,  r e i n f o r c e d - c o n c r e t e  
ri ng w a l l  and pedestal  b e a r i  ng on t h e  r e a c t o r  cont a i  nment b u i  1 d i  ng 
mat. The PCRV i s  o f f s e t  f rom t h e  r e a c t o r  containment b u i l d i n g  
c e n t e r l i n e  by 5.5'; t h e  annu la r  space between t h e  PCRV and r e a c t o r  
containment b u i l d i n g  s h e l l  i s  27' a t  t h e  turbomachine removal 
h a t c h  and 1 6 '  o n  t h e  o p p o s i t e  s i d e  o f  t h e  P C R V .  W i t h i n  t h e  
annular  space between t h e  PCRV and t h e  r e a c t o r  containment bu i  1 d- 
i n g  wa l l s  i s  a s tee l  s t r u c t u r e  extending up t o  t h e  r e f u e l i n g  f l o o r  
f o r  support o f  major  equipment, p ip ing ,  e l e c t r i c a l  t r ays ,  HVAC 
equipment, access p la t fo rms,  and s t a i r s .  

Above t h e  r e f u e l  i ng f l  oor  near t h e  r e a c t o r  cont a i  nment b u i  1 d i  ng 
s p r i n g l i n e  i s  l oca ted  .a p o l a r  crane f o r  hand l ing  o f  r e f u e l i n g  
equipment. A temporary f u e l  s torage f a c i l i t y  i s  l o c a t e d  i n  the  
c o n t a i  nnlent mat c o n s i s t e n t  w i t h  t h e  i n-co re  r e f u e l  i ng sys tem 
requ i  rement s. 

e Turbomachi ne Maintenance Fac i  1 i ty  (Drawing SK-97) - The tu rbo-  
machine maintenance f a c i l i t y  design i s  based upon t h e  premise t h a t  
t h e  turbomachine can be t r a n s f e r r e d  i n t o  t h e  f a c i l i t y  w i t hou t  
s i g n i f i c a n t  sh ie ld ing .  Once i n  t h e  f a c i l i t y ,  su r face  contami na- 
t i o n  i s  removed i n  t h e  decontaminat ion p i t ,  thereby reduc ing t h e  
a c t i v i t y  l e v e l  t o  a p o i n t  where "hands-on" maintenance can be 
performed w i t hou t  undue exposure t o  personnel. The f ac i  1 i ty  a1 so 
inc ludes  areas dedicated t o  spare p a r t s  storage, t o o l  and f i x t u r e  
storage, p l u g  removal dev ice park ing,  and r o t o r  balancing. An 
observa t ion  room i s  p rov ided  f rom which t r a n s f e r  and crane opera- 
t ions a re  c o n t r o l  1 ed. 



0 Secur i t y  B u i l d i n g  - The se .wr i ty  b u i l d i n g  i s  a  rna.sonry b u i l d i n g  
which ~ r o v i d e s  a  con t ro l  l e d  means o f  access i n t o  and out  o f  t he  
p l a n t  area. 

0 A u x i l i a r y  Reac to r  S e r v i c e  B u i l d i n g  - The a u x i l i a r y  r e a c t o r  
s e r v i c e  b u i l d i n g  houses t h e  f a c i l i t i e s ,  systems, and compo- 
nents necessary f o r  f u e l  handl i ng, c o n t r o l  rod d r i v e  storage, 
equipment  d e c o n t a m i n a t i o n  and i n s p e c t i o n ,  r a d i o a c t i v e  waste 
management, he1 ium p u r i f i c a t i o n ,  and o t h e r  a u x i  1  i a r y  equ ip -  
ment a s s o c i a t e d  . w i t h  o p e r a t i o n  and maintenance o f  t h e  reac -  
t o r .  The f u e l  handl i ng machinery, i n c l u d i  ng t racks  and support 
s t r u c t u r e  f o r  t h e  f u e l  t r anspor t  system, i s  loca ted  on t h e  top  
f l  oor. 

The a u x i l i a r y  reac tor  serv ice  b u i l d i n g  i s  a  Category-I, f i v e -  
s to ry ,  r e i  nforced-concrete s t r u c t u r e  t h a t  i s  1  ocated adjacent t o  
t h e  reac to r  containment .bui ld ing.  A1 1  wa l l s  are concrete, and the  
upper f l o o r s  are  concrete slabs supported on s t r u c t u r a l  s tee l  
framing. The roo f  o f  t h e  a u x i l i a r y  reac to r  serv ice  bu i l d ing ,  
above t h e  r e f u e l i n g  f l o o r  l e v e l ,  i s  enclosed by a  non-Category-I, 
s t e e l  -framed s t r u c t u r e  havi ng i nsul ated metal s i d i  ng, and a  roo f  
composed o f  a  metal deck, i nsu la t i on ,  and b u i l t - u p  roof ing.  The 
enclosure supports an overhead t r a v e l i n g  crane f o r  use i n  t he  
r e f u e l i n g  operation. The grade f l o o r  o f  t he  a u x i l i a r y  reac tor  
s e r v i c e  b u i l d i n g  a c t s  as a  t r a n s i t i o n  area f o r  removal o f  a  
turbomachine from t h e  containment t o  t h e  maintenance f a c i  1  i ty.  

0 Fue l  S t o r a g e  B u i l d i n g  - The f u e l  s t o r a g e  b u i l d i n g  houses a1 1  
equipment  r e l a t e d  t o  new and spent  f u e l  s h i p p i n g ,  r e c e i v i n g ,  
and s t o r a g e  and i s  s i z e d  t o  p r o v i d e  s t o r a g e  f o r  1.3 c o r e s  o f  
spent f ue l .  The f a c i l i t y  i s  capable o f  handl ing e i t h e r  t ruck  
o r  r a i l  s h i p p i n g  o f  spent  f u e l  and can  hand le  e i t h e r  t y p e  o f  
sh ipp ing  cask. 

The f u e l  storage b u i l d i n g  i s  a  Category-I, concrete s t r u c t u r e  
t h a t  i s  s i t u a t e d  near t h e  a u x i l i a r y  reac to r  serv ice  bu i ld ing .  
Fuel i s  moved from t h e  temporary f u e l  storage f a c i l i t y  i n  the  
r e a c t o r  containment b u i l d i n g  t o  t h e  f u e l  storage b u i l d i n g  by way 
o f  a  t u n n e l .  The f u e l  i s  s e a l e d  i n  s t o r a g e  c o n t a i n e r s  i n  a  
f a c i l i t y  l oca ted  i n  t h e  f u e l  storage b u i l d i n g  and s tored i n  wa l l s  
i n  t h e  f u e l  s t o r a g e  p o o l ,  a l s o  l o c a t e d  i n  t h i s  b u i l d i n g .  A 
r a i l / t r u c k  shipping bay i s  loca ted  a t  one end o f  t h e  b u i l d i n g  t o  

' accommodate l ong  r a i l  cars. 

C o n t r o l  A u x i l i a r y  and Diesel Generator B u i l d i n g  - The cont ro l  
a u x i  1  i a r y  and d i e s e l  g e n e r a t o r  b u i l d i  ng houses t h e  c o n t r o l ,  
moni tor ing,  and i n d i c a t i n g  equipment requ i red  f o r  p l a n t  operat ion 
d u r i  ng normal, abnormal , and accident condit ions. Th i s  inc ludes 
t h e  main c o n t r o l  room, cable spreading areas, switchgear area, and 



di esel generator. The control auxi 1 i ary and diesel generator 
building i s  a Category-I, six-story, concrete structure with a mat 
foundation, concrete exterior and i nter ior  wall s ,  and i n t  ennedi a te  
f loo r  slabs and roof slab supported on structural steel framing. 

a .  Administration and Services Building - The administration and 
services buil di ng i s  a framed-structural -steel buil di ng which 
houses general o f f i ces .  Also included a r e  a heal th  physics 
complex and a checkpoint t o  cont ro l  entry t o  nuclear  i s l and  
structures.  

a Labs and Shops - The labs and shops building i s  a framed-struc- 
tural-s teel  b u i l  di ng. Both clean and control led areas are pro- 
vided. 

a Fire Pump House - The f i r e  pump house i s  a reinforced-concrete 
bui 1 di ng which houses pumps and associ at ed equipment and controls 
fo r  the plant protection system. 

L.. P.  He1 ium Storage Area - The L. P. he1 ium storag'e area i s  
a covered tank farm which provides makeup and s torage  capac- 
i t y  fo r  plant helium inventory. 

a Electrical Generator Building - The electr ical  generator buildi ng 
i s  a two-story, metal s t ructure supported on an extension of the 
containment mat i n  t h e  a rea  of t h e  generator  pedestals .  The 
adjacent portion of the s t ructure i s  supported on a separate mat 

.with a t rucklrai l  way separating the two sections. An overhead 
t ravel ing crane i s  also provided. 

r Diqsel Cooling and Fuel Oil storage Building - The diesel cooling 
and fuel oil  storage buildjng i s  a reinforced-concrete building 
which houses the dry cooling towers and seven-day storage fuel oil 
tank.s f o r  the control auxi 1 i ary and di esel generator bui 1 di ng 
diesels.  

e Warehouse - The warehouse i s  a framed-structural-steel building 
which houses a temporary storage and search area for  incoming 
1c.3t er i  a1 s. 

r Contai nnicnt Annul us Buil di nq  - The containment annulus bujl di ng 
houses both loops cf t h e  reactor cool i ny water system, two , ~ f  the 

.- 
auxiliary cooling water system loops, two of the auxiliary cl ' ia- 
l a t o r  motor cooling water system loops, and associated safety-- 
related HVAC equipment, e lectr ical  , and pi ping penetration areas. 
The non-safety-related HVAC equipment fo r  the containment annul us 
building i s  located on the roof. 



The c o n t a i  nment annul us  b u i  1  d i  ng i s  a  Category-  I, annul a r ,  
t w o - s t o r y ,  r e i n f o r c e d - c o t ' i t r e t e  s t r u c t u r e  tha tNsur rounds  t h e  
r e a c t o r  containment b u i l  d i  ng i n  the  area between t h e  e l  e c t r i  - 
c a l  generator b u i l  d i  ng and t h e  auxi 1  i ary reac to r  se rv i ce  bu i  1  d i  ng 
and between t h e  a u x i l i a r y  reac to r  serv ice  b u i l d i n g  and t h e  con- 
tainment penet ra t ion  bu i ld ing .  The containment annulus b u i l d i n g  
u t i l i z e s  t h e  pro jec ted  p o r t  i o n  o f  t h e  reac tor  containment b u i l d i n g  
base mat as a  common f o u n d a t i o n .  The a n n u l a r  space i n  b o t h  
s t o r i e s  i s  p a r t i t i o n e d  by var ious rad i  a1 l y  o r i  ented concrete wa l ls  
t o  p rov ide  func t i ona l  separat ion o f  t h e  areas. A non-Category-I, 
s t e e l - f r a m e d  s t r u c t u r e  enc loses  t h e  e n t i r e  r o o f  a rea  o f  t h e  
con ta i  nment annulus bu i ld ing .  The enclosure has i nsu la ted  metal 
s i d i n g  and a  r o o f  composed o f  a  meta l  deck, i n s u l a t i o n ,  and 
b u i l t - u p  roo f ing .  

Conta inment  P e n e t r a t i o n  Bu i  1  d i n g  - The conta inment  pene t ra -  
t i o n  b u i l  d i  nq houses t h e  conta inment  e l e c t r i c a l  p e n e t r a t i o n  
areas ,  i nstr;ment areas,  t h e  remote s a f  e-shutdown room, t h e  
da ta  a c q u i s i t i o n  system room, i n c l u d i n g  swi tchgear and v e n t i l a t i o n  
areas, po r t i ons  o f  t h e  hel ium p u r i f i c a t i o n  system, and t h e  t h i r d  
t r a i n  o f  t h e  core a u x i l i a r y  coo l i ng  water system and a u x i l i a r y  
c i . r c u l a t o r  motor coo l i ng  water system. The containment penetra- 
t i o n  b u i l  d i  ng i s  a  Category-I, f i ve-s to ry ,  r e i  nforced-concrete 
s t r u c t u r e  t h a t  1  i nks t h e  reac to r  conta i  nment bui  1  d i  ng and the  
c o n t r o l  auxi 1  i ary and d iese l  generator b u i l  d i  ng and u t i l i z e s  t h e  
p ro jec ted  p o r t  i o n  o f  t h e  reac to r  containment b u i l d i n g  base mat as 
a  common foundation. 

o Hold ing  Pond and Control House - The ho ld i  ng pond i s  an open-top, 
re inforced-concrete basin, and t h e  con t ro l  house i s  a s tee l  -framed 
b u i l d i n g  w i L 1 1  . i r~su la ted -n ie ta ' l  s i d i n g  and r o o f  and a  f l o o r  on 
grade. These s t r u c t u r e s  p e r m i t  c o l  l e c t  i o n  and t r e a t m e n t  o f  
non-radioact i ve ,  contami nated e f f l u e n t  p r i o r  t o  discharge. 

e Ul t ima te  Heat Sink St ruc tures  - The t r a i n  A and t r a i n  B u l t i m a t e  
heat s ink s t r u c t u r e  provides coo l i ng  f o r  two o f  t h e  th ree  t r a i n s  
o f  t h e  core a u x i l i a r y  coo l i ng  water system and f o r  both t r a i n s  o f  
t h e  nuclear  serv ice  water system. The s t r u c t u r e  houses the  dry 
towers f o r  core a u x i l i a r y  coo l i ng  water system coo l i ng  and t h e  wet 
towers, i n c l u d i n g  pumps, associated e l e c t r i c a l  equipment , and 
w a t e r  bas ins ,  f o r  n u c l e a r  s e r v i c e  wa te r  c o o l i n g .  The e n t i r e  
below-grade p o r t i o n  o f  t h e  s t r u c t u r e  i s  a  bas in  t h a t  serves both 
t r a i n s  and provides 30 days o f  storage. The roo f  o f  t h e  basin 
se rves  as t h e  f l o o r  o f  t h e  s u p e r s t r u c t u r e  and s u p p o r t s  a l l  
equi pment. 
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The s u p e r s t r u c t u r e  i s  a  r e i  n f o r c e d - c o n c r e t e  e n c l o s u r e  a r o u n d  
each t r a i n ' s  wet and d ry  tower. 

The t r a i n  C u l t i m a t e  heat s i n k  s t r u c t u r e  prov ides c o o l i n g  f o r  
t h e  t h i r d  t r a i n  o f  t h e  c o r e  a u x i l i a r y  c o o l i n g  w a t e r  sys tem 
and houses a  d r y  t o w e r  and  a s s o c i a t e d  equipment .  T h i s  i s  a  
s i  n g l e - s t o r y  , r e i  n f o r c e d - c o n c r e t e  s t r u c t u r e  s u p p o r t e d  o n  a  
f o u n d a t i o n  mat wh i ch  s e r v e s  as t h e  f i r s t  f l o o r  and wh i ch  i s  
1  ocated a t  grade l e v e l .  

' 

Underground, Category- I, rec tangu la r ,  r e i  n forced-concrete p i  p i  ng 
and e l e c t r i c a l  tunne ls  connect t h e  u l t i m a t e  heat  s ink  s t r u c t u r e s  
w i t h  t h e  c o r e  a u x i  1  i a r y  c o o l  i ng w a t e r  sys tem/ re .ac to r  p l a n t  
c o o l i n g  water system areas i n  t h e  containment annulus b u i l d i n g  and 
t h e  cont a i  nment pene t ra t i on  b u i  1  d i  ng. 

Contro l  Room A i r  I n take  S t ruc tu res  - The c o n t r o l  room a i r  i n t a k e  
s t r u c t u r e  i s  a  r e i  nforced-concrete i n t a k e  t h a t  prov ides c l ean  a i r  
f rom a  remote, uncontaminated source t o  t h e  c o n t r o l  room i n  t h e  
c o n t r o l  auxi  1  i ary  and d iese l  generator  b u i  1  d i  ng d u r i  ng an emer- 
gency. Two in takes  are provided, l oca ted  about 180" f rom each 
o t h e r  on o p p o s i t e  s i d e s  o f  t h e  c o n t r o l  a u x i l i a r y  and d i e s e l  
generator  b u i  1  d i  ng. 

5.1.2.3 Balance o f  Reactor P lan t  

The design o f  t h e  r e a c t o r  p l a n t  i s  based on t h e  GA two-loop, 2000 
MW(t) HTGR Gas Turb ine  P lan t  design. The major  systems which comprise 
t h e  balance o f  r e a c t o r  p l a n t  a re  discussed below. 

Safeguards Cool ing System - The safeguards c o o l i n g  system c o n s i s t s  
o f  t h e  core  a u x i l i a r y  c o o l i n g  system, which i s  p a r t  o f  t h e  r e a c t o r  
coo lan t  system, t h e  core a u x i l i a r y  c o o l i n g  water  system, and t h e  
aux i  1  i ary  c i  r c u l  a t o r  motor cool  i ng water  system. The core  aux- 
i l i a r y  c o o l i n g  system i s  a  Safety-Class-2 system which p rov ides  an 
independent means o f  c o o l i n g  t h e  r e a c t o r  co re  w i t h  t h e  pr imary 
system p ressu r i  zed o r  depressurized. It i nc l  udes t h e  auxi  1  i ary 
c i  r c u l a t o r s  and t h e i r  d r i v e  motors, motor con t ro l s ,  d i f f u s e r s  and 
v a l v e s ,  t h e  c o r e  a u x i l i a r y  h e a t  exchangers ,  and t h e  c o n t r o l  
i nstrument a t  i o n  and hardware. 

- Core A u x i l i a r y  C o o l i n g  Water System - T h i s  sys tem i s  a  
Safety-Class-3 system which c i r c u l a t e s  c o o l i n g  water  through 
t h e  core  a u x i l i a r y  heat exchangers t o  remove s to red  and decay 
heat f rom t h e  pr imary coo lan t  and t o  r e j e c t  t h i s  heat t o  t h e  
atmosphere. 



- A u x i l i a r y  C i r c u l a t o r  Motor Cool ing Water System - T h i s  system 
i s  a  Safety-Class-3 system which p rov ides  c o o l i n g  water  t o  
t h e  a u x i l i a r y  c i r c u l a t o r  motors d u r i n g  per iods  o f  f u l l  co re  
aux i  1  i a r y  c o o l i  ng system operat ion.  The safeguards cool  i ng 
system i ncorporates s u f f i c i e n t  redundancy and capac i ty  t o  
ensure adequate co re  c o o l i n g  when one o f  t h e  c o o l i n g  t r a i n s  
i s  l o s t  under worst-case (depressur ized)  cond i t ions .  

Rad ioac t i ve  Waste Process System - The r a d i o a c t i v e  waste process 
system c o n s i s t s  o f  t h e  l i q u i d ,  gaseous, and s o l i d  waste management 
systems.  None o f  t h e  t h r e e  systems a r e  s a f e t y - r e l a t e d .  The  
l i q u i d  waste management system i nc l udes  tanks f o r  c o l l e c t i o n  o f  
l i q u i d  e f f l u e n t  and u t i l i z e s  f i l t r a t i o n ,  deminera l i za t ion ,  evapor- 
a t i o n ,  and r e v e r s e  osmosis  s i n g u l a r l y  o r  i n  c o m b i n a t i o n  f o r  
p rocess i  ng. The gaseous waste management system has t h e  capabi 1  - 
i t y  t o  s e l e c t i v e l y  r e l e a s e  o r  r e t a i n  gaseous e f f l u e n t  f o r  a  
s u i t a b l e  p e r i o d  p r i o r  t o  a  c o n t r o l l e d  release. The s o l i d  waste 
management system i s  capable o f  low- leve l  compacted waste drum 
s to rage  and complete remote handl i ng o f  high-1 eve1 s o l  i d i  f i e d  
waste. 

e Fuel Hand l ing  and Storage F a c i l i t y  - T h i s  s t r u c t u r e  u t i l i z e s  t h e  
in -vesse l  r e f u e l  i ng equipment suppl i ed by GA. Sei smic-Category-I, 
1  ong-term and temporary s torage f a c i  1  i t  i e s  p rov ide  water-cooled 
storage. The long-term storage f a c i l i t y ,  l o c a t e d  i n  t h e  f u e l  
s to rage  b u i l  d i  ng, prov ides s torage f o r  1.3 cores. The temporary 
f a c i l i t y ,  l o c a t e d  i n  t h e  r e a c t o r  containment b u i l d i n g  mat, pro- 
v ides  s to rage  f o r  one r e f u e l i n g .  Fuel pool  c o o l i n g  i s  prov ided by 
two Safety-Cl  ass-3 coo l  i ng t r a i  ns, each equi  pped w i t h  one 100% 
pump and one 100% h c ~ t  cxchangcr. 

He1 ium Storage System - The he l ium storage system, which i s  not  
sa fe ty - re1  ated, prov ides s torage capac i t y  f o r  t h e  e n t i r e  pr imary 
coo lan t  i n v e n t b r y  p l us  two months' . mak&p requirements and pro- 
v i d e s  P C R V  d e p r e s s u r i z a t i o n  and p r e s s u r i z a t i o n  capab i  1  i t i e s .  

0 Hel ium P u r i f i c a t i o n  System - The he l ium p u r i f i c a t i o n  system i s  a  
Safety-Class-3 system which i s  designed t o  p u r i f y  he1 ium f rom t h e  
p r i m a r y  c o o l  a n t  system, remove f i s s i o n  p r o d u c t s  and chem ica l  
i m p u r i t i e s ,  and r e t u r n  t h e  p u r i f i e d  he l ium t o  t h e  pr imary loop. 
The 1 i q u i d  n i t r o g e n  system, which i s  no t  sa fe t y - re l a ted ,  suppl i es 
r e f r i  g e r a t i o n  t o  t h e  he1 i um p u r i f i c a t i o n  system low-temperature 
absorbers. 

e Nuclear  Se rv i ce  Water System - The nuc lear  s e r v i c e  water system 
i s  a  Safety-Class-3 system which p rov ides  c o o l i n g  f o r  t h e  r e a c t o r  
p l a n t  coo l  i ng water  system, t h e  f u e l  handl i ng and s torage coo l  i ng 
wate r  system, and t h e  r e a c t o r  p l a n t  auxi  1  i a r i  es. 



e Reactor P lan t  Cool ing Water Sys-tem - Th i s  system has. an essen t ia l .  
subsystem c o n s i s t i n g  o f  two 100% redundant t r a i n s  which p rov ide  
cool3ng water t o  t h e  PCRV c o o l i n g  c o i l s ,  t h e  mo is tu re  mon i t o r i ng  
equipment ,  and t h e  a u x i  1  i a r y  c i r c u l a t o r  m o t o r  c o o l i n g  w a t e r  
system. The  r e a c t o r  p l a n t  c o o l i n g  w a t e r  sys tem a l s o  has a  
s i  ng le - t r a i n ,  non-essent ia l  subsystem which i s  not  s a f e t y - r e l a t e d  
and which prov ides cool  i ng water  t o  non-safety-re1 a ted  equipment 
and t o  a  separate non-essent ia l  c o o l i n g  c o i l  i n  each a u x i l i a r y  
c i r c u l a t o r  motor  t o  remove p a r a s i t i c  heat losses when t h e  c i r c u -  
l a t o r  i s  not  operat ing. 

8 Reactor P lan t  Ins t rumenta t ion  and Contro l  System - T h i s  system i s  
desiclned t o  ensure-  t h a t  t h e  u n i t ,  can be s a f e l y  and . e f f i c i e n t l y  
operated and t h a t  i n  t h e  event o f  an abnormal 6 r  acc iden t  condi- 
t i o n ,  i t  can  be s h u t  down a n d - m a i n t a i n e d  i n  a  sa fe -shu tdown 
cond i t ion .  The system c o n s i s t s  o f  automatic and manually i n i -  
t i a t e d  p r o t e c t i o n  systems f o r  sa fe t y  under acc ident  cond i t ions ,  
sa fe ty - re1  a ted  d i  sp lay systems requ i  r ed  d u r i  ng normal, upset, 
emergency, and f a u l t e d  cond i t ions ,  a  computer-based da ta  acqui s i -  
t i o n  and d i s p l a y  system, and r e g u l a t i n g  systems used f o r  normal 
ope ra t i on  o f  t h e  u n i t .  . 

The inst ruments and c o n t r o l s  a r e  l oca ted  i n  t h e  main c o n t r o l  room, 
which prov ides remote ope ra t i on  o f  t h e  u n i t .  I n  t h e  event t h a t  
access t o  t h e  main c o n t r o l  room i s  l o s t ,  equipment i s  prov ided 
ou t s i de  t h e  main c o n t r o l  room t o .  shut  t h e  r e a c t o r  down and main- 
t a i n  i t  i n  a  safe-shutdown cond i t ion .  

5.1.2.4 E l e c t r i c  P lan t  Equipment 

The e l e c t r i c  p l a n t  equipment t r a n s f e r s  t h e  power generated i n  t h e  p l a n t  
t o  t h e  h i gh  vo l tage  swi tchyard through t h e  generator  stepup t r ans -  
formers, c o n t r o l s  and meters t h e  e l e c t r i c  energy, and p r o t e c t s  t h e  
power-carrying components. It i s  t h e  source o f  power f o r  t h e  p l a n t  
a u x i l i a r i e s ,  t he  p l a n t  con t ro l ,  p ro tec t i on ,  and s u r v e i l l a n c e  systems, 
and t h e  engi neered fea tu res  equi pmsnt d u r i  ng normal operat  i o n  and 
abnormal acc ident  cond i t i ons  and d u r i  ng p l a n t  shutdown and r e f u e l  i ng. 

The  e l e c t r i c  p l a n t  d e s i g n  r e f 1  e c t s  a1 1  t h e  a p p l i c a b l e  r e g u l a t o r y  
and t echn i ca l  requirements. Phys ica l  and e l e c t r i c a l  separa t ion  o f  
equipment  and systems i s  p r o v i d e d  t o  a s s u r e  t h e  a v a i l a b i l i t y  o f  
t h e  minimum requ i red  sa fe t y  f ea tu res  equipment t o  m i t i g a t e  t h e  conse- 
quence o f  any Design Basis Event. Phys ica l  separa t ion  o f  equipment and 
c i r c u l t s  I s  achieved i n  such J. way t h a t  t h e  s i n g l e - f a i l u r e  c r i t e r i o n  i s  
met. 



e Main Generation - Two generat-or c j  rcuit  breakers p,re provided to  
f a c i  1 i t a t e  rapid di s c o n n k t  ion of e i t h e r  generator  from t h e  
o f f s i t e  power system, allowing the auxiliary power system t o  be 
fed through th ree  single-phase generator  stepup and two-unit 
auxi 1 i  ary transformers. Two 5-MW s t a t i c  freeway converters are 
provided t o  motorize the generators during plant startup. There 
a r e  two 5-KV, non-Cl ass-lE, metal -clad swi tchgear buses and three 
5-KV, Class-1E switchgear buses to  provide the power sources for  
the  pl ant auxi 1 i  ary 1 oads. A1 1 engi neered safety features equi p- 
ment i s  automatical ly sequenced into the Class-1E buses being fed 
from the diesel generators in the  event of a loss of o f f s i t e  power 
suppl i  es. 

e E l e c t r i c  Systems - Non-Class-1E and Class-lE, 460-volt motor 
control centers are provided f o r  power distribution to  motors u p  
t o  100 h p  l ighting loads and other miscellaneous loads such as 
motor-operated val ves, resistance heaters, heat t raci ng,  and space 
heaters. There are two unit auxi 1 i  ary transformers feedi ng i  nto 
the two 4.16 non-Class-1E buses and three 4.16-KV, Class-1E buses, 
and two reserve auxiliary transformers. Each transformer i s  sized 
t o  ca r ry  with margin the  plant aux i l i a ry  loads under heavily 
1 oaded condi t ions. Transformer impedances are selected t o  1 imi t 
t h e  ava i l  a b l e  s h o r t - c i r c u i t  cu r ren t s  on the  swi tchgear  buses 
without adversely affecting the acceptable voltage regulators 
d u r i  ng extreme plant operating conditions. Appropri a te  protec- 
t ions a re  provided fo r  the transformers. In addition, a balance- 
of-plant diesel generator (optional ) i s  provided t o  supply the two 
4.16-KV, non-Class-1E buses in the event that  a l l  o f f s i t e  power i s  
los t .  U n i t  substations are provided t o  furnish power sources to 
the low-vol tage (4.60V) Class-lE and non-Class-lE d,l s t r l b u t l o n  
system. Motors rated 101 h p  through 200 h p  are connected t o  the 
u n i t  substations. U n i t  substation transformer impedances are 
based on matching the available fault-current-withstand-capability 
of the swi tchgear with appropriate voltage regulation considera- 
tion. The u n i t  substations f o r  the cooling towers are fed from a 
loop feeder. The d-c system comprises the plant non-Class-1E and 
Class-1E bat ter ies  and battery chargers. Each Class-1E d-c bus i s  
supplied from a Class-1E battery and two Class-1E battery char- 
gers. During normal operation, d-c power i s  supplied from the 
battery charger. Duri ng emergency operation, d-c power i  s  sup- 
plied fr6m the batteries in the absence of any d-c source to  the 
b a t t e r y  chargers.  D u r i n g  stepup and shutdown, d-c power i s  
suppl ied  from whichever source i s  ava i lab le .  Non-Class-lE, 
125/250V d-c buses are fed from two non-Class-1E batteries and 
two non-Class-1E chargers. 



e Emergency Systems - T h r e e - i n d e p e n d e n t  d i  e s e l  g e n e r a t o r s  a r e  
p rov ided  t o  f u r n i s h  t h e  o n s i t e  d-c power sources t o  t h e  Class-lE, 
4.16-KV buses. Diesel  generators a r e  p r o p e r l y  s i zed  such t h a t  any 
two u n i t s  have t h e  c a p a b i l i t y  o f  ope ra t i ng  a l l  p r o t e c t i o n  systems 
and t h e  engineered sa fe t y  fea tu res  t o  m i t i g a t e  t h e  consequence o f  
a Design Basis  Depressur iza t ion  Accident concurrent  w i t h  a  l o s s  o f  
o f f s i t e  power. Class-1E and non-Class-lE, s o l i d - s t a t e  i n v e r t e r s  
a r e  p r o v i d e d  t o  s e r v e  as an u n i n t e r r u p t i b l e  power s o u r c e  f o r  
misce l  laneous v i t a l  and non-vi t a l  d-c p l a n t  loads. Switchboards, 
p r o t e c t i v e  equipment ,  a p p r o p r i a t e  e l  e c t r i c a l  s t r u c t u r e s ,  and 
wi res/cables f o r  va r ious  p l a n t  and process equipment would be 
procured and i n s t a l  1  ed as p e r  es tab l  i shed guide1 i nes and proce- 
dures. 

5.1.2.5 M i  sce l  1  aneous Pl  ant  Equi pment 

The miscel laneous p l a n t  equipment prov ides misce l laneous water, com- 
pressed a i r ,  auxi  1  i ary  steam, and genera1 maintenance and s e r v i c e  
equi pment f o r  t h e  o v e r a l l  p l  ant. It i nc l  udes crane systems, compressed 
a i r  systems, s e r v i c e  water system, f i r e  p r o t e c t i o n  system, po tab le  
water system, auxi  1  i ary  steam system, communications system, f i r e  
d e t e c t  i o n  system, s e c u r i t y  system, l a b o r a t o r y  equipment ,  ' o f f i c e  
f u rn i sh ings ,  and environmental mon i t o r i ng  equipment. 

5.1.2.6 Main Condenser Heat Re jec t i on  System 

The waste heat r e j e c t i o n  system f o r  t h e  HTGR-GT prov ides c o o l i n g  f o r  
t h e  main thermal c y c l e  and a l l  p l a n t  s e r v i c e  water  du r i ng  normal p l a n t  
operat ion. T h i s  system inc ludes  t h e  mai n  c o o l i  ng tower, p recoo le r  
c o o l i n g  water system p ip ing ,  pumps, and s t r uc tu res ;  t h e  makeup and 
blowdown system p ip ing ,  pumps, and s t r u c t u r e s ;  and assoc ia ted i ns t ru -  
mentation, con t ro l s ,  and chemical feed  systems. Cool i ng i s  accom- 
p l i s h e d  us ing  a  we t i d r y  c o o l i n g  system w i t h  t h e  d r y  tower  s i zed  t o  
rcject approximately 85% of t h e  waste heat  a t  t h e  system des ign po in t .  
C o o l i n g  w a t e r  passes  t h r o u g h  t h e  d r y  t o w e r ,  wh i ch  1s  p a r 1  o f  t h e  
c l osed -1  oop p r e c o o l e r  c o o l  i ng w a t e r  system. The  wet c o o l  i ng i s  
achieved through a  s h e l l  and tube  heat exchanger connected t o  a  mechan- 
i c a l  d r a f t ,  wet tower. Meteoro log ica l  cond i t i ons  t y p i c a l  o f  Modesto, 
Ca l i f o rn i a ,  were assumed f o r  purposes o f  s i z i n g  these  towers. 

The 100% mixed f l o w  v e r t i c a l  pumps a r e  assumed f o r  t h e  makeup system. 
The pumps a re  l o c a t e d  i n  t h e  i n t a k e  s t r u c t u r e  adjacent t o  t h e  r i v e r .  
Two t r a v e l i n g  screens a re  assumed, each s u i t a b l e  f o r  100% o f  t h e  f l o w  
requirements w i t h  an approach v e l o c i t y  o f  1/2 f o o t  p e r  second. Ser- 
v i c i n g  t h e  t r a v e l i n g  screens a re  two 100%-capacity screen wash pumps. 
The screens a r e  p ro tec ted  by a  b a r  rack and t r a s h  rake. 



Lead Plant  Performance 

This section summarizes those design.. and operational aspects of the 
p l an t  t h a t  a r e  the  major contr ibutcrs  t o  the plant  performance evalua- 
t i on .  Inforvation on a two-loop 2000-Mil( t )  HTGR-GT p lant  i s  presented 
a s  well a s  performance parameters f o r  a recently optimized 2170-C1W( t )  
p l an t ,  which wi l l  be the base fo r  fu tu re  work. 

5.2.1 Design Performance Parameters 

Two designs have been studied fo r  .the di rect -cycle  HTGR-GT p lant .  An 
ea r l  i e r  version with a 20CO-MW( t )  core and dry t w e r  cool ing provided 
the bas is  f o r  most of the component. designs t h a t  have been developed. 
A more recent  design w i t h  a 2170-M\I(-i) core and wet/dry toiler coo1 ing 
wi l l  be emphasized in fu r the r  on gc ing  s tudies .  Tsbles 5.2.1-1 and 
5.2.1 -2 summarize the major parameters t h a t  character! ze thdse two 
plants .  Figures 5.2.1-1 and 5.2.1-2 are simplif ied cycle diagrams, 
w i t h  per t i  nent operati  ng conditions and generator output for  optimized 
(cap i ta l  c o s t )  parameters, f o r  design reactor  core power levei s of 2000 
and 2170 MW ( t )  , respect ively .  

The  principal  d i f ferences  between the two plants  r e s u l t  from the plant  
w i t h  the 2170-b1!4( t)  core having a redesigned precooler and a higher 
precooler water temperature combined with a sl igh t ly  higher primary 
system operating pressure,  f o r  a nominal p lant  ef f ic iency cf 39.7%. 
The optimization s tud ies  showed the 2170-MWl t )  design t o  have s l  igh t ly  
1 o!pter ef f ic iency w i  t h  1 ower overall capi ta l  cos t s  (3/kl4) . 
5.2.2 Control an3 Dynamics 

Safe plant  operation,  high plant  ava i l ab i l i t y ,  p lant  equipment protec- 
ticrrl, and prevention o f  any unec~ep'iabl e re! eases of radioact iv i ty .  t h a t  
would consi t u t e  a hazard t o  the heal t h  and safety of the pub1 i c  are  
provided by the pi an t  control system (PCS) and the plant  protection 
sys tem (PPS ) . 
The PCS i s  designed t o  automatical l y  regul a t e  reactor  power, control 
el  e c t r i c a l  1 cad and turbine speed, control temperature of the he1 i urn 
del ivered t o  the turi;lnes, control thermal t r ans ien t s  experienced by 
the  power conversion loops and reactor compcnents, and provide t h 2  
p lan t  w i t h  the  capabil i ty  t o  perform routine startuplshutdown and auto- 
matic 1 oad-fol 1 owing cycles.  In addi ti'on, the PCS provides d e t x t i  on 
and actions t o  p ro tec t  ccmponents of the primary and secondary coolant  
systems frcjm damsge. I t  1 imi t s  system-induced t r m s i e n t s  and can a1 so 
a s s i s t  the PPS in  pl an t '  shutdown. Failure of the PCS will  not jecpar- 
dize the ??S funct i  ens or pub1"i'C safe ty .  

. .. 

The PCS has the capab i l i ty  f o r  continucus plant  operation under f u l l  
automatic control a t  any point between maximu~i aand minimum load. (The 
m i n i m u m  load under f u l l  autonatic control will not be 1 ess  than 252 of 



TABLE 5.2.1-1 
SUMMARY OF PRIMARY COOLANT SYSTEM 
EXPECTED PERFORMANCE AT 2000 FIW ( t )  

Number o f  power convers ion loops  
Reactor power, MW( t )  
Nominal e l e c t r i c a l  o u t p u t  ( n e t ) ,  MW(e) 
He1 ium f l o w  r a t e -  ( th rough  compressors), kg/s  ( 1  b / h r )  
Hel ium pressure  a t  h igh-pressure compressor discharge, 
MPa ( p s i a )  
To ta l  p r imary  c i r c u i t  p ressure  loss ,  kPa ( p s i )  
Recuperator h igh-pressure WP, kPa ( p s i  ) 
Reactor core, co re  suppor t  b lock ,  o r i f i c e ,  and i n 1  e t  and 
e x i t  plenums WP, kPa ( p s i  
Turb ine  WP, MPa ( p s i  
Recuperator low-pressure WP, kPA ( p s i  ) 
Precool e r  WP, kPa ( p s i  ) 
Core i n l e t  gas temperature, O C  (OF) 
Core o u t l e t  gas temperature, O C  (OF) 
Turb ine  i n l e t  gas temperature, O C  (OF) 
Compressor i n l e t  gas temperature, O C  (OF) 
Minimum cyc l  e he1 i um temperature, O C  ( OF) 
Recuperator e f f e c t i v e n e s s  
Turb ine  i sen t rop i c  e f f i c i e n c y ,  % 
Compressor i s e n t r o p i c  e f f i c i e n c y ,  % 
D i sk  c o o l i n g  f low,  % 
Generator e f f i c i e n c y ,  Z 
To ta l  hea t  losses  from r e a c t o r  t u r b i n e  system hea t  
t r a n s f e r  system, MW( t )  

Standby p a r a s i t i c  CACS hea t  1 oss, MW( t )  
Loss t o  l i n e r  c o o l i n g  sys'tem, MW( t )  
Miscel laneous hea t  losses, MW(t) 

Power t o  he l ium compress r s  ( t o t a l  1, MW( t )  
Core power dens i t y  , W/cm 8 
To ta l  compressor p ressure  r a t i o  
Dry bu l  b/wet b u l b  ambient a i r  temperature,  O C  (OF) 
Precool e r  i n l  e t  water  temperature,  O C  ( OF) 
Precool  e r  out1 e t  temperature, "C ( OF) 



TABLE 5.2.1-2 
SUMMARY OF PRIMARY COOLANT SYSTEM 
EXPECTED PERFORMANCE AT 21 70 MW ( t )  

Number of power conversion loops 
Reactor power , MW( t )  
Nomi nal el ectrical o u t p u t  ( net, MW( e )  
He1 ium flow rate (through compressors, per loop), 
kg/s (1 b / h r )  

.,Helium pressure a t  high-.pressure compressor discharge, 
: MPa (psia)  

n .  Total primary ciccui t pressure loss, kPa (ps i )  
Recuperator high-pressure WP, kPa (psi ) 
Reactor core, core support block, orif ice,  and in le t  and 
ex i t  plenums WP, kPa (p s i )  
Turbine UP, MPa (psi ) 
Recuperator 1 ow-pressure WP, kPA (psi ) 
Precool er WP, kPa (psi , 

Core in le t  gas temperature, O C  ( O F )  

Core outlet gas temperature, O C  ( O F )  

Turbine in le t  gas temperature, O C  ( O F )  

Compressor i n l  e t  gas temperature, O C  ( O F  

Mi nimum cycl e he1 i um temperature, O C  ( O F )  

Recuperator effectiveness 
Turbine isentropic efficiency, X 
Compressor isentropic efficiency, % 
Disk cooling f l ~ w ?  % 
Generator efficiency, % 
Total heat 1 osses from reactor turbine system heat 
transfer system, M W (  t)  

Standby parasitic CACS heat loss, MW( t) 
Loss t o  l iner  cooling system, MW( t )  
M i  scell aneous heat 1 osses, MW( t )  

, ' . Power to he1 i urn compress rs  ( total 1, M W (  t )  
, . " Core power density, W/c n 3  

Total compressor pressure ratio 
Dry bu l  b/wet bulb ambient a i r  temperature,(a) O C  ( O F )  

Precool er i n l  e t  water temperature, O C  ( O F )  

Precool er ou t1  e t  temperature, O C  ( O F )  

( a ) ~ e a t  dump t o  ambient a i r  i s  80% th rough  dry tower and 20% through wet 
tower. 
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Figure 5.2.1-1 HTGR-GT cycle diagram, 2000-MW(t) rating 
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Figure  5.2.1-2 HTGR-GT cyc le  diagram, 2170-MW(t ) r a t i n g  



r a t ed .  1 I t  a1 so has automatic load-f 01 1 cwi ng capabi 1 i t y  (ope ra to r -  
ac tua t ed  rod reshimming may be r equ i r ed )  f o r  r a t e s  of e l e c t r i c a l  load  
change up t o  a maximum of 5% of r a t e d  power per minute ramp change o r  
10% of r a t e d  power s t e p  change.-- --The p r o t e c t i v e  func t ions  of the PCS 
c o n s i s t  of t h e  main loop t r i p  system, the r e a c t o r  power setback func-  
t i o n ,  the c i r c u l a t i n g  water p ro t ec t i on  system, and the turbomachine 
overspeed p ro t ec t i on  system. 

a Overall P l a n t  Control System - The PCS manipulates  six p l a n t  v a r i -  
abl e s  ( a s  shown i n  the process  f  1 ow diaqram i n  Fig.  5.2.2-1 ) by 
f i v e  closed-loop con t ro l i e r ' s  (F ig .  5.2.2-2). ~ a b l e s  5.2.2-1 anh 
5.2.2-2 summarize t he  PCS cont ro l  and p r o t e c t i v e  f u n c t i o n s .  

Turbine I n l e t  Temperature Control - The average i n l e t  temp- 
e r a t u r e  t o  the t u r b i n e s  of the ope ra t i ng  power conversion 
1 oops i s control  1 ed by ad j  u s t i  ng' r e a c t o r  power. Thd s i s 
accompl i shed by the t u r b i  ne itil e t  temperature cont ro l  1 e r  
(F ig .  5.2.2-2),  which provides  a command s igna l  t o  the reac-  
t o r  neutron f l u x  c o n t r o l l e r .  The r e a c t o r  f l u x  c o n t r o l l e r  ad- 
j u s t s  the pos i t i on  of the cont ro l  rods t o  vary r e a c t o r  power, 
which a1 t e r s  t h e  amount of h e a t  a v a i l a b l e  t o  the he1 i u m .  The 
neutron f l u x  c o n t r o l l e r  (F ig .  5.2.2-2) c o n s i s t s  of an on-off 
c o n t r o l l e r  w i t h  dead band and h y s t e r e s i s .  The temperature  
1 oop i s  composed of a proport ional  -p l  us-i  n tegra l  cont ro l  1 e r  
w i t h  l i m i t e d  ou tput .  The limits f o r  this  loop a r e  chosen t o  
prevent  control-system-induced power excursions from caus ing  
any unin ten t iona l  r e a c t o r  trip. 

- LoadjSpeed Control - The 1 oad/speed cont ro l  1 e r  (F ig .  5.2.2- 
2 )  i s  designed t o  maintain the power de l ive red  t o  the genera- 
t o r  through t h e  turbomachine s h a f t  equ iva l en t  t o  the demanded 
e l e c t r i c a l  power throughout t h e  normal 1 oad range. To accom- 
pl i sh th is  func t ion ,  the 1 oad/speed cont ro l  1 er modul a t e s  t u r -  
b ine  power using the primary bypass va lve  t o  maintain turbo-  
machine speed and power a t  de s i r ed  va lues .  Actuation of the 
primary bypass va lve  causes  p a r t i a l  d ive r s ion  of he1 ium f low 
f r ~ m  the core  in1 e t  plenum t o  t h e  i n l e t  of t he  low-pressure 
s i d e  of the r ecupe ra to r ,  t hus  reducing tu rb ine  d r i v e  power by 
reduc t ion  of the t u r b i n e  pressure  r a t i o  and tu rb ine  flow. 
The c o n t r o l l e r  wi l l '  use load  and speed e r r o r s  t o  genera te  the 
requi red  valve command s ignal  s. The control  1 e r  uses 
proport ional  -pl us - in tegra l  a c t i o n  t o  regul a t e  1 oad and speed. 
The i n t e g r a l  a c t i o n  of the c o n t r o l l e r  moves the primary by- 
pass  va lve  such t h a t  load and speed a r e  brought t o  demanded 
va lues .  A term proport ional  t o  speed e r r o r  i s  summed w i t h  
the i n t e g r a t e d  e r r o r  s igna l  t o  provide 1 oad damping and r ap id  
system response. 



FROMOTHER 
LOOP(S) 

TURBINE u COMPRESSOR 

SYMBOLS TLpR - TEMPERATURE-LOW 
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E - ELECTRICAL POWER ATOR INLET 

THPR - TEMPERATURE-HIGH Tti - TEMPERATURE-TURBINE 
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F i g u r e  .5:2.2-1 HTGR-GT p l a n t  p r o c e s s  f low diagram showing p l a n t  c o n t r o l  
i n p u t s  
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Figure 5.2.2-2 HTGR-GT plant control system 



Protective Function 

Loadlspeed control 

Turbine i n l e t  
temperature control 

Attemperati on 
control 

Surge margin 
control 

Plant  o r  loop 
s ta r tup  

Plant  o r  loop . 
shutdown 

TABLE 5.2.2-1 
SUMMARY OF PCS CONTROL FUNCTIONS FOR HTGR-GT 2000-MW(t) PLANT 

I n i t i a t i ng  Condition 

Normal operati  ngl mode 

Normal operating mode 

Normal operati ng mode 

1. Receipt of PC.; over- 
speed protection 
signal 

1 4. Synchronization 

Surge margi n be1 ow 
s e t  point 

Operator command 

Operator command 

I System Action1 
'Purpose Interfaces 

Regulate e l e c t r i c  power 
generation and control 
turbomachi ne speed 

Regulate reactor power t o  
control turbine in1 e t  
temperature 

Control thermal t r ans ien t s  
experienced by power 
conversion 1 oop and reactor 
components 

Control turbine speed when 
operating under no-load 
condi t i  ons 

Protect  compressor 

Control speed and load 
w i t h  trim and primary 
bypass valves 

Control reactor power 
using control rods 

control thermal t r ans ien t s  
experienced by power 
conversion loop and reactor 
components by actualtion of 
the  attemperation valve Cn 

I 
P 
cn 

Control turbomachine speed 
wi t h  primary bypass val ve 

.Open attemperati on 
val ve 

Startup I To be determi ned 

Shutdown To be determi ned 



TABLE 5.2.2-2 
SUMMARY OF PCS PROTECTIVE FUNCTIONS FOR HTGR-GT 2000-MW(tj PLANT 

System Ac t ion /  
I n t e r f a c e s  

1. I n i t i a t i o n  o f  main 
loop  shutdown 
through PPS main 
loop  shutdown system 

2. 1n i  ti a t e  reduc t i on  
o f  PCS r e a c t o r  power 
through setback and 
t u r b i n e  i n l e t  tem- 
pe ra tu re  c o n t r o l l e r  

! 
3. I n i t i a t e  turbo-  

machine b a r r i n g  

Purpose 

Prevent  damage t o  
turbomachine/generator ' 

bear ings 

Prevent  damage t o  pr imary 
seal 

De tec t  turbomachine- 
generator  coup l i ng  
f a i  1 u r e  

Detec t  damage o r  leakage 
froul s h a f t  seal 

Prevent  damage t o  power 
convers ion loop  compo- 
nents due t o  l o s s  o f  
precool  e r  coo l  i ng 

P r o t e c t i v e F u n c t i o n  

Main loop  t r i p  
(automat ic  loop  
shutdown) 

Main loop  t r i p  
( automatic 1  oop 
shutdown) 

Main loop  t r i p  
(automat ic  loop  
shutdown ) 

Main loop  t r i p  
(automat ic  loop 
shutdown ) 

Main loop t r i p  
(automat ic  loop  
shutdown 

I n i t i a t i n g c o n d i t i o n  

To ta l  o r  p a r t i a l  l o s s  
of turbomachine o r  gen- 
e r a t o r  1  u b r i c a n t  system 
o r  l u b r i c a n t  design 
1 i m i  t s  exceed 

T~rbomach~ i  ne bear ing  
seal f a i l u r e  o r  leakage 

Speed d i f f e r e n c e  between 
generator  and i t s  assoc- 
i a t e d  turbomachine 
( > I 0  rpm) 

Pene t ra t i on  s h a f t  seal 
f a i  1  u r e  

PCS o r  PPS precoo le r  
iso1at ic.n and dump 



Reactor power 
.setback 

Reactor power 
se.tback 

Reactor power 
setback 

TABLE 5.2.2-2 (Cont inued) 

Sy s tem Ac t  i on/ 
I n t e r f a c e s  

1. Close p recoo le r  
i s o l a t i o n  va lves 

2. I n i t i a t e  shutdown o f  
PCS a f f e c t e d  loop  
through main loop  
t r i p  ! 

1. I n i t i a t e  shutdown o f  
PCS a f f e c t e d  loop  
t h r o  gh main loop  

Ya) t r i p  

1. I n s e r t  r o d  p a i r s  i n  
p rese lec ted  group t o  
reduce r e a c t o r  power 

P r o t e c t i v e  Func t i on  

Main loop t r i p  
(automat ic  loop  
shutdown ) 

C i r c u l a t i n g  wate r  
system p r o t e c t i o n  

C i r c u l a t i n g  water  
system p r o t e c t i o n  

I n i t i a t i n g  Cond i t i on  

Excessive v i b r a t i o n  o f  
turbomachine o r  
generator  

Mismatch o f  water  f l o w  
t o  and f rom t h e  
p recoo le r (  s )  

Water f l o w  t o  t h e  pre-  
c o o l e r ( s )  below design 
l i m i t  

High r e a c t o r  power-to- 
f l ow  r a t i o  (1.25) 

tli gh average t u r b i  ne 
i n l e t  temperature 
( 1600°F) 

Two o r  more e l e c t r i c a l  
breakers t r i p p e d  

Purpose 

Prevent  dan~age t o  bear- 
i ngs  o r  seals  

Prevent  l o s s  o f  water  
f rom t h e  c o o l i n g  wate r  
sys teln 

Prevent  b o i l i n g  wate r  i n  
t h e  p recoo le r [  s )  

Avoid caus ing a PPS 
power-to-f low t r i p  

Avoid caus ing a PPS 
t u r b i n e  i n l e t  temp- 
e r a t u r e  t r i p  

Avoid caus ing a PPS 
power- to- f l  ow t r i p  



TABLE 5.2.2-2 (Continued) 

la)check valves c lose  on l ass  o f  f low. I s o l a t i o n  valves l e f t  open t o  avoid excessive pressure. 

System Act ion1 
In te r faces  

1. I n i t i a t e  opening o f  
the primary bypass 
valve through the 
PCS no-1 oadlspeed 
con t ro l  1 e r  ! 

Purpose 

Avoid causing a PPS 
power-to-f l  ow t r i p  

Prevent b o i l i n g  o f  
water i n  precooler(  s )  

Prevent turbomachi ne 
overspeed 

Prevent turbomachine 
overspeed 

Pro tec t i ve  Funct ion 

Reactor power 
setback 

Reactor power 
setback 

Overspeed 
p r o t e c t i o n  

Overspeed 
p r o t e c t i o n  

I n i t i a t i n g  Condi t ion 

PCS o r  PPS main loop 
t r i p  s ignal  

Decrease o f  water f low 
t o  and from a precooler  
below design l i m i t s  

Generator breaker 
t r i p  

Generator output  power 
and demanded power 
d i f f e r  by preset  value 



No-Load/Speed control  * - Direc t  cont ro l  of turbomachi ne 
speed i s  requi red  f o r  p l a n t  o r  loop s t a r t u p ,  control  1 ed man- 
ual o r  automatic  shutdown, synchroniza t ion ,  ho t  standby, and 
overspeed p ro t ec t i on .  -- For these in s t ances  t h e  turbomachine 
speed w i  11 be cont ro l  1 ed by the no-1 oad/speed control  1 e r  
( F i  g. 5.2.2-2 ) . Thi s con t ro l  1 e r  commands ac tua t ion  of the 
primary bypass va lve  t o  maintain speed a t  a demanded va lue .  
T h i s  demanded va lue  may be a f i x e d  set p o i n t ,  i .e. ,  l o s s  of 
l o a d  w i t h  r e t u r n  t o  i d l e ,  o r  i t  may be a programmed ramp pro- 
f i l e  f o r  purposes such a s  p l a n t  s t a r t u p  o r  shutdown. The 
c o n t r o l  1 e r  c o n s i s t s  of a p ropor t iona l  -pl us-i n tegra l  network 
w i t h  1 i m i  t e r s  t o  prevent  i n t e g r a t o r  s a t u r a t i o n  during 1 a r g e  
t r a n s i e n t s .  

Attemperation Control - Thermal t r a n s i e n t s  experienced by the 
power conversion 1 oops and r e a c t o r  components are cont ro l  1 ed 
th roughout  the normal load  range by the a t tempera t ion  con- 
t r o l  1 e r  (F ig .  5.2.2-2). The cont ro l  1 e r  manipul a t e s  the sum 
of the 1 ow-pressure r ecupe ra to r  i nl e t  and high-pressure re- 
c u p e r a t o r  e x i t  temperatures  t o  a demanded va lue  t h a t  wi l l  be 
a programmed f u n c t i o n  of average t u r b i  ne i nl e t  temperature .  
Control i s  accompl i shed by a c t u a t i o n  of the a t tempera t ion  
v a l v e ,  which d i v e r t s  he1 ium f low from the compressor e x i t  t o  
the t u r b i n e  e x i t .  The temperature  demand s igna l  is  designed 
t o  hold the a t tempera t ion  va lve  c losed  under normal ope ra t i ng  
c o n d i t i o n s .  The command s igna l  i s  nominally 1 imi ted  t o  1 OF/s 
t o  con t ro l  the r a t e  of temperature  change experienced by the 
components. The remainder of the loop c o n s i s t s  of a 
p ropor t iona l  -pl us-i n tegra l  control  1 e r  w i t h  1 i m i t e r s  t o  pre- 
v e n t  i n t e g r a t o r  s a t u r a t i o n .  

- Surqe,,, Marqirl Control - The surge margin c o n t r o l l e r  (Fig. 
5.2.2-2) a c t s  t o  maintain t h e  compressor surge margin. This  
c o n t r o l l e r  comes i n t o  a c t i o n  through ac tua t ion  o f - t h e  attem- 
p e r a t i o n  va lve  whenever the approximate surge margin i s  not  
above a set  poin t .  Opening of the va lve  reduces the compres- 
s o r  p r e s s u r e  r a t i o  and, a s  a r e s u l t ,  i nc reases  compressor 
surge  margin. The measurement of surge margin f o r  the con- 
t r o l  i s  n o t  f e a s i b l e  i n  terms of d i r e c t  measurement. How- 
e v e r ,  d i r e c t  measurements of the compressor in1 e t  p re s su re ,  
p r e s s u r e  r i s e ,  and i n l e t  dens i t y  a r e  used f o r  control  pur- 
poses.  

s Load-Fol lowing Capabil i t y  - The HTGR-GT p l a n t  i s  designed t o  be 
capable  of cont inuous opera t ion  under manual and automatic cont ro l  
a t  any, p o i n t  between design power and minimum 1 oad. The p l  a n t  i s 
a1 so  designed t o  f 01 1 ow 1 oad w i t h i n  th is  ope ra t i  ng range a t  r a t e s  

* Thi s  f u n c t i o n  is  expected t o  be implemented a s  a subfunct ion of the 
1 oad/speed con t ro l  . 



o f  l o a d  change up t o  those shown i n  Table 5.2.2-3. The weekly 
l o a d - f o l l  owing cyc le  used as a design bas is  i s  shown i n  F ig .  
5.2.2-3. . The reac tor  t u r b i n e  system w i l l  be capable of accom- 
p l  i sh i  ng r o u t i n e  s ta r tup  and-- shutdown operat ions - i n  the approxi - 
mate t imes shown i n  Tab1 e 5.2.2-4. 

Response t o  C r i t i c a l  Trans ien ts  - The p l a n t  t r a n s i e n t s  were ana- 
l y z e d  t o  i d e n t i f y  l i m i  t i n g  design requirements f o r  p l  a n t  compo- 
nents, toe assess the  adequacy o f  t he  p l  an t  t r a n s i e n t  performance, 
and as a bas is  t o  e s t a b l i s h  the PPS requirements. Th is  work i s  
n o t  complete and represents only  t he  ana lys is  accompl i shed t o  date 

. . .  
'on the  HTGR-GT 2000-MW(t) p lan t .  Table 5.2.2-5 shows a b r i e f  com- 
pa r i son  o f  the expected performance o f  the  2000-MW(t) p l a n t  t ran-  
s ients.  The t r a n s i e n t s  a re  described i n  more d e t a i l  i n  Appendix 
B. . . .  - .  

5.2.3 Inserv ice  Inspect ion ( IS11 

The bas i s  f o r  development o f  an I S 1  program f o r  the  p l a n t  i s  proposed 
i n  the ASME B o i l e r  and Pressure Vessel Code f o r  Gas-Cooled Systems, 
Sect ion X I ,  D i v i s i o n  2. 

The impact o f  I S 1  and t e s t i n g  on p l a n t  a v a i l a b i l  i t y  can be minimized by 
schedul i ng IS1 operat ions t o  co inc ide  w i t h  r e f u e l  i n g  and o ther  p l  anned 
outages. Whil e  some I S 1  operat ions can be conducted du r i  ng normal 
p l a n t  operat ions, the  bu l k  can be pe r f  ormed on l y  du r ing  shutdowns. A1 - 
though many p o s s i b i l i t i e s  e x i s t  f o r  d i v e r s i t y  i n  the  owner's program 
p lan  due t o  the  f l e x i b i l i t i e s  pe rm i t t ed  i n  t he  a p p l i c a t i o n  o f  the code, 
the  bas ic  concern i s  the ex ten t  t o  which outages r e s u l t i n g  f rom I S 1  
operat ions can be expected t o  reduce p l a n t  a v a i l a b i l i t y .  

A program o f  inspect ion  and t e s t i n g  f o r  NSS components, NSS/BOP i n t e r -  
face components, and components of BOP systems w i l l  ' f o l l o w  the pre- 
scr ibed t y p i c a l  work area l o g i c  shown by F ig .  5.2.3-1. 

The p l a n t  concept under d iscussion comprises elements generic t o  the 
HTGR and unique t o  the GT. Previous s tud ies  have i d e n t i f i e d  p l a n t  per-  
f ormance aspects o f  IS I and t e s t i n g  f o r  generic e l  ements. Q u a n t i t a t i v e  
d i f f e rences  i n  the se lec t i on  o f  elements, such as core s i z e  and number 
o f  loops, w i l l  impact p r o p o r t i o n a l l y  on 1-51 scope and durat ion.  The 
f o l l o w i n g  major components are  unique t o  t h i s  concept and cyc le  and are 
1 ocated i n s i d e  the  containment w i t h i n  the  PCRV: turbomachi ne, ho t  
duct, recuperator,  precooler ,  and hel ium con t ro l  valves. 

Inspect ions t h a t  d i r e c t l y  impact on the r e f u e l  i n g  du ra t i on  are those 
which are conducted from the top head area and which i n t e r r u p t  r e f u e l -  
i n g  sequences. Components o f  t h i s  category inc lude reac to r  i n t e r n a l s ,  
spec i f i c  top head penetrat ions,  and top head po r t i ons  o f  p i p i n g  systems 
extending f rom the PCRV. Inspect ion o f  turbomachi ne components r e q u i r -  
i ng the use of t he  containment crane w i l l  a1 so impact on r e f u e l  i ng. 



TABLE 5.2.2-3 
DESIGN RATES OF ELECTRICAL .-. .. LOAD CHANGE . 

Maximum r a t e  o f  l o a d  change 5% o f  r a t e d  1 oad per  minute between 
( f o r  changes > l o % )  25% and 100% o f  r a t e d  l oad  

Maximum s tep  1 a change (no 7 5 '  10% o f  r a t e d  l o a d  i n  10 s 
1 ess than ( ) h  a between 
1 oad changes 

( a ) ~ o  be determined. 

TABLE 5.2.2-4 
APPROXIMATE HTGR-GT STARTUP/SHUTDOWN TIMES 

Hours 

Generator r e l o a d  f o l l o w i n g  generator t r i p  I 0 . w  

Loop r e s t a r t  f o l l o w i n g  loop t r i p  ( (To be determined) 

Normal shutdown from fu l l  load t n  rh~rtdown mode I l o [ b )  

Normal s t a r t u p  from shutdown mode, h o t  t u r b i n e  
(Xe decayed) 

Normal s t a r t u p  from r e f u e l i n g  mode, c o l d  t u r b i n e  
(atmospheric pr imary system pressure)  I 22 

l o ( b ]  

Normal s t a r t u p  from shutdown mode, c o l d  t u r b i n e  

Normal shutdown from f u l l  l oad  t o  r e f u e l i n g  mode 
(atmospheric pr imary system pressure) 

(a )~epends  on automatic c o n t r o l  se lec t ion ,  e l  e c t r i c a l  system, and 
g r i d  c h a r a c t e r i s t i c s .  The t ime requ i red  cou ld  be sho r te r  o r  longer .  

18 

2 4 

( b ) ~ i r n e s  requ i red  f o r  these modes can be v a r i e d  according t o  u t i l i t y  
requirements. 



I I I 
I SATURDAYISUNDAY I MONDAY 

I 
I FRIDAY I TUESDAY 

I 
I 

I I 1 I I 

TIME (h) 

F igu re  5.2.2-3 HTGR-GT plant  load-fol lowing cycle 



TABLE 5.2.2-5 
CR 1T ICAL TRANSIENT PERFORMANCE COMPARISON FOR HTGR-GT 2000-MU( t )  PLANT 

(a)~ow-l,ressure recuperator. 

Transient 
Desc r ip t i on  

F u l l  l oad  - 
100% nominal 

Rapid load  
decrease (5%/minl 
(1002 t o  25% 
range) 

101 step load 
decrease i n  10 s 

Single-loop 
load r e j e c t i o n  

Single-loop 
shutdown w i t h  
overspeed t r i p  

S i~ ig le - loop  t o t a l  
l oss  o f  precooler  
f low 

P lan t  t o t a l  l oss  
of precooler  f low 
(1029) (1601) 

Slow rod  
withdrawal a t  
dcsiqn 

Single- loop 

- 

Max. 
Core 
I n l e t  
Temp. 

['C 
(OF)] 

-- 

498 
(929) 

498 
(929) 

498 
(929) 

502 
(936) 

503 
1937) 

508 
(9461 

554 
(1029) 

512 
(954) 

turbon~achine 

Max. 
Turbine 

Speed 
( rpn~)  

3600 

3600 

3600 

3858 

41 50 

3615, 

3605 

3600 

Max. 
Core 

h t l e t  
Temp. 

foC 
(OF)] 

- 

A50 
(1562) 

850 
(1562) 

850 
(1562) 

854 
(1570) 

863 
(1586) 

862 
(1583) 

872 
(1601) 

904 
(1660) 

Max. 
Power-to- 
Flow Ra t io  

1 .OO 

1.15 

1.04 

1.13 

1.34 

1.19 

1.02 

12.9 

1.32 

Max. 
Rate 

o f  
Press. 

Increase 
[kPa/s 

( p s i / s ) l  

- - 

- - 

- -  

1489 
(215) 

1296 
(183) 

951 
(138) 

903 
(131) 

- - 

1262 ( 1  4200 

Max. 
Rate o f  

Press. 
Decrease 

[kPa/s 
( p s i / s ) ]  

- - 

- - 

- - 

530 
(77) 

572 
(83) 

41 4 
(60)  

758 
(110) 

- -  

Max. 
F lowRate  

a t  LPR 
I n l e t  

[ lo6  k g / r  
{ l o 6  lbm/h) l  

1.96 
(4.32) 

2.29 
15.02) 

2.10 
(4.641 

5.40 
(11.90 

5.58 
(12.30) 

4.17 
(9.20) 

4.17 
(9.20) 

2.26 
(4.99) 

5.72 
(1.3) (1005, (933) 

Max. 
Press 

a t  L P R ~ ~ )  
I n l e t  
CkPa 

( p s i a l l  
-- 

3234 
(469) 

3310 
(480) 

3234 
(469) 

4792 
(695) 

5964 
(065) 

6805 
(987) 

6130 
1089) 

3468 
(5031 

{12.60) 
434 

sha f t  break 

#ax. 
Temp. 
a t  LPR 
I n l e t  
1°C 

(OF)] 

534 
(994) 

534 
(994) 

(63) 

Max. 
Cold End 
Metal 
Temp. 

["C 
(OF)] 

208 
(406) 

208 
(406) 

208 
(406) 

217 
!(424) 

218 
(425) 

293 
(560) 

288 
(550) 

218 
(425) 

Max. 
Precooler 

I n l e t  
Te~l~p. 

['C 
(OF)] 

224 
(436) 

224 
(436) 

22 4 
(436 

238 
(460) 

239 
(463) 

309 
(589) 

310 
(590) 

245 
(473) 

Max. 
Press. 

a t  
Comp. 
I n l e t  
CkPa 

( p s i a l l  

3172 
(460) 

3240 
(470) 

--- ---- -- 

220 242 

- 

Max. 
Precooler 

O u t l e t  
Temp. 

C'C 
(OF)] 

2 7 
(80) 

29 
(85) 

? 7 
180) 

42 
(107) 

32 
(89) 

158 
(316) 

165 
(3301 

39 
(87) 

531 
(994) 

545 
(10131 

548 
(1018) 

(428) (467) 

---7 

Max. 
Recup. 
Hot End 
Metal 
Te~np. 

1°C 
(OF)] 

51 4 
(957) 

51 4 
(957) 

51 4 
(957) 

519 
(967) 

529 
(985) 

508 
(1090) 

604 
(1120) 

529 
(968) 

3247 
(471) 

4620 
(670) 

5964 
(865) 

3 1 524 
(881 

705 
(1301) 

(975) 

6805 
(987) 

760 * 6130 
(14001 (889) 

537 
(999) 

3399 
(4931 

511 6433 



. . - .. ---- - -- - 
NOTES: (a) DURING' REFUEUNG SHUTDOWN'AND NORMAL OPERATIONS. 

(b) -,.. DURING , . . REFUELING . . . .. SHUTDOWN ONLY. 

i 

IN-SERVICE INSPECTION AND TESTING - - -  -- 

INSIDE OUTSIDE 
CONTAINMENT CONTAINMENT (a) 

I A 

L 

I 

- .  - 
Figure 5.2.3-1 Typical work areas 

PCRV 
, BOTTOM HEAD, SIDE WALLS, 

AND ADJACENT AREAS OUT 
TO  CONTAINMENT(^) 

PCRV 
 INTERNAL^^) 

-. -" - - -  
P C R V  

TOP HEAD AND 
ADJACENT AREAS 

OUT TO  CONTAINMENT(^) 



All other components inside the containment external to  the PCRV, in- 
cl udi ng portions of p i  p i  ng systems extendi ng to contai nment 
boundaries, can be inspected wi_tjlout impact on refueling time frames. 
This category includes components tha t  can be inspected and tested dur- 
i ng normal operations. 

Inspections and t e s t s  conducted on components located outside the con- 
tainment do not impact on refueling; i n  many cases they can be con- 
ducted during normal plant operation and are of 1 i t t l e  consequence to  
plant ava i lab i l i ty .  

A1 though no specif ic  studies relating to  IS1 f o r  this plant concept 
have been conducted, i t  i s  estimated tha t  tasks to  be accomplished d u r -  
ing annual shutdown will not exceed 1 4  days (average f o r  10-yr inspec- 
tion in terva l ) .  Four of the 14 days will impact directly on 
refuel i ng . 
5.2.4 Mai ntenance 

The achievement of satisfactory pl ant performance i s highly dependent 
upon a well planned and executed maintenance program. The key reactor 
turbine system maintenance tasks tha t  are included w i t h i n  the overall 
plant maintenance act ivi ty  include refuel ing, IS1 (Section 5.2.3), and 
component and system servicing. 

. . -  . . . . - . . . - . . - . 

The major portion of the scheduled maintenance work i s  conducted during 
the annual refuel i ng outage, w i  t h  some 1-51 and component/system servic- 
i ng performed d u r i n g  pl ant operation. Figure 5.2.4-1 i l  lus t ra tes  those 
a c t i v i t i e s  tha t  are conducted concurrent w i t h  the refueling operation 
and those tha t  are  performed sequentially and thus contribute to  in- 
creased plant outage. I t  can be seen tha t  the turbomacl~iriery and gen- 
e ra tor  overhaul i s  conducted during the scheduled reactor turbine sys- 
tem outage. Current plans for  the i n i t i a l  plant call  for  the removal 
and servicing of a turbomachine u n i t  a t  6-yr intervals.  To minimize 
the outage, the u n i t  rep1 aced woul d be a spare machine. 

The c r i t i c a l  path f o r  the annual RTS scheduled maintenance outage en- 
compasses refuel i ng, h i  gh-temperature f i l  t e r  and adsorber handl i ng ,  and 
IS1 tasks. The most time-consuming operation w i t h i n  t h i s  sequence of 
events i s  the refueling ac t iv i ty .  The highly ef f ic ien t  fuel handl ing 
components are serviced d u r i n g  plant operation immediately preceding 
plant shutdown f o r  the annual refuel ing outage. Wi th  the principal ex- 
ception of the control rod drive mechanism, the remaining RTS compo- 
nents a re  maintained i n  para1 le l  w i t h  the refuel ing ef for t .  The main- 
tenance tasks f o r  the control rod drive mechanisms are performed a t  the 
reactor equipment service f a c i l i t y  a f t e r  the reactor has returned to 
powered operation. Schedul i ng of control rod drive servicing f a i r l y  
soon a f t e r  the annual refueling h i l l  provide an early indication of any 
problems which m i g h t  be developing w i t h  the drives. 

The maintenance studies conducted fo r  the HTGR-GT were related princi- 
pally t o  the turbocompressors, precoolers, recuperators, hot ducts, and 
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F igure  5.2.4-1 HTGR-GT p l a n t  typical  refuel i n g  outage 
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helium con t ro l  va lves .  These components had been i d e n t i f i e d  by a u t i l -  
i t y  adv i so ry  c o m i  t t e e  a s  being of p a r t i c u l  z r  concern from the mainte- 
nance and s e r v i c i n g  a spec t .  

,-. - .  

During the scheduled maintenance program, the pacing item is turboma- 
ch inery  removal and replacement- Based upon the use of a spa re  turbo-  
machine, the e s t ima ted  outage time i s  21 days. The r e f u e l i n g  and o t h e r  
scheduled maintenance t a s k s  a r e  conducted w i t h i n  this time frame. 

The major unscheduled maintenance t a s k s  t h a t  would promote a p l a n t  
shutdown f o r  r e s t o r a t i o n  o r  replacement of RTS components inc lude  t a s k s  
i nvol v i  ng the precool e r s ,  r ecupe ra to r s ,  CAHEs ,  and auxi 1 i a ry  c i  rcu l  a-  
t o r s .  Other than  tube  plugging of the h e a t  exchangers,  no o t h e r  major 
s e r v i c i n g  of these components can be performed i n - s i t u .  The removal of 
t h e  ci rcu l  a t o r s  has  been provided f o r ,  i .e. ,  cask and handl i ng capab i l -  
i t i  e s .  Temporary s t r u c t u r e s ,  handl i ng capabi 1 i ti  es , e t c .  , wou1 d have 
t o  be provided i n  the un l ike ly  event  of hea t  exchanger removal and r e -  
placement. 

5.2.5 R e l i a b i l i t y  and A v a i l a b i l i t y  Goals 

Avail a b i l  i t y  i s  def ined  a s  the pe rcen t  of time, averaged over  p l a n t  
1 i f e t i m e ,  t h a t  a r e a c t o r  i s  ope ra t i ng ,  o r  capable  of ope ra t i ng ,  a t  de- 
s i g n  condi t i  ons. Experience w i t h  LWR e l e c t r i c  genera t ing  s t a t i o n s  
shows achieved a v a i l a b i l i t i e s  on the o rde r  of 70%. Considerable  e f f o r t  
i s  being made i n  va r ious  p l a n t  improvement programs t o  i nc rease  this 
va lue  f o r  ope ra t i ng  LWRs. In add i t i on ,  an ex t ens ive  a v a i l a b i l i t y  as-  
su rance  plan was adopted i n  the design phase f o r  the Sundeser t  p l a n t ,  
which s e t  a goal of 90% a v a i l a b i l i t y .  The d r i v e  toward achieving 
h ighe r  a v a i l a b i l i t y  i s  expected t o  cont inue  i n t o  the 1990s, and HTGR 
power p l a n t  programs must be competi t ive.  The a v a i l a b i l i t y  goal f o r  
t h e  mature (>5-yr  o p e r a t i o n )  HTGR-GT p l a n t ,  t h e r e f o r e ,  has been set  a t  
90%, and a -pr-uyrd~ll t o  achleve this goal w i l l  be devised and imp1 e- 
men ted. 

In o r d e r  t o  guide the design e f f o r t  toward ach iev ing  a t a r g e t  a v a i l -  
a b i l  i t y  , the t o t a l  permiss ib le  annual average downtime i s divided and 
a1 1 oca ted  a s  goal s f o r  both schedul ed and unschedul ed ca t ego r f e s .  
Scheduled downtime is ,  of course ,  the time a l l o c a t e d  f o r  ope ra t i ons  
such a s  r e f u e l i n g  and planned maintenance. Unscheduled downtime i s  as-  
s o c i a t e d  w i t h  shutdowns forced  by equipment f a i l u r e  o r  ope ra to r  e r r o r  
and is  e s t ima ted  from p ro j ec t ed  r e l i a b i l i t y  and time requ i r ed  f o r  re -  
p a i r .  These p l a n t  l eve l  a l l o c a t i o n s  a r e  f u r t h e r  d iv ided  i n t o  major 
p o r t i o n s  such a s  RTS and BOP and then f u r t h e r  d iv ided  i n t o  systems, 
subsystems, and components. A t  a l l  design phases ,  a t radeof f  of equip- 
ment c o s t  v e r s u s  a v a i l a b i l i t y  can be cons idered  i n  terms of t h e  c o s t  of 
downtime, and the a1 1 oca t ions  ad jus ted  a s  necessary f o r  f e a s i  b i l  i t y  
and/or c o s t  cons ide ra t i ons .  



To achieve an aver'age a v a i l a b i l  i t y  o f  90% over t h e  p l a n t  1 i f e t i m e ,  the  
t o t a l  average annual. downtime cannot exceed 876 h. For i n i t i a l  a1 loca-  
t i ons ,  i t  i s  o f ten  assumed t h a t  scheduled and unscheduled downtimes 
c o n t r i b u t e  equa l ly  a t  438 h /y r .  Case. I i n  Table 5.2.5-1 'shows an a l l o -  
c a t i o n  based on t h i s  assumption. The a1 l oca ted  times o f  scheduled 
i tems o ther  than turbomachine serv ice  are  based on est imates f o r  p r e v i -  
ous HTGR-GT and HTGR-SC concept studies.. This  a l l o c a t i o n  would f o r c e  
the  turbomachine overhaul o r  serv ice  t o  be accompl ished, on the aver- 
age, w i t h i n  438 h/yr .  As noted i n  the  p r e d i c t i o n  column o f  the  tab le ,  
however, the  est imated t ime f o r  turbomachine serv ice  (every 6 yr  f o r  
each o f  t he  two machines f o r  an average i n t e r v a l  o f  3 y r )  i s  504 h p l u s  
45 h f o r  shutdown and s ta r tup  o f  the  reac tor .  This  y i e l d s  an annual 
average of 480 h of scheduled outage, which i s  the  bes t  est imate a t  
t h i s  t ime. Hence, Case I 1  i n  Table 5.2.5-1 prov ides an a l l o c a t i o n  t h a t  
assumes the  average scheduled downtime i s  480 h/yr .  

The a l l o c a t i o n  unscheduled downtime f o r  Case I 1  cannot exceed the d i f -  
ference between 876 h and the  scheduled downtime, y i e l d i n g  396 h /y r .  
Based on prev ious HTGR-GT and HTGR-SC analyses, a l l o c a t i o n  o f  195 h f o r  
systems common t o  the  GT and SC concepts i s  adopted f o r  p re l im ina ry  a l -  
l o c a t i o n  versus the  280 h predic ted.  This leaves 201 h / y r  f o r  t h e  un- 
scheduled downtime associated w i t h  components t h a t  are exc lus ive  t o  the  
HTGR-GT. The t o t a l  p red ic ted  downtime f o r  these components, scaled 
from previous anlayses o f  a three-loop HTGR-GT, i s  275 h / y r  ( l a s t  c o l -  
umn o f  Table 5.2.5-1). 

I n  summary, t o  achieve a 90% a v a i l a b i l i t y  goal,  the  p resen t l y  p red i c ted  
t o t a l  unscheduled downtime o f  550 h needs t o  be reduced t o  400 h, g iven 
t h a t  the  p red i c ted  scheduled downtime and unscheduled downtime f o r  t he  
GT/SC common components can be rea l i zed .  The above p re l im ina ry  p red i c -  
t i o n s  and goal a l l o c a t i o n s  should n o t  be viewed as an accurate assess- 
ment o f  t he  a v a i l a b i l i t y  f a c t o r  f o r  the  HTGR-GT b u t  as i n d i c a t i o n s  o f  
the  f e a s i b i l i t y  o f  achiev ing the h igh  a v a i l a b i l i t y  goal and the magni- 
tude o f  the improvements needed. Moreover, achievement of an a v a i l -  
a b i l  i t y  goal of 90% o r  g reater  w i l l  requ i  r e  a d i  s c i p l  i ned engi nee r i  ng 
program t h a t  considers the e f f e c t s  o f  every f a c e t  o f  design, procure- 
ment, I n s t a l l a t i u n ,  and opera t ion  on the  a v a i l a b i l i t y  ab jec t ives .  

5.2.6 Operator Exposure 

Rad ia t ion  exposures t o  p l  an t  personnel i nc l  ude the exposures a r i  s i ng  
from reac tor  operat ion and s u r v e i l  1 ance, r e f u e l  i ng, waste processing, 
I S I ,  and speci a1 ( o r  unpl anned) mai ntenance. Occupational exposures 
f o r  the HTGR-GT p l a n t  are y e t  t o  be assessed. It i s  p ro jec ted  t h a t  t he  
man-rem exposure f o r ' t h e  HTGR-GT p l a n t  w i l l  be approximately 25% great-  
e r  thdn t h a t  f o r  a comparably s ized HTGR-SC p lan t ,  as discussed be1 ow. 

Two major f a c t o r s  con t r i bu te  t o  the  increase i n  t he  occupational expo- 
sure f o r  the HTGR-GT p lan t .  One i s  the maintenance associated w i t h  
the  pr imary system, which i s  more complex i n  the  HTGR-GT. The o ther  i s  
the add i t i ona l  access requi  rements t o  the containment bu i  1 d i  ng d u r i  ng 



TABLE 5.2.5-1 
AVAILABILITY GOALS AKD PREDICTIONS FOR TWO-LOOP DIRECT CYCLE HTGR-GT 

( a ) ~ o t  p resent ly  considered achievable. 
( b)~aximum 3-yr i n t e r v a l .  
( C ) F O ~  exanpl e, reactor ,  he1 ium pump, CACS, c i r c u l a t o r ,  etc.  
Id)~urbomachine, precooler. recuperator,  and power conversion loop valves. 

Pre l  i m i  nary 
P red i c t i ons  
[h /y r  ( % ) I  

4 5 
330 
60 
10 

504 

480 (5.5) 

280 
275 

555 (6.3) 

1035 (11.8) 

88 

Schedul eQ downtime 

Shutdown and s ta r tup  
Refuel ing 
Inse rv i ce  inspect ion  
F i l t e r  absorber replacement 
Turbomachi ne (3 -y r  i n t e r v a l  ) 

Annual average 

Unschedul ed downtime 

Requiremen s comnmn w i t h  o ther  
concepts f c  1 

Requirements exc lus ive  t o  H T G R - G T ~ ~ )  

Tota l  unscheduled 

Tota l  schedul ed and unschedul ed 

Avai 1 ab i  1 i ty (3) 

P re l  i m i  nary Goal s 
h / y r  ( % I  1 

Equal Schedul ed 
and Unschedul ed 

(Case I )  

45 
330 
60 
10 

<438(a) 

438(a) ( 5 )  

195 
243 

438 ( 5 )  

876 (10) 

90 

Domi nant 
Schedul ed 
(Case 11) 

45 
330 
60 
10 

504 ( r n a ~ ) ( ~ )  

480 (5.5) 

195 
201 

396 (4.5) 

876 (10) 

90 



reac to r  opera t ion  because of more a u x i l i a r y  equipment items i n  the  
HTGR-GT containment. 

It has been .establ ished as a desi-gn bas i s  f o r  t h e  HTGR-GT t h a t  the  r a t e  
o f  occupat ional dose accumul a t i o n  be 1 i m i  t e d  t o  200 man-rem/GW ( e ) y  w i t h  
the  breakdown by the  type o f  opera t ion  as shown i n Tab1 e 5.2.6-1 ; t h i s  
i s  based on the in fo rmat ion  presented i n  Ref. 1 and i ncl  udes ad jus t -  
ments t o  account f o r  the  in-vessel r e f u e l i n g  scheme. The expected r a t e  
o f  accumul a t i  on w i  11 be 1 ess than 100 man-rem/GW ( e  )y . 
A1 though the  exposure f o r  t he  HTGR-GT i s  greater  than t h a t  f o r  t he  
HTGR-SC, i t i s  s t i l l  considerably lower than the  actual  LWR experience 
o f  1570 man-rem/GW(e)y. Actual man-rem exposures a t  the  Peach Bottom 
HTGR and a t  the  FSV HTGR have been excep t i ona l l y  low. The annual c o l -  
l e c t i v e  dose has never exeeded 10 man-rem. Furthermore, the opera t ing  
experience a t  the  FSV - p l a n t  conf inns t h a t  the r a t e  o f  dose- a c ~ u m u l a t i o n  
f o r  t he  HTGR p l a n t  i s  l e s s  than 100 man-rem/GW(e)y. 

5.2.7 Radioact ive E f f l u e n t s  and Waste 

Dur ing normal opera t ion  o f  the  HTGR-GT, r a d i o a c t i v e  mater ia l  w i l l  be 
produced by f i s s i o n  and by neutron a c t i v a t i o n  o f  cons t i t uen ts  o f  t he  
pr imary he1 ium cool ant. Most o f  the  f i s s i o n  products w i l l  remain w i th -  
i n  the coated f u e l  p a r t i c l e s ;  however, small q u a n t i t i e s  may escape 
through the p y r o l y t i c  carbon coat ings i n t o  the graph i te  o f  the f u e l  
elements and f i n a l l y  d i f f u s e  i n t o  the  pr imary he1 ium cool ant. It i s  
expected t h a t  r e a c t o r  core components may be contaminated with g raph i te  
dus t  and 1 i g h t l y  adherent f i l m s  of p l  a teout  a c t i v i t y  . A d d i t i o n a l l y  , 
the pr imary coo lan t  and i t s  at tendant  f i s s i o n  products may 1 eak a t  a 
very low r a t e  f rom the  opera t ing  reac to r  t o  t he  containment and second- 
a ry  systems and subsequently t o  the environment. The HTGR-GT p l a n t  
w i l l  have i n s t a l l e d  waste t reatment  systems designed t o  c o l l e c t  and 
process the gaseous, l i q u i d ,  and s o l i d  waste produced by coolant  p u r i -  
f i c a t i o n  processes, decontamination procedures, and var ious system 
1 eakages t h a t  may occur du r ing  p l  an t  operat ions. 

Pre l im inary  estimates o f  the q u a n t i t i e s  o f  r a d i o a c t i v e  waste generated 
dur ing  the  opera t ion  of t he  HTGR-GT p l a n t  have been ca lcu la ted .  The 
f 01 1 owing d i  scussion b r i e f l y  summarizes the in fo rmat ion  on HTGR-GT ra-  
d i o a c t i v e  wastes and compares est imates o f  HTGR-GT waste q u a n t i t i e s  t o  
those f o r  LWR p l a n t s  o f  s i m i l a r  thermal power r a t i n g .  

5.2.7.1 L iau ids  

During opera t ion  o f  the HTGR-GT p lan t ,  a number o f  rad ioac t i ve  1 i q u i d  
wastes a r e  generated, co l lec ted ,  and subsequently processed by the  l i q -  
u i d  waste processing system. The expected sources of the 1 i q u i d  rad io -  
a c t i v e  waste are as fo l lows:  

1 . Decontamination system f 1 u i  ds. 



TABLE 5.2.6-1 
MAN-REM DESIGN BASIS FOR 2000-MW( t )  HTGR-GT PLANT 

Type of Operation 
Design Bas is  ( a )  
(man-rem/y-uni t )  

Refuel i ng 

Reactor  ope ra t i on  and 
su rve i  11 ance ( b )  

Reactor  t u r b i n e  system 
maintenance and IS1 

Balance of p l a n t  
maintenance 

Speci a1 mai ntenance 

Total  

Rate of accumul a t i o n ,  ( b )  
man-rem/GW ( e )y 

' ( a )40% thermal e f f i c i e n c y  and 80% load  f a c t o r  
ass m d .  

YbfMai nly from con ta i  nrnent access  dur ing  
ope ra t i on .  



2. Water drained from the helium regenera t ion  coo le r  and from the 
r a d i o a c t i v e  gas recovery system ( i f  i n s t a l  l e d ) .  

3 .  Low-1 eve1 1 aundry and con tadma ted  shower 1 i qui d waste.  

4. Water condensate t h a t  may r e s u l t  from in f r equen t  opera t iona l  occur- 
rences  of a p recooler  dump. 

Most high s p e c i f i c  a c t i v i t y  l i q u i d s  w i l l  no t  be processed f o r  r euse  bu t  
w i l l  be sol i d i f i e d  o r  otherwise f i x e d  and t r e a t e d  a s  sol i d  waste. 
Other low s p e c i f i c  a c t i v i t y  f l u i d s  ( e .g . ,  laundry and contaminated 
shower water w i l l  be sampl ed ,  analyzed, and processed i f  necessary.  
(Presumably, processed 1 i q u i d s  coul d be recycl  ed i n t o  pl a n t  systems. ) 

Normally; no water  from the l i q u i d  waste system would be r e l ea sed  t o  
the environment. However, i f  the processed water  i s  not  recyc led  a s  
makeup water  t o  va r ious  p l a n t  systems, and i f  i t s  concent ra t ion  s a t i s -  
f i e s  d i scharge  l i m i t s ,  the l i q u i d  may be discharged t o  e i t h e r  r ece iv ing  
water bodies  o r  s a n i t a r y  sewage systems. 

- - - - -  . 
Estimates  of the quan t i t y  and a c t i v i t y  l e v e l s  p r e sen t  i n  l i q u i d  waste 
e f f l u e n t  f o r  t h e  HTGR-GT a r e  summarized i n  Table 5.2.7-1. Also pro- 
vided i n  Table  5.2.7-1 a r e  s i m i l a r  e s t ima te s  of t h e  l i q u i d  waste e f f l u -  
e n t s  f o r  LWR (bo th  BWR and PWR) p l a n t s .  I t  i s  apparen t  t h a t  a n t i c i -  
pated HTGR r a d i o a c t i v e  l i q u i d  waste  d i scharges  t o  the environment a r e  
b u t  small f r a c t i o n s  of those  f o r  s i m i l a r l y  s i z e d  LWR p l a n t s  i n  terms of 
both a c t i v i t y  l eve l  and quan t i t y .  

5.2.7.2 Gases 

In the normal conduct of p l a n t  ope ra t i ons ,  small q u a n t i t i e s  of radio-  
a c t i v e  mater ia l  w i l l  be re1 eased t o  .the atmosphere i n  gaseous e f f l u -  
en t s .  Radioactive gaseous sources  inc lude  the fol lowing:  

1 . PCRV 1 eakage of primary cool a n t  t o  the containment bu i l  ding. 

2. He1 i u m  pur i f  i cd t ion  systcm regenera t ion  off  -gas. 

3 .  Radioactive gas  recovery system off-gas  ( i f  this opt ion i s  em- 
pl oyed) . 

4. Radioactive a n a l y t i c a l  instrument  sampl i ng e f f  1 uent .  

5. Fuel handl i n g  opera t ions  (auxi l  i a r y  s e r v i c e  cask off -gas ,  fue l  
handl i ng machine off -gas during re fue l  i ng, and fue l  shipping cask 
of f -gas)  . 

6. Liquid and sol i d  r a d i o a c t i v e  waste processing system of f  -gas.  



TABLE 5.2.7-1 
ANNUAL RADIOACTIVE WASTE GENERATION - NORMALIZED TO A POWER OF 800 MW(e) 

ReactorIData Source 

HTGR-GT 

Continuous purge opt ion (a)  

In te rm i t ten t  purge opt ion(h) 

BWR 

Operating p lan t  average - 1976(1) 

Improved t rea m n t  t -7 capabi 1 i t y  J 

Most advanced t eatment T capabi 1 i ty (k  

PWR 

Operating p lan t  average - 1976(1) 

Improved treatment capabil i ty(j)  

Most advanced treatment 
capabi 1 i t y (  k )  

Discharge t o  
Waste Storage 

F a c i l i t i e s ,  
Annual Release o f  Radionuclides (C i )  

Sol i d  

Volume 
(m3) 

58 

58 

1,600 

630 

-630+ 

790 

160 

-1 60+ 

Wastes 

Total 
A c t i v i t y  

(Ci 
.. 

13,000(9) 

13,000(9) 
I 

5,500 

1,200 

-1,270 

320 

4,800 

-4, 800+ 

L i q u i d  Wastes 

Mixed F iss ion 
Products 

(No Tr i t ium)  

0.004(b) 

0.004(b) 

4-8 

0.32 

0.32 

5.5 

0.024 

0.002 

T r i t i um 

o(c)  

0(c)  

32 

16 

16 

790 

280 

280 

Airborne 

Noble Gases 

170(d,e,f 

le6(d,e,f) 

240,000 

52,000 

3,300 

16,000 

3,200 

1,070 

Wastes 

Iodine and 
Par t i cu la te  

0.012 

0.005 

0.8 

0.32 

0.006 

0.16 

' 0.040 

0.0045 



TABLE 5.2.7-1 (con t inued)  

( a l l h e  cont inuous purge o p t i o n  employed assumes once through conta inment  v e n t i l a t i o n  a t  a r a t e  o f  0.5 
volume/hour. E f f l u e n t  i s  f i l t e r e d  a t  an e f f i c i e n c y  o f  99.97% f o r  p a r t i c u l a t e  and 99% f o r  Halogens. No entrapment 
o f  nob le  gases i s  poss ib le .  - 

( b ) ~ s s e n t i a l  l y  o n l y  low s p e c i f i c  a c t i v i t y  f l u i d s  (e.g., l aundry  and contami na t sd  shower wa te r )  would be 
a v a i l a b l e  f o r  r e l ease  a f t e r  sampl ir-g and process ing.  Discharge would be t o  e i t h e r  c o o l i n g  tower  blowdown ( i f  wet  
c o o l i n g  tower  o p t i o n  se l ec ted )  o r  t o  r e c e i v i n g  wate r  bodies, streams, lakes,  e t c .  o r  perhaps s a n i t a r y  sewers i f  
MPC l e v e l s  a r e  s a t i s f i e d .  [Ref. F ~ l t o n  PSAR Table 11.2.2-1 .I  - 

( c ' ~ a s t e  c o n t a i n i n g  t r i t i u m  i n  s i g n i f i c a n t  concen t ra t ions  occurs o n l y  i n  h i g h  s p e c i f i c  a c t i v i t y  l i q u i d s  which 
a r e  subsequent ly s o l i d i f i e d  and processed as s o l i d  waste. No re l ease  o f  H-3 contaminated l i q u i d  t o  t h e  
env i  ronment i n  l i q u i d  waste d ischarge i s  a n t i c i p a t e d .  

( d ) ~ i r b o r n e  t r i t i u m  re l ease  o f  0.09 C i l y e a r  i n c l uded  i n  t o t a l .  

( e ' ~ i s c h a r g .  o f  nob le  gases f rom t h e  gas waste system n o t  an t i c i pa ted .  Recycle o f  Kr-85 w i t h  t h e  even tua l  
1 icensed d isposa l  a t  p l a n t  decommissioning i s  planned. 

( f  )A i  rbo rne  r e l ease  i n d i c a t e d  i j p r i m a r i l y  due t o  containment b u i l  d i  ng v e n t i l a t i o n  and leakage. Reac to r  
s e r v i c e  b u i l d i n g  v e n t i l a t i o n  r e l ease  o f  Noble Gases a r e  expected t o  be l e s s  than  0.2 C i l y e a r  and a r e  p r i m a r i l y  t h e  
r e s u l t  o f  gas waste compression and gas recovery system expected leakage [Ref. D ~ l m a r v a  PSAR, Tab le  11.3.6-21. 

( g ) ~ p p r o x i n a t e l y  48 m3 as low l e v e l  waste (620 C i ) ,  3 m3 as t i t a n i u m  sponge wzste (8300 C i  and 10 m3 a s !  
rep1 aceable r e f l e c t o r  b lock  waste (4100 C i  ). [Ref. Fu l  t o n  SER, NUREG-751033. 1 

( h ) ~ n t e r m i  t t e n t  purge f o r  HTGR-R a n t i c i p a t e d  t o  be 2 complete conta inment  purges p e r  year .  The conta inment  
atmosphere engineered clean-up system i s  ac tua ted  24 hours p r i o r  t o  conta inment  v e n t i l a t i o n  t o  t h e  atmosphere. 
V e n t i l a t i o n  o f  t h e  containment atmosphere i s  assumed t o  be f i l t e r e d  d u r i n g  d ischarge t o  t h e  environment,  e f f l u e n t  
i s  f i l t e r e d  a t  an e f f i c i e n c y  o f  99.97% f o r  p a r t i c u l a t e s ,  99% f o r  Halogens and 0% f o r  nob le  gases. 

(i 'information repo r t ed  i n  NUREG-0367, "Rad ioac t i ve  M a t e r i  a1 s Released f rom Nuc lear  Power P l a n t s  ( 1  9761," T. R. 
Decker 3/78 wss normal ized t o  f om l  a " t y p i c a l "  800 MW(e) PWR o r  BWR p l a n t  f o r  t h e  y e a r  1976. F o r  t h e  y e a r  1976, 
NUREG-0367 r e p o r t s  a t o t a l  BWR thermal  capac i t y  o f  26.3 GW( t )  and PWR thermal  capac i t y  o f  41.9 GW( t ) .  

( " ~ e f .  WASH-1258, "Numerical Cuides f o r  Design Ob jec t i ves  and L im i  t i n g  Cond i t i ons  f o r  Ope ra t i on  t o  Meet t h e  
C r i t e r i o n  'As Low As P r a c t i c a b l e '  f o r  Rad ioac t i ve  M a t e r i a l  i n  L igh t -wa te r -coo led  Nuc lear  Power Reactor  E f f l u e n t s , "  
Volume 1, J u l y  1973. NOTE: T rea l~nen t  Systems BWR-3 and PWR-5 se l ec ted  as r e p r e s e n t a t i v e  o f  improved t r ea tmen t  
capabi 1 i ty . 

( k ' ~ o s t  advanced t rea tment  c a p a b i l i t y  o f  WASH-1258 se l ec ted  as f o l l ows :  A i r b k n e  t r ea tmen t  system BWR-7 and 
PWR-8, and l i q u i d  t rea tment  system BUR-3 and PWR-6. 



The reactor containment structure will be purged w i t h  a i r  on a once- 
through basis to  maintain airborne radioactive material a t  a level be- 
low allowable l imi ts  for  access to  the containment. This ventilation 
a i r ,  which contains PCRV 1 eakage, w i  1 1  be exhuasted through p re f i l t e r ,  
HEPA,  and activated charcoal f i l t e r s  to the atmosphere. For the HTGR- 
GT, the remaining environmental discharge of gaseous wastes i s  through 
reactor service buil ding leakage and normal operation and discharge 
from the gas waste system. 

Table 5.2.7-1 summarizes the expected release of gaseous wastes to  the 
environment for  the 800-MW(e) HTGR-GT operating on a once-through a i r  
purge basis. Additional Iy, the table d i  spl ays expected gaseous release 
estimates for  an HTGR-GT closed contai nment/ i ntermi t t e n t  purge op- 
tion. As would be expected, the intermittent purge option greatly re- 
duces the release of gaseous waste, as containment ventilation to the 
environment i s  precluded between purges, thus allowing radioactive de- 
cay of the contained noble gases. 

  he' LWR gaseous waste (scaled to  power level)  i s  also included in Table 
5.2.7-1 f o r  comparison, Two estimates of LWR gaseous release are  
given: (1 ) actual measured re1 eases for  existing plants averaged over 
1976, and ( 2 )  estimates of BWR and PWR re1 eases w i  t h  moderate and ex- 
tensive l iquid and gaseous waste treatment systems instal led.  

I t  i s  apparent from Table 5.2.7-1 tha t  HTGR-GT gaseous waste releases 
to  the environment are b u t  small f r a c t i ~ n s  ~f measured I-WR d i  ssharges 
i r i  1976. Extensive gaseous waste stream treatment would reduce LWR re- 
1 eases; however, i t  i s  f e l t  tha t  HTGR-GT releases would continue to be 
less  than LWR discharges. 

5.2.7.3 Solid Wastes 

Solid radioactive waste w i  1 1 be generated during pl ant operation and 
will require disposal. Sources of solid waste for  the HTGR-GT are as 
follows: 

1. Reactor core components such as replaceable ref lector  blocks, i n -  
core instrumentation, control rods, and drive mechanisms. 

* I n t e n i  t t e n t  purge for  the HTGR-GT i s  anticipated to be two containment 
purges per year. The containment atmosphere cleanup system i s  assured t o  be 
activated 24 h pr ior  to  containment ventilation to the atmosphere. Ventila- 
t ion of containment atmosphere contents i s  assumed to be f i l te red  during 
discharge to  the environment. 



2.  Spent r e s in s '  r e s u l t i n g  from demineral i z e r  use and C02 absorber  
p re sen t  i n  t he  he1 i u m  p u r i f i c a t i o n  ,system. 

3 .  Low s p e c i f i c  a c t i v i t y  mater ia l  resul  t i n g  from p l a n t  opera t ion  such 
a s  paper,  p l a s t i c  f i lm ,  tape ;  - p r o t e c t i v e  c l o t h i n g , .  small t o o l s ,  a i r  
f i l t e r  elements,  and m i  scel  laneous e l e c t r o n i c  equipment from con- 
tami nated a reas .  

4. Spent tritium absorp t ion  medium - t i t an ium sponge from t h e  he1 ium 
p u r i f i c a t i o n  system. 

5. Spent high-temperature f i l t e r  absorber  mater ial  . 
6. S o l i d i f i e d  l i q u i d  waste. 

7. Turbomachinery blades (assuming rep1 acement r a t h e r  than decontamina- 
t i o n ) .  

So l id  wastes a r e  processed and packaged on - s i t e  and shipped o f f - s i t e  t o  
a 1 i  censed buri  a1 s i  t e  i n  accordance w i  t h  NRC and Department of Trans- 
p o r t a t i o n  regula t ions .  Gaseous and l i q u i d  wastes p o t e n t i a l l y  generated 
i n  t h e  opera t ion  of t he  s o l i d  waste processing and packaging system 
w i  11 be col 1 ec ted  and processed by t h e i r  r e spec t ive  waste systems. 

Est imates  of t he  annual q u a n t i t i e s  of s o l i d  waste a n t i c i p a t e d  f o r  HTGR- 
GT opera t ions  a r e  summarized i n  Table 5.2.7-1. This  t a b l e  a1 so  summa- 
r i z e s  ( 1 )  repor ted  LWR s o l i d  r ad ioac t ive  waste genera t ion  f o r  1976, and 
( 2 )  e s t ima te s  of LWR s o l i d  wastes  gegerated by r a d i o a c t i v e  waste  t r e a t -  
ment systems of moderate capabi l  i  t y .  The quan t i t y  of sol i d  radioac-  
t i v e  waste a n t i c i p a t e d  f o r  HTGR-GT opera t ion  i s  l e s s  than t h a t  produced 
i n  LWR opera t ions ;  however, t h e  t o t a l  a c t i v i g ~  p re sen t  i n  HTGR-GT s o l i d  
waste i s  s l i g h t l y  higher  than LWR es t imates .  

* See WASH-1258 f o r  addi t iona l  information on pro jec ted  sol i d  r ad ioac t ive  
waste processing system c h a r a c t e r i s t i c s .  

** The higher  s p e c i f i c  a c t i v i t y  of some HTGR s o l i d  waste,  noteably t h e  re- 
placed r e f l e c t o r  blocks and the  t i t an ium sponge tritium content ,  make HTGR 
t o t a l  a c t i v i t y  i n  s o l i d  waste somewhat l a r g e r  than t h a t  f o r  LWRs. 



5.3.1 Inherent and Passive Safety- Features 

The HTGR design has inherent and passive features that  make the risk to  
the public from accidental releases of radioactivity extremely low. 
These features  require l e s s  reliance on complex active systems and also 
help to  maintain the integri ty  of the reactor core and to  retain the 
radionucl i de i nventory . An additional desi rabl e characteri s t i c  i s tha t  
consequences of accidents devel op rather sl owly , thus a1 1 owing time f o r  
deliberate and planned actions by the operators. The key safety fea- 
tures  are  described briefly be1 ow. 

o Graphite-Moderated Ceramic Core - The HTGR core i s  constructed 
exclusively of ceramic material s ,  primarily graphite; which main- 
t a i n  t h e i r  integri ty  a t  very high temperatures - we1 1 above normal 
operating conditions. The massive core, together w i t h  a low 
power density and strong negative temperature coefficient of ra- 
dioact ivi ty ,  ensures that  reactor temperatures and power tran- 
s i en t s  will proceed slowly. In the event of loss  of core cooling 
capabi l i ty ,  the graphite acts as a crucible by maintaining i t s  
s t ructural  form f o r  weeks w i t h  only some local sub1 imation and 
w i t h  no possibil i ty of me1 tdown. Volatile radionucl ides are re- 
1 eased gradual ly  over a period of days, w h i  1 e the nonvol a t i l  e nu-  
c l ides  are  retained. Because meltdown i s  not possible, the integ- 
r i t y  of the PCRV and containment i s  maintained as a retardant to  
f i s s ion  product transport. Interruptions i n  core cooling of more 
than 30 m i n  can be tolerated without any damage to primary coolant 
system components. Because of the slow ra te  of temperature r i se  
and the retention character is t ics  of the fuel a t  elevated tempera- 
t . t ~ r ~ % ,  at. 1 east  3 h would always be availsblc t o  r c s t o ~ c  cooling 
system operation af te r  interruptions i n  core cool i ng before any 
fuel damage or radioactivity release could occur. . 

s He1 i u m  Primary Cool ant - The primary coolant of the HTGR i s  he- 
lium. Because helium i s  chemically iner t ,  has a low stored energy 
content, and remains i n  the gaseous phase under all  conceivable 
operating conditions, i t  cannot chemically react w i t h  the core, 
vessel , or  containment structures i n  a destructive way and resul ts  
only i n  mild pressure transients in the containment subsequent to 
a blowdown. Since heat can be removed from the reactor core w i t h  
any mixture of gases present even a t  atmospheric pressure, i t  i s  
not necessary to  maintain an inventory of cool ant i n  the reactor 
vessel t o  prevent overheating of the fuel . Hence, cool ant i njec- 
t ion systems are not needed. The single-phase gas cool ant permits 
the design of cooling systems that minimize the dependence on op- 
e ra tor  actions t o  bring the reactor to  a safe cool down, a feature 
t h a t  has great benefit during an accident. 

o .  Prestressed Concrete Reactor Vessel - A special passive feature 
of the HTGR i s  the use of a PCRV, which was introduced in qas- 
cool ed reactors i n  Britain because-of i ts  safety characteri s t i c s .  



The PCRV i s  a massive, s t r u c t u r a l l y  redundant mono l i th  t h a t  en- 
c loses the  e n t i  r e  p r imary ,  cool an t  system boundary w i t h  the excep- 
t i o n  of r e l a t i v e l y  small process 1 ines.  During pos tu la ted  core 
heatup accidents, the PCRV re ta rds  the  t ranspor t  o f  f i s s i o n  prod- 
uc ts  t o  the  containment and. helps p r o t e c t  the  containment f rom the  
degradi'ng e f f e c t s  o f  t he  core heatup environment. The s t reng th  o f  
t he  PCRV i s  provided, i n  p a r t ,  by a l a r g e  number o f  s tee l  tendons, 
which run  a x i a l l y  through and c i r cumfe ren t i a l  l y  around the  vessel . 
The concrete sh ie lds  the  tendons f rom neutron i r r a d i a t i o n ,  thereby 
prevent ing  embri ttl ement, and s ince the concrete i s under compres- 
sion, t i n y  cracks tend t o  be s e l f - s e a l i n g  and are  n o t  sub jec t  t o  
propagation. 

5.3.2 Design Safety Features 

I n  add i t i on  t o  the  i nhe ren t  sa fe ty  fea tures  o f  the HTGR, a number o f  
sa fe ty  systems are incorporated i n  the  p l a n t  design t o  f u r t h e r  reduce 
the r i s k  f rom t r a n s i e n t s  and accidents. The p r i n c i p a l  safety systems, . 

a re  described b r i e f  1 y be1 ow. 

o Core A u x i l i a r y  Cool i n q  System - The CACS cons i s t s  o f  th ree  i nde- 
pendent cool i ng 1 oops, which c i r c u l a t e  and cool pr imary system 
hel ium t o  remove reac to r  decay heat du r ing  r e a c t o r  shutdown when 
the  main loops are unavai lable.  The CACS i s  a1 so used i f  the  main 
c o o l i n g  loops are  out  o f  serv ice  f o r  maintenance. Each indepen- 
dent core a u x i l  i ary  cool i ng 1 oop i n c l  udes a heat exchanger, an 
a u x i l i a r y  c i r c u l a t o r ,  and a he1 ium shutoff  valve, a l l  l o c a t e d  
w i t h i n  an independent PCRV cav i t y .  The cool i n g  water system, 
which suppl ies water t o  the heat  exchangers i n s i d e  the PCRV, i s  
external  t o  the  PCRV and t r a n s f e r s  heat  t o  the  u l t i m a t e  heat  s ink .  
Each o f  these cool i n g  1 oops i s  capable o f  removing 50% o f  t he  core 
res idua l  and decay heat f rom f u l l  -power steady-state opera t ion  
w i t h  the PCRV e i t h e r  pressur ized o r  depressurized ( w i t h  a i r  
i ngress) . 
Containment B u i l d i n g  - The containment s t r u c t u r e  i s  the f i n a l  bar -  
r i e r  t o  the r e l  ease o f  rad ioac t i ve  mater ia l  . A1 though i t i s  o f  
convent ional design, the  containment s t r u c t u r e  o f  the HTGR i s  par-  
t i c u l  a r l y  e f f e c t i v e  because o f  the unique HTGR fea tures  described 
above. The passive fea tu res  o f  t he  core and PCRV and t h e  choice 
o f  coo lan t  ensure t h a t  r a p i d  releases o f  energy w i l l  no t  occur and 
t h a t  the  low leakage c h a r a c t e r i s t i c s  o f  the containment w i l l  be 
maintained. As a r e s u l t ,  the  consequences of even severe HTGR ac- 
c idents  are i nhe ren t l y  low. The containment s t ruc tu re  a l so  pro- 
t e c t s  the  reac to r  from external  events such as explosions on 
t ranspor ta t i on  routes o r  a t  nearby i n d u s t r i a l  f a c i l  i t i e s  and from 
natura l  events such as tornadoes. 

e Containment Atmosphere Cleanup System - The purpose o f  the con- 
t a i  nrnent atmosphere cleanup system i s  t &  minimize the  a v a i l  a b i l  i t v  
o f  f i s s i o n  ~ r o d u c t s  t h a t  might leak from the containment. Thi; 



system i s  capable of removing and retai ning radioactive particu- 
l a tes  and halogens that would be present in the containment atmo- 
sphere as a resul t of accidental re1 ease of fission products from . . 
the reactor coolant system:' " 

o Containment Is01 ation System - The containment is01 ation system 
assures that  a protective barrier exists for each process line 
that  penetrates the containment structure. The system of isola- 
tion valves and associated control s i s desi gned t o  automatically 
l imit  the release of radioactivity t o  the environment as a result 
of accidents. 

a Plant Protective System - The plant protective system consists of 
sensors, electronic logic, and actuated devices. The system func- 
tions t o  prevent a release of radioactivity by ini t iat ing action 
to protect the integrity of (1 ) ' the fuel particl e 'coatings, (2) 
the primary coolant system boundary, and ( 3  the containment. The 
plant protective system ini t ia tes  safety functions such as reactor 
t r i p ,  CACS startup, contai nment i sol ation, and precool er  i sol ation 
and dump, 

e Reserve Shutdown System - The HTGR i s  provided w i t h  a shutdown 
system independent of and diverse from the normal control rod sys- 
tem. Neutron-absorbing material, in the form of pellets, i s  
stored i n  a hopper in each refuel i n g  penetration. If required, 
th i s  material can be re1 eased by the operator t o  fa1 1 into a chan- 
nel in each region of the core. In the absence of control rod ac- 
tion a t  any time in core life. ,  the reserve shutdown system by i t -  
self has sufficient negative reactivity to  shut the reactor down. 

o Liner Cool ing System - The PCRV 1 iner cool ing system consists of 
two independent water c o ~ l  i ng 1 oops attached t o  the PCRV 1 inet- a ~ ~ i l  
penetrations and, for  the most part, embedded in the concrete. 
During normal operation, the 1 inep cool ing system mai ntains the 
temperature of the 1 i ner and concrete within specified 1 imi t s .  In 
the unl ikely event of complete loss of forced circulation cool ing 
in the HTGR-GT, the system can remove sufficient heat to delay and 
perhaps prevent PCRV concrete decotnposi tion, thereby mai ntai ni ng 
the structural integrity of the PCRV and containment buil ding. 

e Gas Turbine Safety Features - The direct-cycle gas turbine in- 
cl udes safety features designed to maintain a low probability of 
serious accidents o r  t o  mitigate their consequences should they 
occur. The main features are: 

1 .  Overspeed control system, which opens bypass valves t o  prevent 
turbomachine overspeed. 

2. Pressure relief system, which prevents PCRV overpressurization 
by discharging gas from the high-pressure region of the PCRV 
t o  the low-pressure region of the PCRV. 



3. Precool e r  1 eak de tec t ion ,  pressure re1 i e f  , and is01 a t i o n  and 
dump systems, which prevent  the re1 ease o f  rad . i oac t i v i  t y  t o  
the  environment and the  - i ng ress  o f  s i g n i f i c a n t  q u a n t i t i e s  o f  
water t o  the precool e r  c a v i t y .  

4 .  Turbomachi ne m i  s s i  1  e b a r r i e r s ,  which are desi gned t o  con ta in  
high-energy segments o f  t u r b i n e  o r  compressor d isks.  

5. Extensive d iagnost ic  i nstrumentat ion, which cont inuously  moni - 
t o r s  machine performance and prov ides advanced warning o f  i n -  
c i p i e n t  f a i l  ures o f  var ious  types. 



5.3.3 Saf e ty1L icens ing  Issues 

Although analyses and r i s k  asses.sment s tud ies  have shown t h e  r i s k  asso- 
c i a t e d  w i t h  an HTGR t o  be very  low, there  are some development-related 
issues and quest ions  f rom p a s t  reviews t h a t  have n o t  been e n t i r e l y  re -  
so lved w i t h  t h e  1 i cens ing  a u t h o r i t i e s .  I n  add i t ion ,  there  are  design 
f e a t u r e s  o f  t he  d i r e c t - c y c l e  p l a n t  t h a t  have n o t  been subjected t o  reg- 
u l  a t o r y  review. It i s  be1 ieved, however, t h a t  a l  1 issues t h a t  have 
been r a i s e d  i n  t h e  pas t  can be reso lved by re1 a t i v e l y  s t ra igh t fo rward  
engineering. The major 1 i cens ing  issue f o r  t he  d i r e c t  cyc le  i s  ex- 
pected t o  be the  turbomachi ne, i t s  l o c a t i o n  w i t h i n  the  pr imary coo lan t  
system, and t h e  p o t e n t i  a1 f o r  severe accidents a r i  s i  ng from turboma- 
chine s t r u c t u r a l  f a i  1 u res  ( see Sect ion 5.5.6) . 

e Issues f rom Previous NRC Reviews - An appl i c a t i o n  -has no t  been 
made f o r  rev iew o f  a p l a n t  o f  the  design described herein. How- 
ever,  t h e  d i r e c t - c y c l e  HTGR-GT i s  a v a r i a t i o n  o f  a design t h a t  has 
undergone th ree  NRC reviews a t  the  PSAR stage: the 3000-MW(t) 
Fu l  t o n  Generat ing S t a t i o n  ( P h i l  adel p h i  a E l e c t r i c )  , the 2000-MW( t )  
Summit Power S t a t i o n  (Delmarva Power and L i g h t ) ,  and GA's standard 
NSSS design f o r  a 3000-MW ( t )  p lan t .  Reviews of both the  Summit 
and Ful t o n  PSARs were c a r r i e d  t o  complet ion o f  NRC Safety Evalua- 
ti on Reports ( SERs) . The NRC review o f  t he  standard p l  a n t  PSAR 
(GASSAR-6) was not  compl eted, b u t  a p a r t i  a1 p r e l  i m i  nary sa fe ty  
eval  u a t i  on was prepared. 

As a r e s u l t  o f  these reviews, a number o f  sa fe t y  o r  l i c e n s i n g  i s -  
sues have been r a i s e d  by the  NRC, an6 G4 has responded o r  made 
p lans  t o  respond t o  these issues i n  several ways. The most s ig-  
n i f  i c a n t  o f  these i ssues are  d i  scussed b r i e f l y  be1 ow. 

- Design C r i t ~ r i a  f o r  Graphite S t r u ~ t u r c s  - Prcviou3 er i t e r i a  
f o r  a1 lowable stresses and the treatment o f  secondary 
st resses have been c r i t i c i z e d  as being nonconservative. CO{- 
t i n u i n g  e f f o r t  has been devoted t o  development o f  s t ress  c r i -  
t e r i a  and t h e i r  experimental v e r i f i c a t i o n .  

- Core Seismic Response - Code development and c o r r e l a t i o n  o f  
code c a l c u l a t i o n s  w i t h  r e s u l t s  f rom a v a r i e t y  o f  v e r i f i c a t i o n  
t e s t s  have been 1 a rge l y  compl eted. Correl  a t i o n s  general l y  
gave s a t i s f a c t o r y  resu l t s ,  and conf idence i n  the  a b i l i t y  t o  

. p r e d i c t  core seismic-response i s  improved. 

- Inse rv i ce  Inspect ion and T e s t i n q  - Inse rv i ce  inspect ion  and 
t e s t i n g  o f  saf ety-re1 ated equipment are important  f unc t i ons  
i n  any nuclear  p l  ant. The HTGR, having some unusual fea- 
tu res ,  w i l l  rece ive  c lose a t t e n t i o n  i n  t h i s  regard. Since 
t h e  e a r l  i e r  NRC reviews, Sect ion X I ,  D i v i s i o n  2 o f  the ASME 
B o i l e r  and Pressure Vessel Code, "Rul es f o r  Inspect ion and 
Tes t i ng  o f  Components o f  Gas-cool ed P l  ants, " has been devel- 
oped and should prov ide  a bas i s  f o r  reso l v ing  i nse rv i ce  
i nspec t i on  issues. 



- Preoperat ional V i b r a t i o n  Tes t i  nq of Reactor I n te rna l  s  - This 
i t em i s  an issue only  t o  the ex ten t  t h a t  t he  procedures and 
ex ten t  o f  t e s t i n g  may- be debated. The proposed HTGR-GT de- 
s ign  may motor ize the  turbomachine w i t h  the  e l e c t r i c  gener- 
a t o r  t o  produce gas f l o w  through the pr imary loops b u t  n o t  a t  
f u l  1  he1 i urn i nventory o r  temperature. 

- An t i c i pa ted  Transients Without Scram - This perennial  issue 
f o r  LWRs i s  s lowlv beina resolved: a t  such t ime t h a t  the NRC - - -  

. makes a  f i n a l  de t i rm i  na t i on  on poss ib l  e  new requirements f o r  
LWRs, the  p o t e n t i a l  i ssue  f o r  t h e  HTGR can be b e t t e r  def ined. 
It i s  be1 ieved, however, t h a t  the  HTGR design w i t h  the com- 
p l e t e l y  independent reserve shutdown system and 1  arge nega- 
t i v e  temperature c o e f f i c i e n t  o f  r e a c t i v i t y  makes a n t i c i p a t e d  
t r a n s i e n t s  w i thou t  scram a n . i n s i g n i f i c a n t  sa fe ty  event. 

- Conf i rmat ion o f  the  Containment Design Basis -. Quest ions have 
been r a i  sed concerni ng conta i  nment m i  x i  ng model s  f o r  a  de- 
p ressu r i za t i on  accident,  back-pressure f or-CACS opera t i  on i n 
a  depres.suri zed mode, depressur izat ion b l  owdown areas, gas 
f 1  ammabil i t y  , and conta i  nment 1  eak ra tes .  Whi 1  e  i t  has a1 - 
ways been f e l  t t h a t  these quest ions were s a t i  s f  a c t o r i l y  
addressed, e f f o r t s  have cont inued s ince the  e a r l i e r  reviews 
t o  more f u l l y  de f i ne  and reso lve  s i g n i f i c a n t  problems, and 
the  a n a l y t i c a l  t o o l  s  (e. g., con ta i  nment atmosphere response 
code) a re  now considerably advanced. 

Long-Term Behavior o f  Metal 1  i c  Components o f  Primary Cool an t  
System - One of the main advantages o f  the  HTGR - the  h igh  
temperature produced - requ i res  us ing some metal s  t o  near 
t h e i r  s t r u c t u r a l  1  i m i  t s .  Whi 1  e  i t  i s  intended t h a t  adequate 
conservat i  srn w i l l  be prov ided by the  design, 1  ong-term behav- 
i o r  (e.g., creep p rope r t i es )  i s  n o t  always wel l  known. 
Therefore there  i s  a  need f o r  long-durat ion,  high-temperature 
t e s t i n g  o f  a  v a r i e t y  o f  mater ia l  s; these t e s t s  are ongoing so 
t h a t  maximum advantage can be taken o f  HTGR c a p a b i l i t y .  

- Thermal -Hydraul i c  Phenomena Dur i  ng Safe Shutdown Cool i n g  - It 
has been recogni zed t h a t  the HTGR can po ten t i  a1 ly produce - .  
s t reaks o f  high-temperature gas i n  the  1  ower plenum, and dur- 
i n g  an accident  i n  which there  i s  low c i r c u l a t i o n  o r  1 . 0 ~ s  o f  
f o rced  c i  r c u l  a t i on ,  reverse f l o w  o f  ho t  gas i n t o  the upper 
p l  enum may occur. A1 so under 1  ow-f 1  ow condi t ions,  1  ami nar 
r a t h e r  than t u r b u l e n t  f l o w  may e x i s t .  The complex f l o w  con- 
d i  t i o n s  are d i f f  i c u l  t t o  model ; however, code devel opment 
(e.g, RECA) i s  cont inu ing  and p lans have been developed f o r  
mix ing  tes ts .  

- Low-Probabil i t y  Accident D e f i n i t i o n  - Low-probabi 1 i t y  acc i -  
dents are o f  continu.ing i n t e r e s t  f o r  a1 1  types of reac tors .  
App l icants  f o r  cons t ruc t ion  permi ts  are requ i red  t o  analyze a  



variety of transients and accidents of severity up t o  and in- 
cluding the so-call ed desion basis accidents. While design 
basis events are expecte-d t o  be of very low -frequency, there 
i s  a spectrum of even lower frequency events that i s  studied 
because of i t s  potenti a1 ly severe consequences. For several 
years GA .has had the methodology t o  t reat  these events 
( A I P A ) ,  and i t  continues t o  be used on a 1 imited basis. This 
methodology i s  consistent w i t h  recommendations f o r  greater 
use of risk assessment from investigations of the Three Mil e 
Is1 and accident. 

e Issues Specific t o  Direct Cycle - The direct-cycle HTGR-GT concept 
brings large rotating machinery in close proximity t o  the primary 
cool ant system boundary. I t  a1 so requires that the turbomachi ne 
shaft cross that  boundary with a rotating seal a t  the interface. 
Potential fa i lure  modes of this  machinery w i t h  their consequential 
effects  on plant systems introduce licensing issues that have n o t  
been considered in previous evaluations of the HTGR-SC plant. 

Several reviews of turbomachine failure data have, produced es t i -  
mates of the rate of catastrophic turbomachine failure w i t h  a 
range of 10-3 t o  10-5/machine-~r. This range i s  consistent with 
the 1 ~ - ~ / ~ r  rate f o r  steam turbine failure used by the NRC s taf f .  
Whit e i t  i s be1 i eved that caref u1 design, qua1 i t y  assurance pro- 
cedures, and diagnostic instrumentation will ensure a rate. f o r  
major fa i l  ures of be1 ow 10-~/ turbi  ne-yr, the consequences of these 
events can be severe if they are not adequately accounted f o r  in 
the design of other systems. 

The most severe accident appears t o  be the rapid deblading o r  
rotor fa i l  ure that resul t s  in pressure equil ibration within the 
PCRV. (Pall ures i n  the recuperator ur ducts car1 dl so lead t o  
rapid pressure equil ibration, b u t  these passive systems are more 
amenabl e to preventative or mi t i  gati ng measures. ) The accident 
will produce direct mechanical damage, perhaps including a fai lure 
i n the shaft seal . The predomi nant effect,  however, i s  the slldden 
load applied t o  the reactor core and core support, thermal bar- 
r i e r ,  CAHEs, and other PCRV internals due t o  the pressure transi- 
ent. The major safety/l icensing issue i s  therefore t o  ensure by 
design that given this  low probability accident, the reactor can 
be shut down and adequately cooled and that containment integrity 
will be maintai ned. Thi s ensures that off si t e  dose consequences 
will be within acceptable levels. This design issue i s  a1 so dis- 
cussed in Section 5.5.6. 

5.3.4 Site Boundary Dose - Gaseous Releases 

The radiological impact of HTGR-GT and LWF? effluents has been estimated 
for  th is  study in terms of boundary dose 1 evel s for the. corresponding ' 

airborne effl uents. Table 5.3.4-1 provides the estimated s i t e  boundary 
airborne ef f 1 uent dose 1 evel s for normal and off -normal conditions. 



TABLE 5.3.5-1 
ESTIMATED SITE DOSE LEVELS FOR NORMAL OPERATION, DESIGN BASIS ACCIDENTS, AND THE SITING EVENT, 

AIRBORNE EFFLUENTS ONLY 

Normal Operat ions - Steady-State Re1 eases, Annual Bas is  [Normal i zed 

Dose Category 

1 Annual S i t e  Boundary ~ o s e ( a )  [mreml 

10CFR50 
Appendix I 

L i m i t s  

Continuous 
Containment 
V e n t i l a t i o n  

I n t e r m i t t e n t  
Purge 

Est imated 
Most Advanced 

Treatment 
Capabi 1 i t y  

Who1 e body gamma 
( e x t e r n a l  
exposure) 

Thyro id  
i n h a l a t i o n  - 
a d u l t  

Thyro id  - i n f a n t  
(grass/  cow/mi 1 k/  
i n f a n t  pathway) 

Severe Accident Cond 

Representat ive Accident 

HTGR-GT 

Design bas i s  dep ressu r i za t i on  ( f, 
acc iden t  (DBDA) 

Maximum hypo the t i ca l  (9) 
f i s j i o n  product  re lease (MHFPR) 

PWR 

Loss o f  coo lan t  acc iden t th )  
(LOCA) 

Gamma Thy ro id  Gamma T h y m i  d 

1 t i o n s  - Design Basis/Si  t i n g  Events (Normal i r e d  

Est imated 
Most Advanced 
. Treatment 
Capabi 1 i t y  

lOCFRlOO L i m i t s  
( rem) 

:o 2170 MW(t) 

0 t o  30 Day Low 
Popu la t i on  Zone Dose 

( r e d  

0 t o  2 h Exc lus ion 
Area Boundary D ~ s e  

( reml 

Whole Body 
Gamma 

I n h a l a t i o n  
Thy ro id  



TABLE 5.3.5-1 (Continued) 

 or the HTGR exclus ion area boundary (EAB) distance a t  425 m and low populat ion zone (LPZ) 
distance a t  1600 m. 

( b ) ~ o o t n o t e s  ( a )  and ( h )  o f  Table 5.2.7-1 apply. Also, an annual average X/Q o f  2.0 x 10-5 s/m3 
was used. 

( ~ ) ' s e ~  Table 5.?:7-1 f o r  d e f i n i  ti01 - ... o f  i o s f  advanced t rea tmen t  c a p a b i l i t y  a i r -borne waste r e l e a i e  
o f  noble gas and iod ine /par t i cu la tes .  

. .. 

( d ) ~ n  a d u l t  t h y r o i d  i n h a l a t i o n  dose t o  c h i l d  m i l k  pathway thy ro id  dose conversion f a c t o r  o f  320 
was used. 

( e ) ~ n  a d u l t  i n h a l a t i o n  t o  c h i l d  patnway conversion f a c t o r  o f  85 x BWR and 145 x PWR was employed 
[developed from BWR-3 and PWR-5 (WASH-,1258) gas treatment capabi l  i t y  categories, ch i1  d m i l k  t h y r o i d  
doseladul t i nhal a t i o n  t h y r o i d  dose]. 'f )Analysis cond i t ions  assumed: l i n e d  containment w i th  leak r a t e  o f  O.l%/day f i r s t  24 hr, 
O.OS%/day times >24 hr ;  Gai l  loop 1 i f t - o f f  f r ac t i ons ;  reference s i t e  ( l ead  p l a n t )  meteorology. : 

' g ) ~ n a l y s i s  cond i t ions  o f  foo tno te  I f )  apply: standard S i t e  GASSAR Fuel Source through 100 in.2 
hole; DBDA w i t h  Gai l  1 oop 1 i f  t - o f f  ; instantaneous PCRV t ranspor t  ra te ,  1 vo l  /h r  r e c i r c u l a t i o n ;  no 
containment deposit ion. 

( h ) ~ h e  Sundesert Nuclear Power P l a r t  was selected as representat ive o f  PWR LOCA events. (See 
Sundesert Nuclear Power P I  an t  PSAR, Tab1 e 15 .O-8). 



For  normal opera t ions  ( annual re1 ease) t h e  HTGR-GT 1 in i  t i ng a i r bo rne  
r a d i o l o g i c a l  impact i s  whole k d y  exposure f rom immersion i n  t h e  gas- 
eous a i r bo rne  wastes, p r i m a r i l y  nobl e  gases. Neverthel  e s ~ ,  t h e  HTGR-GT 
oathway exposure ranges f rom 8 t o  3600 t imes below t h e  lOCFR5O Appendix 
I "as low' as reasonably ach ievable"  1  i m i t  o f  5 mrem who1 e body expo- 
sure. A d d i t i o n a l l y  , the  p r o j e c t e d  HTGR-GT gaseous dose 1 evel  s  a re  s i g -  
n i f  i c a n t l y  be1 ow LWR and P!dR comparabl e  doses f o r  t he  HTGR-GT i n t e r m i t -  
t e n t  purge design. 

For  t he  LWR, t he  normal ope ra t i on  (annual r e l ease )  a i r bo rne  1 i m i  t i n g  
impact  i s  the  t h y r o i d  exposure f rom t h e  iod ine-cow-mi lk - in fan t  path-  
way. The HTGR-GT i n f a n t  t h y r o i d  dose i s  n e g l i g i b l e  i n  comparison t o  
LWR values. 

For  severe acc iden ts  such as t h e  HTGR-GT DBDA, t he  HTGR-GT maximum 
hypo the t i ca l  f i s s i o n  p roduc t  r e l ease  (MHFPR), and t h e  PWR l o s s  o f  cool  - 
a n t  acc iden t  (LOCA), est imates o f  t h e  o f f  - s i t e  dose l e v e l s  have been 
made and a r e  i nc l uded  i n  Table 5.3.5-1. Both t he  HTGR-GT and t h e  rep-  
r e s e n t a t i v e  PWR conf  o m  t o  1 OCFRl 00 dose 1 im i  t s ;  however, t he  HTGR-GT 
e x h i b i t s  s i g n i f i c a n t l y  more dose margin than does t h e  LWR. 

The HTGR-GT doses r e p o r t e d  i n  t h i s  sect i -on a re  sca led by power 1  evel  
f r o m  HTGR-SC doses. 



5.4 STATUS OF DESIGN AND DEVEI-OPMEFIT - 
5.4.1 U.S. Program 

Design s tud ies  and R&D work on the  HTGR-GT p l a n t  have been i n  progress 
a t  GA s ince  l e t e  1979 under several complementary programs supported by 
DOE, GCRA, GAY and p a r t i c i p a t i n g  i n d u s t r i a l  f i rms .  These s tud ies  i n -  
c l  ude: 

1. Thermodynamic cyc l  e  op t ions  . 
2. Turbomachi nery  desi gn. 

3. Sa fe ty / l  i cens jng  eval ua t ion .  

4. System dyriarnics ana lys is .  

5. Heat exchanger design. 

6. Contro l  system design. 

7. Cap i ta l  c o s t  i ncen t i ves  and t radeo f f s .  

8. Devel opmerl t program requi remen t s  . 
9. Waste heat  u t i l i z a t i o n .  

Several s i g n i f i c a n t  assessments o f  t h e  technology and the  economics o f  
t h e  HTGR-GT have been conducted and documented by U . S .  organizat ions 
o the r  than GAY beginning i n  1975 and extending i n t o  1978. I n  the f a l l  
o f  1978, t h e  HTGR-GT program became the l ead  HTGR development pro- 
gram. The d e f i n i t i v e  goal s e t  f o r  the  program was t o  e s t a b l i s h  a 
strong U .S.  IlTGR-GT pi.-oyr.etii Llir.uuyt~ 111 terna t i u n a l  cooperarlon w l  eh 
Germany and Switzer land. The program was def ined i n  several phases, 
w i t h  a p l a n t  s t a r t u p  da te  scheduled i n  1995. 

The FY 1979 program ob jec t i ves  were: 

1. Evaluate the  gas t u r b i n e  technical  concept. 

2. E s t a b l i s h  the  pre fer red  gas t u r b i n e  p l a n t  design fea tures  as t h e  
basis  f o r  f u r t h e r  development. 

3. E s t a b l i s h  the  shor t - term ( t o  FY 1982) and long-term ( t o  FY 1995) 
program plan. 



4. E s t a b l i s h  the  bas i s  f o r  i n t e r n a t i o n a l  cooperat ion. 

5. Establ i sh the  development requirements f o r  the program.. 

U n t i l  June o f  1979 the major engineer ing e f f ~ r t  r e l a t e d  t o  the HTGR-GT 
was the thre?-loop nonintercool  ea 1200-MW(e) reference design p l  ant .  
Th i s  was t o  be the basis  f o r  coinparison w i t h  a1 te rna te  design s tud ies  
be ing  conducted i n  the  same t ime frame. These s tud ies  inc luded:  

1. Parameter s tud ies  t o  s e l e c t  ~ a j o r  p l a n t  parameters, i .e., r e a c t o r  
o u t l  e t  temperature, pressure r a t i o ,  e t c .  

2. I n te rcoo led  versus nonintercooled cyc le  s tud ies .  

3. P l a n t m a j o r  fea tures  study, i .e. ,  loop numbsr and loop r a t i n g .  

4.  Maintenance and contaminat ion s tud ies  as requ i red  t o  determine 
f u e l  type and t o  address the  impact o f  remote maint, onance on com- 
ponent designs. 

5. Warm versus convent ional l i n e r  s tud ies  as requ i red  t o  address the  
f e a s i  b i l  i ty o f  the high-temperature r e a c t o r  w i t h  he; iucn t u r b i n e  
warm l i n e r  concept. 

I n  June 1979, agreement was reached befireen GA and L G c ~ ] ~  w i t h  the con- 
currence o f  DOE, t o  s h i f t  t he  reference design f r o n  the three- loop 
1200-I.lW(e) p l a n t  t o  a two-loop 800-MW(e) p lan t .  

I n  the  l a s t  h a l f  o f  1979 and the f i r s t  quar te r  o f  1980, t he  design and 
development e f f o r t  a t  GA was concentrated i n  the f o l l o w i n g  areas: 

1. Cont inuat ion  o f  the conceptual design o f  the two-loop 800-MW(e) 
p l a n t .  

2. Studies and eva lua t ions  t o  i d e n t i  f v  c r i t i c a l  techn ica l  issues t h a t  
cou ld  impact implementat ion o f  the- program o u t l  ined  i n  t he  fa1 1 o f  
1978. 

I n  the  course o f  conceptual design and d2sign studies,  several  s p e c i f i c  
issues a r i s e  i n  the HTGR-GT lead  p r o j e c t  t h i i t  a re  imposed by the d i r e c t  
coup l ing  o f  t h e  turbomachine w i t h  the pr imary system. Inc luded are the  
f o l  lowing:  

1. With the turbomachine l oca ted  i n s i d e  the PCRV, unique 1 i cens ing  
issues a r i s e  due t o  severe t r a n s i e n t s  r e s u l t i n g  f r o n  poss ib le  
f a i l u r e s  such a s  t u rb ine  deblading, co::lpressor deb1 ading , and 
r o t o r  f a i l u r e s .  The present l i c e n s i n g  requirements i n d i c a t e  t h a t  
the requ i red  design basis  acc ident  f o r  the gas t u r b i n e  i s  an 
earthquake o f  safe-shutdown magnitude and simultaneous turboma- 
ch ine  r o t o r  f a i l u r e .  A recen t  turbomachi ne f a i l u r e  ana lys is  has 
determined t h a t  the gas t u r b i n e  machine has an expected major  



f a i l u r e  p r o b a b i l  i t y  o f  t o  f a i l u r e s  per r e a c t o r  year  
based on an e v a l u a t i o n  o f  t he  turbomachine exper ience data.  An 
a n a l y s i s  o f  a l l  ma jo r  c o r e  i n t e r n a l  components has determined t h a t  
a l l  components except  the  c o r e  suppor ts  can w i t hs tand  the  des ign 
b a s i s  a q i d e n t  and meet t h e  requi rement  t h a t  t he  p robab i l  i ty o f  
exceeding lOCFRlOO s i t e  boundary does 1  i m i  t s  i s  1  ess than lo - '  pe r  
r e a c t o r  year .  The r a p i d  deb lad ing  assoc ia ted  w i t h  a  r o t o r  f a i l u r e  
imposes such a  severe dep ressu r i za t i on  r a t e  t h a t  the  loads [ i n  
combina t ion  w i t h  t h e  sa fe  shutdown earthquake (SSE) loads ]  on t he  
c o r e  suppor ts  exceed the  des ign r a t i n g .  It i s ,  t h e r e f o r e ,  r e -  
q u i r e d  t h a t  t h e  e n t i r e  c o r e  suppor t  undzrgo ex tens i ve  redes ign  t o  
ineet t he  new dep ressu r i za t i on  r a t e  simul tar ieously w i t h  an SSE. 

The impac t  on t h e  thermal b a r r i e r  i s  cons ide rab le  due t o  t he  l a r g e  
mass f l  ovr and p o t e n t i a l  f o r  a c o u s t i c a l l y  induced v i b r a t i o n s  gener- 
a t e d  by  t h e  turbomachine compressor. These e x c i t a t i o n s  a l s o  con- 
b i n e  w i t h  h i  gh-frequency h i  gh - i n tens i  t y  no ise  from the  gas t u r b i n e  
and i n t r o d u c e  random v i b r a t i o n s  i n  duc ts  and i n t e r n a l  s t r uc tu res .  
Desi gn i s sues  i n c l  ude: 

a. P o s s i b l e  d e t e r i o r a t i o n  of r e s i l  i e n t  b l a n k e t  i n s u l  a t i o n  under 
sus ta i ned  v i b r a t o r y  e x c i t a t i o n .  

b. Fa t i gue  des ign  o f  h o t  duc ts  and cover  p l a t e s  ope ra t i ng  we1 1 
w i t h i n  the, c reep  range f o r  metal  1  i c  components. 

3. Under s teady -s ta te  cond i t i ons ,  cool  a n t  w i l l  i n f i  1 t r a t e  the i n t e r -  
space occupied by the b l a n k e t  i n s u l a t i o n  and pressure w i l l  equi -  
l i b r a t e  ac ross  t he  thermal b a r r i e r  co'ver p l a t e s .  Design o f  the 
thermal b a r r i e r  must accommodate v a r i a t i o n s  i n  pressure such t h a t  
damage o r  d i s l o c a t i o n  does n o t  occur as a  r e s u l t  o f  pressure i m -  
balances ac ross  cover  p l a t e s  r e s u l t i n g  from r a p i d  dep ressu r i za t i on  
d u r i n g  a  t u r b i n e  deb1 ad i  ng . 

4. Extens ive  e f f o r t s  have been expended t o  es tab l  i s h  a  maintenance 
approach f o r  t h e  turbomachi nery  i n  the  d i  r e c t - c y c l  e  p l  ant .  The 
i n s t a l  1 a t j o n ,  ope ra t i on ,  and removal o f  t he  turbomachine have been 
s t u d i e d  i n  s u f f i c i e n t  d e t a i l  t o  e s t a b l i s h  t he  f e a s i b i l i t y  o f  rea-  
sonably b e i n g  a b l e  t o  m o n i t o r  and ma in ta i n  a machine t h a t  i s  i n t e -  
g ra ted  i n t o  t h e  FCRV. However, t he  des ign o f  t h e  turbomachine, 
removal equipment, and maintenance f a c i l  t i e s  i s  h i g h l y  dependent 
on t h e  degree t o  which t he  machine must be decontaninated i n  o rde r  
t o  per fo rm maintenance, i nspec t i ons ,  o r  r e p a i r s .  Th is  i s  an i ssue  
s i nce  t h e  a b i l i t y  t o  reasonably decontaminate the  machine and the  
c o s t  o f  improved f l i e l  performance bo th  impact  the  e x t e n t  t o  which 

' remote c a p a b i l i t y  must be p rov ided  t o  ma in ta i n  the  equipment. 

Due t o  the  l i c e n s i n g  u n c e r t a i n t i e s  and t he  component redes ign r e q u i r e d  
t o  accommodate the r a p i d  pressure t r a n s i e n t s  assoc ia ted  w i t h  turboma- 
c h i n e  r o t o r  f a i l u r e  coup1 ed w i t h  SSE, t h e  HTGR-GT p l a n t  i s  n o t  deemed 



t o  be a  near-term l e a d  p r o j e c t  (1995) .  The p r o j e c t i o n  o f  des ign and 
development r e q u i r e w n t s  r e s u l t s  i n  t he  f i r s t  gas t u r b i n e  p l a n t  i n  ap- 
p rox ima te l y  yea r  2003. The l o n g w  t ime  a1 lows f o r  redes ign and compo- 
nen t  t e s t i n g  r e q u i r e d  t o  overcome problems i d e n t i f i e d  i n  a  recen t  t u r -  
bomachine fa i l  u r e  ana l ys i s .  

Deployment o f  t h e  HTGR-GT i s  r e l a t e d  t o  t he  degree o f  economic g a i n  f o r  
d r y  o r  we t l d r y  cool  i n g  appl i c a t i o n s ,  o r  converse ly ,  h i ghe r  e f f i c i e n c y  
through bot toming cyc les  w11il e  f u r t h e r  o f f e r i n g  the p o t e n t i a l  f o r  
improved re1  i a b i l  i t y  and ope rab i l  i t y  . Add i t i ona l  bene i i  t s  woul d  accrue 
from tlTGR c h a r a c t e r i s t i c s  i n v o l v i n g  i n h e r e c t  sa fe t y ,  r e d w e d  exposure 
o f  ope ra t i ng  personnel , and f u e l  c y c l e  fea tu res .  

5.4.2 I n t e r n a t i o n a l  Program 

The HHT p r o j e c t  began i n  1972 under the  j o i n t  sponsorship o f  FRG and 
Swi tzer land .  The f i r s t  HHT p l a n t  was designed f o r  ar; e l e c t r i c  power 
r a t i n g  o f  1080 PIN. To reduce t he  r i s k s  o f  t he  f i r s t  HHT system and t o  
prove i t s  m a r k e t a b i l i t y ,  i t  was necessary t o  s u b j e c t  i t s  most impo r tan t  
components t o  1  a rge l y  o r i g i n a l  o p e r a t i  ng cond i t i ons .  For expe r i~nen ta l  
s t ud ies ,  severa l  m inor  exper imental  u n i t s  were a1 ready a v a i l  sb l  e  w i t h i n  
t he  scope o f  the HHT p r o j e c t .  The Oberhausen . he1 iurn t u r b i n e  power 
p l a n t  (EVO) and the J u l  i c h  high-temperature t e s t  f a c i l  i ty  (tIHV) a re  
in tended t o  serve as l a rge -sca le  p i l o t  p l a n t s  f o r  the HHT p r o j e c t .  
These systems w i l l  enable conc lus ive  s tud ies  on l o o p  elements f o r  t he  
f i r s t  HHT system under maximum p r o x i m i t y  t o  r e a l  sca le  and ope ra t i ng  
condi  ti ons . 
I n  the  mid-1970s, b o t h  p a r t i e s  (U.S. and HHT P r o j e c t )  i c  coopera t ion  
performed p l a n t  c o n f i g u r a t i o n  and economic s tud ies  w i t h  the  o b j e c t i v e  
o f  d e f i n i n g  a  common p l a n t  des ign based on e x i s t i n g  HTGR and gas t u r -  
b i n e  techno? ogy and, a t  the same t ime, f u l  f i l l  i n g  s p e c i f i c  r equ i  r enen ts  
i n  t h e  U.S. and i n  Europe. The hel ium-cooled r e a c t o r  development pro-  
gram i n  Europe and i n  the U.S. would p rov ide  the  technology base f o r  
development o f  the  d i r e c t - c y c l  e  HTGR. E f f e c t i v e  i n t e r n a t i o n a l  coopera- 
t i o n  was achieved. Cnmmon des ign concepts were be ing  evolved, a1 though 
d i  f f e r i  ng geograpni c a l  and governmental requ i  remerlts such as e l  e c t r i c a l  
g r i d  f requency, 1  i cens ing  requirements,  and cl imate exe r ted -  some d i -  
ve rgen t  i n f l  uences. The desi  gn ill u s t r a t e d  t h e  compact p r imary  system 
components, simp1 i f i c a t i o n ,  p r o v i s i o n s  f o r  access, f l  e x i b i l  i ty  f o r  s i t -  
i ng ,  and a d a p t a b i l i t y  t o  bo th  d r y  c o o l i n g  and wet c o o l i n g  w i t h  h i ghe r  
e f f i c i e n c y  and o the r  Forms o f  waste hea t  u t i l i z a t i o n ,  which were ob jec -  
t i v e s  throughout.  The needs f o r  R&D were i d e n t i f i e d  and bas i c  R&D work 
was under way i n  most areas. 

From the mid-1970s t o  the l a t e  1970s, va r ious  t echn i ca l  and economic 
parameters were evaluated by bo th  t he  Gerinan group and t he  U.S. group 
i n  cooperat io3.  The HHT p r o j e c t  f i n a l l y  s e t t l e d  on a  s i n g l e  p r imary  
loop ,  s i n g l e  tu rbomach ine /g~nera to r  se t ,  675-F4W(e) p l  a n t  w i t h  a  pebbl e  
bed core. The des ign d i f f e r s  f rom t h a t  o f  the  U.S. two- loop 800-!!\/(e) 



p l a n t ,  b u t  t h e r e  a re  s t i l l  s u f f i c i e n t  comrnonal i t i e s  t o  warrant techn i -  
c a l  cooperat ion.  A t  t h i s  t ime, bo th  EVO and HHV f a c i l  i t i e s  a re  com- 
p l e t e d  and conduct ing essen t i a l  DV&S-work f o r  both the HHT-'program and 
the  U.S. HTGR-GT prograin. 

\ 

F o r  1980, t he  HHT p r o j e c t  design and development a c t i v i t i e s  are  concen- 
t r a t e d  on the  f o l  1  owing ob jec t ives :  

1. Answer the  German U t i l i t i e s  c r i t e r i a  quest ions as completely as 
poss ib le  by the end o f  Flarch 1980, so t h a t  the German U t i l i t i e s  
Group, on t h e i r  p a r t ,  can present  a summary eval ua t i on  o f  the f o l -  
1  owi fig IiHT demonstrat ion p l  a n t  i lens :  

a. Pressure/vol ume c o n t r o l  system. 

b. Cool i n g  concept f o r  reac to r  i n t e r n a l  s. 

c. Pressure e q u i l i b r a t i o n  accidents ( i .e . ,  turbomachine 
f a i l u r e s )  . 

d. Decay hea t  removal concept. 

e. Hot s t a r t ,  xenon over r ide .  

f . Fuel e l  enent hand1 i n g  . 
g. Open quest ions on reserve shutdown system (KLAK). 

h. Large and small inspec t ions  o f  the  gas tu rb ine .  

i .  Decommissioning concept f o r  the LEU cyc le .  

3 .  Design of  the  ceramic and metal components. 

k . Design o f  the  r e a c t o r  pressure vessel i n c l  ud i  ng 1 i ner. 

1 . Const ruc t ion  o f  the  vessel c l  osures. 

2. Continue the  HHT demonstration p l a n t  design, which w i l l  be pre- 
sented by t h e  middle o f  1980 by the  HHT pa r tne rs  i n  a concl us ive  
r e p o r t  a long w i t h  an eva lua t ion  based on the prepared documents. 
The r e p o r t  w i l l  i nc lude  the f o l l  owing key p o i n t s  i n  a d d i t i o n  t o  the 
u t i l  i ty quest ion  i n d i c a t e d  above: 

a. Turbine b lade and r o t o r  f a i l u r e s .  

b. Operat ion e f f i c i e n c y .  

c. Wear r e f 1  ec to r .  

d. Warm l i n e r .  



e. Recuperator. -- . .- - .  

f. Pebble bed core  versus b l ock  co re  eva lua t i on .  
\ 

3. The work i n  t he  second ha1 f o f  1980 w i l l  be concentrated on 
s p e c i f i c  pebble bed and s p e c i f i c  HTRquest ions.  I n  a d d i t i o n ,  HHT 
s p e c i f i c  key p o i n t  quest ions should be reworked independent of t he  
r e s u l  t s  f rom the  eva l  u a t i  on p rov ided  f o r  the  HHT P r o j e c t .  

A dec i s i on  was r e c e n t l y  inade t o  con t inue  t he  HHT P r o j e c t  on a  reduced 
sca le  compared t o  the  most r ecen t  funding and t o  p u t  pr imary emphasis 
on zn HTR process steam generator  t o  be a p p l i e d  t o  h igh-pressure L u r g i  
g a s i f i c a t i o n  o f  coa l  . The HHT P r o j e c t  w i l l  concen t ra te  on the s o l u t i o n  
of' the  p r  iurm'i Ly t schn iea l  issucs out1 i ned  above. 



5.5 P r i o r i t y  Technical Issues 

The s t a t u s  o f  design work on the HTGR-GT concept and the s t a t e  o f  
support ing methods, ma t e r i  a1 s , f i g i n e e r i  ng and f a b r i c a t i o n  techno1 ogi es 
are such t h a t  several technical  issues e x i s t  t h a t  w i l l  r equ i re  an 
extended e f f o r t  t o  charac ter ize  t h e i r  i n f l uence  on the  commerci a1 v i  a- 
b i l i t y  o f  t h i s  system. These issues are  beyond the s t a t e  o f  cu r ren t  
i n d u s t r i a l  precedent and w i l l  r e q u i r e  r e s o l u t i o n  i n  the course o f  
a Lead P ro jec t .  The i r  i d e n t i f i c a t i o n  prov ides an i n d i c a t i o n  o f  t h e  
nature o f  t h e  technology development program requ i red  t o  support a Lead 
P ro jec t ,  which i s  presented i n  i t s  e n t i r e t y  i n  Appendix A o f  t h i s  
repor t .  These issues  a lso  prov ide  an i n d i c a t i o n  o f  where funds should 
be expended t o  minimize techn ica l  r i s k  associated w i t h  decisions on 
commitment t o  the  next stage of concept development. Cur ren t ly  ,s ix  
p r i o r i t y  t echn ica l  issues have been i d e n t i f i e d  and def ined s u f f i c i e n t l y  
t o  warrant  programmatic emphasis on t h e i r  t ime ly  reso lu t i on :  

1. Rapid PCRV pressure equi 1 i b r a t i o n  due t o  hypothet ica l  t u r b i  ne 
accidents. 

2. Core support g raph i te  s t ress  and ox ida t ion .  
3. Fuel element g raph i te  s t ress  ana lys is  uncer ta in ty .  
4. High noise l e v e l s  from t h e  d i r e c t  cyc le  gas tu rb ine .  
5. E f f e c t s  o f  h igh  opera t ing  temperature on pr imary system compo- 

nents. 
6. Core reg ion  temperature f l  u c t u a t i  ons. 

The s ta tus  and f u t u r e  program needed t o  reso lve  each issue a re  d i s -  
cussed i n  sec t ions  5.5.1 through 5.5.6. 

As the  d e f i n i t i o n  o f  the  HTGR-GT proceeds, add i t i ona l  focus t o  tech- 
nology development a c t i v i t i e s  w i l l  be achieved. It i s  l i k e l y  t h a t  
add i t i ona l  techn ica l  issues w l ~  i c l ~  I d e n t i f y  s i g n i f i c a n t  r i s k  t o  the 
progression o f  the p r o j e c t  w i l l  emerge as more work i s  completed. 
Items such as the  development o f  r o t a t i n g  s h a f t  seals a t  pr imary and 
secondary boundari es; o i  1  ingress  t o  the primary c i  r c u i  t; charac ter i -  
z a t i o n  o f  pressure and temperature t r a n s i e n t s  and acoust ic  1 oadi ngs; 
and the  i nspectabi 1 i t y  o f  primary components are be i  ng eval uated. 
As such i s s u e s  and t h e i r  r e l e v a n c e  t o  programmat ic  d e c i s i o n s  a r e  
understood, programs f o r  t h e i r  r e s o l u t i o n  w i l l  be conducted on the  
appropr ia te  schedule. 

5.5.1 Rapi d PCRV P ressu re  Equi  1 i b r a t i o n  Due t o  Hypothet ica l  Turbine 
Accidents 

e I s s u e  - T u r b i n e  d e b l a d i  ng and r o t o r  f a i l u r e s  r e s u l t  i n  r a p i d  
pressure changes i n  t h e  core o u t l e t  plenum t h a t  severely impact 
t h e  core  support s t r u c t u r e  and the  s t r u c t u r a l  components o f  t he  
thermal b a r r i e r  i n  the  reg ion  o f  t h e  o u t l e t  plenum. The 1 oad on 
t h e  s t r u c t u r a l  components o f  t he  thermal b a r r i e r  r e s u l t s  from a 
pressure d i f f e r e n t i a l  (A P) across the  metal l i c  cover p l a t e  con- 
t a i n i n g  the  f i b r o u s  i nsu la t i on .  The p red i c ted  A P depends on the  
vent ing  c h a r a c t e r i s t i c s  o f  t he  f i b r o u s  i n s u l a t i o n  as we l l  as the 
cover  p l a t e  i t s e l f .  Pressure loads combined w i t h  an SSE requ i re  



subs tan t i a l  redes ign o f  t h e  c l a s s  C thermal b a r r i e r  and t h e  core  
suppor t  s t r u c t u r e .  Uncer ta i  n t i e s  i n  t he  p r e d i c t e d  depressur i  za- 
t i o n  r a t e  and t he  pressure--loads due t o  turbomachine deblad ing o r  
r o t o r  f a i l u r e  need t o  be reso l ved  i n  t h e  course o f  redes ign ing  
these components. 

a Program f o r  Reso lu t ion  - Reso lu t i on  o f  u n c e r t a i n t i e s  r e l a t i v e  t o  
p r e d i c t e d  loads requ i res  t e s t i n g  o f  t h e  a f f e c t e d  components under 
r a p i d  depressur iza t ion  cond i t ions .  The core  suppor t  s t r u c t u r e  
must be redesigned t o  accommodate t h e  pressure loads d u r i n g  a  
dep ressu r i za t i on  combined w i t h  t he  SSE loads i n  accordance w i t h  
r e g u l a t o r y  procedures a p p l i e d  t o  LWR p lan t s .  To reduce t h e  un- 
c e r t a i n t i e s  o f  t h e  dep ressu r i za t i on  and pressure l o a d  p r e d i c t i o n s ,  
turbomachi ne r o t o r  f a i l u r e  t e s t s  must be performed t o  determi ne 
t h e  ac tua l  modes o f  ' f a i l u r e  and t h e  f low res i s tances  through t he  
turbomachine. 

5.5.2 Core Support  Graph i te  St resses and Ox ida t i on  

a I ssue  - Graph i te  i s  a  m a t e r i a l  hav ing e x c e l l e n t  high-temperature 
mechanical and phys ica l  p rope r t i es .  However, oxygen-carry i  ng 
species i n  t he  pr imary c o o l a n t  must be k e p t  low t o  l i m i t  c o r r o s i v e  
degradat ion o f  the s t r u c t u r a l  capaci t y  o f  g r a p h i t e  components. 

D e s i g n e r s  and  t h e  NRC r e c o g n i z e  t h a t  s t r u c t u r a l  c r i t e r i a  and 
a n a l y t i c a l  methods must be devel oped t o  adequately account f o r  
these e f f e c t s  i n  the  design o f  g r a p h i t e  co re  supports.  I t  i s  
necessary t o  e s t a b l i s h  a  three-dimensional  f a i l u r e  theory f o r  
g raph i te ,  q u a n t i f y  s t r a i  n  r a t e  e f f e c t s  on s t r e s s - s t r a i n  behavior  
and s t rength,  cha rac te r i ze  t h e  e f f e c t s  o f  o x i d a t i o n  and i r r a d i a -  
t i o n  on mater i  a1 behav io r  and s t reng th ,  i nves t i ga te  time-dependent 
s t r e s s  e f f e c t s  on s t r e n g t h ,  and  deve lop  a n a l y t i c a l  t o o l s  t o  
p r e d i c t  t h e  e f f e c t s  o f  ox ida t ion .  

A l s o ,  u n c e r t a i n t y  i n  t h e  p r e d i c t i o n  o f  s e i s m i c  l o a d s  f u r t h e r  
c o m p l i c a t e s  t h e  d e s i g n  o f  t h e  c o r e  suppo.r t ,  and  f u r t h e r  code 
devcl opment i s  r equ i red  t o  reduce t h i  s  unce r ta i n t y .  

e Program f o r  Reso lu t ion  - The co re  suppor t  must be designed t o  make 
i t  t o l e r a n t  t o  t h e  e f f e c t s  o f  co r ros ion .  S p e c i f i c a l l y ,  t h e  long-  
l i f e  components such as t h e  post,  t h e  p o s t  seats, and t he  upper 
h a l f  o f  t h e  co re  suppor t  b lock  must be made f rom a  low-ox ida t ion-  
r a t e ,  h i  gh-s t rength g raph i te .  Graphi t es  w i  t h  these p r o p e r t i e s  
must be se lec ted  and charac te r i zed .  

Design c r i t e r i a  a r e  be ing .  developed by t he  J o i n t  A C I I A S M E  commit- 
t e e  f o r  i n c o r p o r a t i o n  i n t o  t he  ASME B o i l e r  and Pressure Vessel 
Code, Sec t ion  111, D i v i s i o n  2. The f i r s t  d r a f t  was submi t ted t o  
t h e  Ma in  Commit tee i n  September 1980. T h i s  a c t i v i t y  mus t  be 
p u r s u e d  u n t i l  an ag reed  upon i n d u s t r i a l  code i s  e s t a b l i s h e d .  



Oxi da t ion  prof i 1 e predic t ion  methods must be developed f o r  
cylindrical geometries, which can account for  rate  changes as a 
funct ion  of pos i t ion ,  porosi ty  -.. .. changes, p r i o r  oxida t ion ,  and 
temperature-moi sture-impuri t y  his tory. Devel opment of a general 
f i  n i  t e  element approach for arbitrary geometries i s a1 so required 
t o  evaluate the complex geometries of graphite parts i n  the core 
support f loor.  

Cr i te r ia  and methods development must be confirmed w i t h  an experi- 
mental program that i s  designed to obtain data on graphite oxida- 
t ion rates  and profiles,  the effects  of properties caused by ox- 
idation, f a i lu re  theories (both t r i  axi a1 and fracture mechanics), 
fatigue data and cumul ative damage data, materi a1 cons ti tutive 
behavior studies,  and structural model t e s t s  for  methods verif i -  
cation. 

The information outlined above i s  needed prior to  the s t a r t  of 
detailed design. However, some of the fundamental t e s t s  must be 
completed ea r l i e r  t o  provide a sound basis for  formulating prelim- 
inary structural c r i t e r i a  so that  the design ef for t  can proceed 
smoothly. 

5.5.3 Fuel El ement Graphite Stress Analysi s Uncertainty 

8 Issue - Stresses i n  the fuel element blocks are  complex and the 
structural design c r i t e r i a  are not ye t  established. Designers 
be1 ieve the analytical techniques currently used to  estimate the 
combi ned ef fec ts  of seismic 1 oads and i rradi ation-i nduced stresses 
a r e  adequately conservat ive.  However, t he  s t r u c t u r a l  design 
c r i t e r i a  fo r  permanent graphite structures proposed by the NRC's 
consultant, the Frank1 i n Ins t i tu te  Research Laboratori es (FIRL) , 
are  more conservative and are considered excessively stringent for 
appl i cation t o  rep1 aceable fuel and ref1 ector elements which have 
l ives  of about four years. If  the more conservative c r i t e r i a  
recommended by FIRL i s  imposed by the N R C ,  adequacy of the present 
design would become an issue requiring resolution i n  the licensing 
process. 

0 Program for  Resolution - Further theoretical and experimental work 
i s required to  improve materi a1 model s and analytical methods. 
The program t o  develop improved ana ly t i ca l  materi a1 mode1 s 
is  designed t o  reconcile discrepancies in the s t ress  calculation 
models, such as the strain-gradient effect.  The capability to  
calculate and combine dynamic seismic stresses w i t h  thermal and 
i r radiat ion stresses while accounting for  the effects  of fatigue 
and changes in materials properties must be developed and experi- 
mental ly verified. 



Des ign  m o d i f i c a t i o n s  may be  necessa ry  t o  r educe  t h e r m a l  and 
i r r a d i  a t i o n - i  nduced stresses. . Reductions i n c a l  c u l  a ted  mechanical 
(se ismic )  loads may be achieved -. . by account ing f o r  p l a n t  embedment, 
spec i f i c  s o i l  cond i t ions ,  and damping mechani sms i n  t h e  core. 

5.5.4 E f f e c t s  o f  Hiah Noise Levels  

0 I ssue  - The l o c a t i o n  o f  t h e  t u r b i n e  and compressor i n s i d e  t h e  PCRV 
in t roduces  a h i gh  l e v e l  o f  acous t i c  1  oadi ng t o  r e a c t o r  i n t e r n a l  s. 
The p r e s e n t l y  est imated sound pressure l e v e l s  em i t t ed  from t h e  
turbomachine may l i m i t  t h e  design l i f e  o f  t h e  thermal b a r r i e r  
components, f l o w  guides, and duct  assemblies and c o u l d  r e s u l t  i n  
t h e  requ i  rement f o r  r e c u r r i n g  rep1 acement o f  t h e  a f f e c t e d  compo- 
nents  du r i ng  t h e  l i f e  o f  t h e  p l an t .  

e Program f o r  Reso lu t ion  - A program t o  develop a n a l y t i c a l  methods 
t o  descr ibe t h e  na tu re  o f  sound pressure waves imp ing ing  upon 
i nte rna l  components i s  requ i  red. I n  a d d i t i o n ,  t h e  d e f i n i t i o n  
o f  m a t e r i  a1 b e h a v i o r  t o  h i g h  f r e q u e n c y  1 o a d i  ngs a t  e l e v a t e d  
temperature and t h e  development o f  des ign c r i t e r i a  must be under- 
taken. Behavior o f  m a t e r i a l s  and components must be v e r i f i e d  
under p r o t o t y p i c  cond i t i ons  i n  an i n t e g r a t e d  t e s t .  A p a r a l l e l  
program t o  reduce noise emission a t  t h e  t u r b i n e  must be. conducted 
t o  p rov ide  f o r  an opt imal  r eso lu t i on .  A Hel ium Component Tes t  
F a c i l i t y  (HCTF) i s  r equ i red  t o  demonstrate t h a t  t h i s  i ssue  and 
o t h e r  cond i t i ons  a r i s i n g  from complex systems i n t e r a c t i o n s  a r e  
p rope r l y  addressed. 

5.5.5 E f f e c t s  o f  Hiah O ~ e r a t i n a  Tem~era tu res  

5.5.5.1 Core Res t ra i  n t  and P e r i  ~ h e r a l  Seal 

0 Issue - Increased he l ium temperatures ( r e l a t i v e  t o  t h e  design f o r  
t h e  HTGR-SC) have requ i red  re -eva lua t ion  o f  t h e  metal 1  i c  compo- 
nents  o f  t h e  core  l a t e r a l  r e s t r a i n t  and t he  core  pe r i phe ra l  seal .  
The e x i s t i n g  designs f o r  these components have no t  been q u a l i f i e d  
f o r  s e r v i c e  above t h e  HTGR-SC c o n d i t i o n s .  The n i c k e l  a l l o y  
m a t e r i a l s  used i n  t h e  d i f f e r e n t  p a r t s  o f  t h e  sp r i ng  packs and 
pe r i phe ra l  seal were near t h e i r  l i m i t  f o r  t h e  HTGR-SC cond i t ions .  
A t  h i ghe r  temperatures, embri ttl ement due t o  c a r b u r i z a t i o n  and 
a g i n g  w i l l  r e q u i r e  t h e  q u a l i f i c a t i o n  o f  a  d i f f e r e n t  m a t e r i a l  
and/or design so lu t ions .  

e Program f o r  R e s o l u t i o n  - A m a t e r i a l s  p r o p e r t i e s  deve lopment  
program i s  r equ i red  t o  o b t a i n  creep rup tu re ,  t e n s i l e  s t rength,  and 
s t r e s s  r e l a x a t i o n  data a t  e leva ted  temperatures. Creep r u p t u r e  
and s t r e s s  r e l a x a t i o n  t e s t i n g  o f  Inconel  A1 l o y  718 w i l l  be neces- 
sary. Para1 l e l  programs t o  i d e n t i f y  a1 t e r n a t i v e s  t o  t h e  e x i s t i n g  
designs wi 1  1  be evaluated. 



Thermal B a r r i e r  and Hot Ducts 

Q Issue - The temperature l e v e l  o f  t h e  pr imary coolant  i n  t he  core 
outlet reg ion  con t ro l  s  the.-se-1 e c t i o n  o f  mater i  a1 s  - f o r  t he  thermal 
b a r r i e r .  The 850°C m i  xed mean core o u t l  e t  temperature requi  res  
the  use o f  superal l o y  cas t ings  f o r  t he  s t r u c t u r a l  elements o f  t he  
thermal b a r r i e r  assembly (cover p l  a tes and attachment f i x t u r e s  ) 
because t h e  wrought a l l o y s  used t o  date do no t  r e t a i n  s u f f i c i e n t  
s t r e n g t h  and c a r b u r i z a t i o n  r e s i s t a n c e  a t  t h i s  tempera ture .  
However, a  comprehensive devel opment program w i  11 be requi  red t o  
demonstrate t h a t  such c a s t  elements can be made t o  the  desi red 
qua1 i ty and proper ty  c r i  t e r i  a  t o  compl e t e l y  s a t i s f y  the intended 
nuc lear  appl i c a t i o n .  Fab r i ca t i on  development i s  necessary t o  
demonstrate t h a t  the desi red s t r u c t u r a l  con f i gu ra t i ons  can be made 
s u f f i c i e n t l y  defect- f ree.  

e Program f o r  Resolut ion - Mater ia l  eva lua t ion  studies have i d e n t i -  
f i e d  I n c o n e l  713LC as t h e  c a s t i n g  a l l o y  c a n d i d a t e .  Handbook 
proper ty  da ta  f o r  t h i s  a1 l o y  i n d i c a t e  acceptable s t rength  and 
c a r b u r i z a t i o n  r e s i s t a n c e  c o m p a t i b l e  w i  t h  an 850°C mixed c o r e  
o u t l  e t  temperature. Designers must conduct i n i t i a l  discussions 
w i t h  foundr ies  t o  asce r ta in  the  c a s t a b i l  i t y  o f  desi red component 
s i z e s  and geomet r i es .  A comprehensive d a t a  base f o r  t h e  most 
promis ing thermal b a r r i e r  cas t i ng  mater i  a1 s  w i l l  be establ ished. 
A m u l t i y e a r  program w i l l  be requ i red  t o  prov ide basic  mater ia ls  
d e s i g n  d a t a  i n  HTGR e n v i  ronments and t o  subsequent ly  deve lop  
s u i t a b l e  design c r i t e r i a .  

Core Region Temperature F luc tua t i ons  

e Issue - F luc tua t i ons  i n  t he  reg ion  o u t l e t  temperatures have been -. 
experienced i n  the  FSV cnre dur ing  reactov upera t ion  a t  approxi-  
mately /0% o f  the  f u l l  power l e v e l .  The f l uc tua t i ons ,  as reg is -  
t e r e d  by the reg ion  o u t l e t  thermometers, a re  character ized by 
r a p i d  temperature changes separated by "ho ld  t imes" o f  5  t o  20 
min. The temperature changes are on the  order  o f  38°C (lOO°F), 
and sometimes greater.  It i s  poss ib le  t h a t  such thermal cyc les 
cou ld  cause f a t i g u e  damage t o  the  core o r  steam generators. For  
t h i s  reason, t h e  NRC has no t  al lowed sustained operat ion o f  t he  
FSV r e a c t o r  i n  a  f l u c t u a t i n g  mode. 

Since t h e  cause o f  t h e  temperature f l u c t u a t i o n s  i s  no t  e n t i r e l y  
understood, design mod i f i ca t ions  necessary t o  assure t h a t  f u t u r e  
cores do n o t  experience t h i s  phenomenon are no t  completely defined. 
The l a r g e  HTGR has smal l e r  gaps and l e s s  bypass f l ow  than t h e  FSV 
reac to r  and thus should be more stable.  However, whether the 
d i f f e rences  are  s u f f i c i e n t  t o  preclude f l u c t u a t i o n s  i s  no t  known. 



0 Program f o r  R e s o l u t i o n  - The c u r r e n t  h y p o t h e s i s  i s  t h a t  t h e  
f l u c t u a t i o n s  a r e  a  t he rma l  -hyd- rau l  i c  phenomenon, .whe re  f u e l  
reg ions  a re  moved by the  combined -.. .. e f f e c t  o f  t ransverse  pressure 
fo rces  and thermal d i s t o r t i o n s .  Th i s  con jec tu re  i s  supported by 
a1 1  t h e  c i  r c u m s t a n t i a l  e v i d e n c e  b u t  has n o t  y e t  been p roven .  
Region c o n s t r a i n t  devices have been i n s t a l  l e d  i n  t h e  t o p  o f  ' t h e  
FSV core  t o  prevent  f l u c t u a t i o n s ,  and successful  ope ra t i on  a t  
power l e v e l s  up t o  70% suggests t h i s  approach w i l l  r eso l ve  the  
problem' f o r  the  FSV core  con f i gu ra t i on .  . Model t e s t s  have shown 
these devices t o  work. However, due t o  o t h e r  p l a n t  opera t iona l  
requirements, t e s t i n g  o f  t h e  devices may n o t  be resumed u n t i l  
e a r l y  1981 t o  demonstrate t h e  s o l u t i o n  a t  FSV. 

The program f o r  r e s o l u t i o n  o f  t h i s  i s sue  f o r  t h e  HTGR-GT w i l l  
e n t a i l  t h e  deve lopment  o f  a n a l y t i c a l  methods t o  p r e d i c t  c o r e  
movements and t he  use o f  smal l  sca le  phys ica l  models t o  v e r i f y  
t h e i r  accuracy. The program must p rov ide  f o r  t h e  p rogress ive  
development o f  one-, two-, and three-dimensional  a n a l y t i c a l  and 
phys ica l  models o f  a  several  y e a r  per iod.  Both t h e  codes and 
models w i l l  be used t o  v e r i f y  design so lu t i ons .  Th i s  e f f o r t  i s  t o  
be coord ina ted  w i t h  the  a c t i v i t i e s  under way a t  FSV t o  reso l ve  t h e  
core  f l u c t u a t i o n  problems. 
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6 - 0  TECHNICAL B A S I S  FOR FOLLOW-ON/ADVANCED SYSTEMS 

6.1 Gas Turbi  ne F o l l  ow-On/Advanced Systems 
-.. .. . . 

Based on the 850°C core o u t l e t  temperature used as the  design bas is  f o r  
t he  l ead  p lan t ,  a  se r i es  o f  commercial p l a n t s  o f  s i m i l a r  design i s  
expected t o  be produced w i thou t  f u r t h e r  r e a c t o r  p l a n t  development. 

The nex t  step woul d be t o  produce combi ned c y c l e  gas t u r b i n e  p l  ants . in 
o rder  t o  u t i l i z e  the  waste heat. Sect ion 3.3 describes i n  d e t a i l  such 
combi ned cyc les us ing f l  ashi ng steam o r  amm0ni.a b,ottomi,ng cyc les.  The 
1 ead p l  an t  o r  ex i  s t i n g  commercial u n i t s  -cou,M-easj ly  ' b e  ., .back-f i t t e d  t o  
demonstrate these bottomi ng cycles. The bottomi ng c y c l  e equipment w i  11 
n o t  r e q u i r e  l a r g e  development programs as the  equipment used i s  r e a d i l y  
ava i lab le ,  w i t h  the  poss ib le  except ion o f  the  ammonia t u r b i n e  f o r  t he  
s i z e  necessary. 

The development o f  o the r  a p p l i c a t i o n s  f o r  t he  waste heat  usage. such as 
d i s t r i c t  heating, desa l ina t ion ,  and ag r i cu l  t u r a l  uses w i  11 n o t  r e q u i r e  
a d d i t i o n a l  reac to r  p l  a n t  devel opment b u t  development o f  on ly  t he  spe- 
c i f i c  a p p l i c a t i o n  process i t s e l f .  

Because the  gas tu rb ine   rayto ton) c y c l  e  e f f e c t i v e l y  u t i l  i z e s  h igher  t u r -  
b i n e  i n l e t  temperatures ( i  .e., core  out1 e t  temperature) t o  gain c y c l e  
e f f i c i e n c y ,  t h e  nex t  l o g i c a l  step f o l l o w i n g  t h e  development o f  the  gas 
t u r b i n e  p lan ts  f o r  the  850°C core out1 e t  temperature woul d be t o  devel- 
op a l l  components necessary f o r  h igher  core o u t l e t  temperatures. The 
development woul d i nc lude  f u e l  p a r t i c l e s ,  f u e l  blocks, core i n t e r n a l  s, 
thermal b a r r i e r  under the  core, h o t  cross ducts, and the  turbomachine. 

Major f a c i l i t y  requirements r e l a t e  t o  the  high-temperature aspects and 
are  a n t i c i  pated t o  i nc l  ude: 

1 . High-temperature (950°C) he1 ium component t e s t  f a c i l  i t y  (HCTF) t o  
t e s t  the  h o t  duc t  and turbomachine. (Th i s  woul d r e q u i r e  modi fy ing 
t h e  proposed HCTF f o r  component t e s t s  a t  850°C.) 

2. Expanded metal 1 u r g i c a l  t e s t  f a c i  1  i t i e s  f o r  new a1 1 oys and nonme- 
t a l l i c  mater ia ls .  

Subsequent t o  mater ia l  development and component t e s t i n g ,  a demonstra- 
t i o n  p l a n t  cou ld  be constructed f o r  f i n a l  t e s t i n g  of t he  core a t  the 
h igher  operat ing condi t ions.  



6.2 Other Fol  low-On App l i ca t i ons  

The o v e r a l l  program scenario o f  the HTGR-GT as the  .Lead P r o j e c t  w i t h  
t h e  HTGR-SC o r  HTGR-R as fo l low-on Lpfbject i  was developed-5.n sec t i on  2 .  
Thi  s sec t i on  out1 i nes the add i t i ona l  design a!id devel oprnent steps f o r  
each o f  t he  Pol 1 ow-on/advanced opt ions.  

Approximately one t h i r d  o f  the HTGR-GT design and develop~nent programs 
i n c l u d i n g  the  HCTF a r e  c l a s s i f i e d  as generic and p e r t a i n  t o  the o ther  
HTGR opt ions .  Therefore, i t  w i l l  be p r i rna r i l y  i n  the f o l l  owing nonge- 
n e r i c  areas where t lre add i t i ona l  steps w i l l  be needed: 

1. Systenls design and DVGS. 

2. L icensing.  

3. Safety and r e l i a b i l i t y .  

4. PCRV component design f o r  the  s p e c i f i c  appl i c a t i o n s .  

5. Heat exchangpr design and DV&S. 

6. He1 ium c i r c u l  a to rs / se rv i ce  systems design and DY&S (where 
appl i c a b l  e l .  

7. NSS ins t rumenta t ion ,  p l a n t  p r o t e c t i o n  system, and p l a n t  c o n t r o l  
system. . 

Table 6.2-1 i n d i c a t e s  the  a p p l i c a t i o n  o f  the lITGi7-GT lead  p r o j e c t  de- 
s i g n  and development c o n t r i b u t i o n  t o  the o ther  f o l l  ow-on appl i c a t i o n s .  
I n  general,  t he  main design d i f f e rences  are associated w i t h  the method 
o f  power convers ion f o r  the gas t u r b i n e  arid the steam cyc le  app l ica-  . 

t i o n s  o r  re fo rmer  op t ions .  The gas t u r b i n e  does n o t  r e q u i r e  steam gen- 
e ra to rs ,  c i r c u l  a to rs ,  o r  in termediate heat  exchangers and consequently 
these components woul d requi  r e  devel opment and t e s t i  ng f o r  the steam 
c y c l  e o r  reformer o p t i  ons. Conversely, these f o l  l ow-on opt ions  cannot 
use the technology developed f o r  the gas t.urbine power conversion loops 
cons1 s t i n g  o f  the  turbomachi ne, reccperator ,  precool e r ,  and bypass con- 
t r o l  valves. The f o l  low-on opt ions cou ld  use the HCTF t o  f l o w  t e s t  
components a t  design temperature. 

The gener ic  program w i l l  supply approximately 60% o f  the  steam cyc le  o r  
reformer o p t i o n  development, l eav ing  the balance t o  be completed by the  
s p e c i f i c  f o l  low-on p l  a n t  appl i c a t i o n .  



TABLE 6.2-1 
APPLICATION OF HTGR-GT LEAD PROJECT 

DESIGN AND DEVELOPMENT TO FOLLOW-ON PLANTS 

( a ) ~  = 1 ead program p rov ides  development f o r  f o l  1 ow-on programs. 
B = l e a d  program p rov ides  minor  advancement t o  fo l low-on  

programs. 
NA = not app l i cab le .  , 

Program Area 

Fuel (MEU) 
Core 
Reactor i n t e r n a l  s 
Neutron and r e g i o n  f l o w  c o n t r o l  
Thermal b a r r i e r  
PCRV, 1 i n e r  ,. 

Fuel  hand1 i ng 
Reactor s e r v i c e  system 
CACS 
P l a n t  c o n t r o l / p r o t e c t i o n / i n s t r u m e n t a t i o n  
Turbomachi ne 
Recuperator 
Precool e r  
Bypass c o n t r o l  va lves 

FOI low-on ~1 a n t ( a )  

HTGR-SC 

A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
N A 
N A 
N A 
N A 

HTGR-R 

A 
A 
A 
A 
A 
A 
A 
A 
A 
8 
N A 
N A 
N A 

.NA ' 
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7.0 LEAD PROJECT/PROGRAM SCHEDULE 

The HTGR-GT requ i res  a s i g n i f i c a n t  ex tens ion  o f  t h e  s t a t e - o f - t h e - a r t  
o f  nuc lear  power p l a n t  technology. The temperature regimes and the  
complex systems i n t e r a c t i o n s  encountered i n  the  nuc lear  hea t  source 
w i l l  r e q u i r e  t h e  development o f  new regu la to r y  c r i t e r i a  and advanced 
i n d u s t r i a l  c a p a b i l i t y .  A comprehensive program o f  bas i c  technology 
development and component demonstrat ions i s planned t o  s a t i s f y  t he  
needs o f  bo th  sectors .  The p r o j e c t  and program descr ibed f o r  the  
HTGR-GT i n t h e  preceedi ng sec t i ons  r e f 1  e c t s  t he  c u r r e n t  pe rcep t i on  o f  
t h e  e f f o r t  necessary t o  develop and demonstrate t h i s  r e a c t o r  techno l -  
ogy. Schedules, as w e l l  as costs ,  a r e  sub jec t  t o  t h e  developmental 
na tu re  and a t tendant  u n c e r t a i n t i e s  o f  t h e  HTGR-GT Lead P r o j e c t .  

The schedule presented i n  F igu re  7-1 i s  viewed as a "reasonable t a r g e t "  
t o  design, l i c e n s e  and b u i l d  an HTGR-GT p l a n t .  Assuming an aggressive 
program, t he  development may be viewed i n  t h r e e  phases: 

Phase I : Concept Devel opment FY 1981-1987 

Phase I I : Design Development FY 1988-1995 

Phase 111: Cons t ruc t ion  and S t a r t u p  FY 1996-2003 

Dur ing Phase I, a p e r i o d  o f  i n t e n s i v e  research and development i s  
r equ i red  t o  cha rac te r i ze  t h e  dynamic e f f e c t s  o f  t h e  gas t u r b i n e  on 
o t h e r  e l emen ts  o f  t h e  r e a c t o r  w i t h i n  t h e  p r i m a r y  c i r c u i t .  A key 
a c t i v i t y  du r i ng  t h i s  p e r i o d  i s  t h e  performance o f  t e s t s  t o  e s t a b l i s h  
t h e  behavor and f a i l u r e  modes o f  t u r b i n e  r o t o r s  which a f f e c t  design 
b a s i s  e v e n t s  f o r  t h e  gas t u r b i n e  p l a n t .  I n  p a r a l l e l  a c t i v i t i e s ,  
deve lopment  work and t e s t s  on t u r b i n e  b e a r i n g s  and s e a l s  w i l l  be 
conducted. Other  techno1 ogy development a c t i v i t i e s  w i  1  1  emphasize 
m a t e r i a l s  development and t he  design o f  r e a c t o r  i n t e r n a l s  f o r  t h i s  
env i  ronrnent. These a c t i v i t i e s  w i l l  cu lm ina te  i n  t h e  submission o f  
a  P re l im ina ry  Safety  I n fo rma t i on  Document (PSID) t o  t h e  NRC i n  1987. 

Dur ing Phase I 1  and concur ren t  w i t h  e a r l y  ' l i cens f  ng review, the p l a n t  
w i l l  p r o g r e s s  t h r o u g h  PSAR s u b m i t t a l  i n  1993 t o  t h e  r e c e i p t  o f  a  
Cons t ruc t ion  Permi t  i n  mid-1995. A major  element o f  t h e  development 
program w i l l  be conducted i n  t h i s  per iod.  A Helium Component Tes t  
F a c i l i t y  (HCTF) w i l l  be cons t ruc ted  and a non-nuclear demonstrat ion of 
p r o t o t y p i c  components w i l l  be performed. Such t e s t s  a re  cons idered 
necessary t o  r e f i n e  and con f i rm  methods used t o  p r e d i c t  t h e  e f f e c t s  o f  
coo lan t  f l ow,  acoust ics ,  and o t h e r  systems i n t e r a c t i o n s  and t o  exe rc i  se 
a p ro to t ype  gas t u r b i n e  through a rep resen ta t i ve  range o f  ope ra t i ng  
cond i t ions .  It i s  p r o j e c t e d  t h a t  t h e  e a r l y  d iscourse i n i t i a t e d  w i t h  
t h e  NRC v i a  t h e  PSID w i l l  f a c i l i t a t e  t h e  formal rev iew o f  t h e  PSAR 
which i s  est imated t o  r q u i r e  24 months. Completion o f  these a c t i v i t i e s  
w i l l  mark t he  onset  o f  Lead P r o j e c t  cons t ruc t i on .  



The Const ruc t ion  and S ta r tup  period, Phase 111, i s .  scheduled w i t h  
somewhat 1  onger i n t e r v a l  s  than those f o r  conventional p lan ts  t o  account 
f o r  t h e  added c o n s t r u c t i o n  complexity o f  t he  nuclear i s l a n d  caused by 
t h e  d i  r e c t  c y c l e  gas t u r b i n e  w i t h i n  the  PCRV. The cons t ruc t i on  pe r iod  
s p e c i f i e d  on t h e  schedule i s  78 months, which was ex t rapo la ted  from LWR 
experience and prev ious  studies on HTGR-SC p lan ts .  The p e r i o d  'between 
complet ion o f  f u e l  l oad ing  and f u l l  power commercial operat ion i s  
est imated a t  18 months. W i  t h  these assumptions, commerci a1 opera t ion  
i s  p ro jec ted  t o  occur i n  2003. 
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LEAD PROJECT COST EVALUATION 

Pro jec t ions  o f  costs associated w i t h  major elements o f  'the HTGR-GT Lead 
P r o j e c t  are presented i n  the f o l l  owi ng paragraphs. These elements 
are: 

Technology Development Costs. 

e Reactor Turbine System (RTS) Design and Development Costs. 

e Lead P l a n t  Costs. 

The technical  desc r ip t i on  o f  the  p l a n t  i s  g iven i n  Sect ion 5, and the 
p r o j e c t  schedule i s  presented i n  Sect ion 7 o f  t h i s  repor t .  Component 
and technology development programs w i t h  t h e i r  schedules. are p r o v i  ded 
i n  Appendix A. 

Table 8-1 gives f u r t h e r  d e f i n i t i o n  o f  the  c o s t  elements i nd i ca ted  
above. For  the  HTGR-GT, the  emphasis w i t h i n  Technology Development i s  ' 
on f u e l s  and mater ia ls ,  w i t h  near ly  th ree- four ths  o f  the  p ro jec ted  
$230M d i  rec ted  toward t h e i r  qua1 i f i c a t i o n .  Work on f u e l s  emphasizes 
the  development o f  an MEU f u e l  f o r  the  temperature regimes o f  the 
HTGR-GT. Ma te r i a l s  development i s  a1 so o r i en ted  t o  address the  high- 
temperature requirements o f  t h i s  p lan t .  

RTS Devel opment costs are est imated a t  $800M, w i  t h  heavy emphasi s 
assigned t o  the development o f  t he  turbomachinery. The $220M en t r y  f o r  
turbomachinery inc ludes the  e f f o r t  p ro jec ted  t o  exper imenta l ly  estab- 
l i s h  r o t o r  f a i l u r e  modes and t o  produce the f i n a l  design. The $340M 
en t r y  f o r  a Helium Component Test  F a c i l i t y  (HCTF) prov ides f o r  an 
i n teg ra ted  systems t e s t  o f  turbomachinery and o ther  components i n  the  
power conversion 1 oop. The HCTF i s  described i n  Appendix A. 

To determine the Lead P l a n t  costs shown on Table 8-1, a sub jec t ive  
assessment was made t o  determi ne the  degree .o f  uncer ta i  n ty  t h a t  may be 
encountered i n  designing and cons t ruc t i ng  the  f i r s t  HTGR-GT p lan t .  
S t a r t i n g  w i t h  the  Commercial P l a n t  cos ts  presented i n  Sect ion 3, the 
f o l l o w i n g  fac to rs  were app l ied  t o  account f o r  f i r s t - o f - a - k i  nd (FOAK) 
type engi neeri  ng and design e f f e c t s  and inexperience w i t h  cons t ruc t ion  
techniques unique t o  the  HTGR-GT. 

Account 

S t ruc tures  and Improvements 
Reactor P l a n t  
E l e c t r i c  P l a n t  
M i  scel 1 aneous P l  an t  
Heat Re jec t ion  System 
Construct ion Services 
Engi neer i  ng Services 

Factor  



TABLE 8-1 

HTGR-GT LEAD PROJECT COSTS ( '80 $M) 

Technol ogy Devel opment 

Fuel  
Ma t e r i  a1 s  
P l  a n t  Technol ogy 
Technol ogy Transfer 
C a p i t a l  Equipment 

To ta l  

RTS Development 

Systems and Design Support 
Safety-Licensing/GES 
Reactor Vessel 
Reactor I n t e r n a l s  
Reactor Core and Flow Cont ro l  
Turbomachinery 
Heat Exchangers 
C ACS 
M i  scel  1  aneous Reactor Serv ices 
Fuel  Hand1 i ng 
Cont ro l  / E l e c t r i c a l  
He1 ium Component Tes t  Fac i  1  i ty 

Tota l  

Lead P l a n t  

S t ruc tu res  and Improvements 
Reactor P l a n t  Equipment ( Inc ludes  RTS) 
E l e c t r i c  P l a n t  Equipment 
M i  scel  1  aneous P l a n t  Equipment 
Heat Re jec t i on  System 

Tota l  D i r e c t s  

I n d i  r e c t s  
Contingency 

To ta l  Lead P lan t  ( 1  

P r o j e c t  Devel opment (2 )  

To ta l  

( " ~ x c l  udes owner's costs, i n t e r e s t  dur ing  construct ion,  and escalat ion.  

( ' ) ~ r o n t - e n d  des ign / t radeof f  e f f o r t  requ i red  t o  de f ine  Pro jec t .  



The RTS cos t  f o r  the Lead P lan t  r e f l e c t s  s i m i l a r  judgments by General 
Atomic Company t o  account f o r  s o f t  t o o l  i ng and non-recurr i  ng engineer- 
i n g  and 1 k e n s i n g  costs. . . 

Table 8-2 presents a comparison o f  t h e  Lead and Commercial P l a n t  cos ts  
f o r  the HTGR-GT. The FOAK unce r ta in t i es  produce an est imated c o s t  
d i f f e r e n t i a l  o f  $220M. I n  t h e  i n t e r e s t  o f  p r e s e n t i n g  m a j o r  c o s t  
elements i n  a comparative format, o the r  cos ts  i n c l u d i  ng owner's costs, 
i n t e r e s t  dur ing construct ion,  and esca la t i on  have no t  been accounted. 
However, i t  should be noted t h a t  the  g rea tes t  r i s k  i n  FOAK p l a n t s  l i e s  
i n  unplanned schedule extensions. P r i o r  experience w i t h  demonstration 
p l a n t s  has shown t h a t  schedule r i s k s  are  p a r t i c u l a r l y  ev ident  i n  the 
l i cens ing ,  construct ion,  and s ta r t -up  phases. Obviously, c a p i t a l -  
i n t e n s i v e  p r o j e c t s  a r e  p a r t i c u l a r l y  v u l n e r a b l e  t o  t h e  e f f e c t s  o f  
i n t e r e s t  dur ing cons t ruc t ion  and esca la t ion ,  and unce r ta in t i es  i n  
p r o j e c t  schedules may r e s u l t  i n  exposure t o  s u b s t a n t i a l l y  g rea ter  
economic r i s k  than the $220M ascr ibed t o  FOAK costs. 

I n  Table 8-3, cos ts  o f  major elements are  d i s t r i b u t e d  i n  accordance 
w i t h  the  P r o j e c t  phases described i n  Sect ion 7. Estimated expenditures 
through the  Concept Development Phase t o t a l  $230M and r e f l e c t  the  
e f f o r t  t o  character ize t u r b i n e  r o t o r  acc ident  cha rac te r i  s t i c s  and 
develop appropr iate bases f o r  reac to r  design. Peak annual funding 
requirements a r i se  i n  the Design Development Phase a t  $165M per  yea r  
corresponding t o  work on the HCTF. Funding requirements f o r  t h i s  
i n t e r v a l  are $780M. Expenditures dur ing  t h e  Construct ion and Start-Up 
Phase are  est imated a t  $1010M. 

Table 8-3 a l so  p r o j e c t s  a p l a u s i b l e  degree o f  u t i l i t y  p a r t i c i p a t i o n .  
U t i l i t y  group p a r t i c , i p a t i o n  a t  a modest l e v e l  may be a n t i c i p a t e d  
throughout t h e  course o f  t h e  Program. Lead u t i l  i ty f i n a n c i a l  invo lve-  
ment i s  n o t  p ro jec ted  u n t i l  the onset o f  Phase I 1  w i t h  t h e  o f f e r i n g  o f  
a s i t e .  Tota l  in-progress f i n a n c i a l  support by the Lead U t i l i t y  has 
been pro jec ted  a t  a l e v e l  t h a t  i s  equ iva len t  t o  the  commercial value of 
t he  p lant .  It i s  noted t h a t  t h i s  l e v e l  o f  f i n a n c i a l  support by the 
Lead U t i l i t y  i s  pro jected on the basis  o f  the  government's b a s i c a l l y  
underwr i t ing  the Gas Turbine Lead P r o j e c t  f o r  r i s k  p r o t e c t i o n  against  
schedul e, techno1 ogy readi  ness, p l  a n t  performance, etc .  

It should a lso be noted t h a t  o ther  elements o f  a t o t a l  HTGR Program are 
n o t  inc luded i n  Table 8-3. Fur the r  work on fol low-on process heat and 
advanced gas tu rb ine  systems would be required, as would cont inued 
1 ow-1 eve1 e f f o r t  toward f u e l  recycle.  



. . 

TABLE 8-2 

HTGR-GT LEAD AND COMMERCIAL PLANT BASE COSTS 

( ' 8 0  $M) 

Power Rat ing [ M W ( ~ ) ]  
Net E l e c t r i c a l  Output C ~ w ( e ) l  
E f f i c i e n c y  ( % I  

RTS D i r e c t  Costs 
RTS I n d i r e c t  Costs 

Tota l  RTS 

BOP D i  r e c t  Costs 
BOP 1ndi.rect Costs 
Cont i  ngency 

Tota l  BOP 

Tota l  P l a n t  Base Costs 

Comme r c i  a1 Lead 
P lan t  P lant  



TABLE 8-3 

HTGR-GT LEAD PROJECT COST PROJECTIONS 

DESIGN CONSTR. & 
DEVELOPMENT START-UP 

88+95 - 96+2003 - -  

CONCEPT DEVELOPMENT 
81 82 83  84  85 86  87 - - - - - - - TOTALS COST ELEMENTS 

Techno1 ogy 
Development 

DOE 

RTS Corn onent + 
DOE 

Lead P l a n t  

DOE 
GCRA/EPRI 
Lead U t i l i t y  

Subtota l  

T o t a l  Lead 
P r o j e c t  

DOE 
U t i l i t y  

Subtota l  
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9.0 RECOMMENDED APPROACH TO HTGR-GT DEVELOPMENT 

Major considerat ions on the appropr iate course f o r  cont inued HTGR-GT 
development may be drawn from the preceding sect ions o f  t h i s  repor t .  

e I n  Sections 3 and 4, no compel l i n g  economic o r  o ther  advantages 
r e l a t i v e  t o  competing systems were i d e n t i f i e d .  I t  was noted, 
however, t h a t  markets may emerge i f  f u t u r e  i n s t i t u t i o n a l  f a c t o r s  
encourage the  u t i l i z a t i o n  o f  t h e  h igh-qua l i t y  r e j e c t  heat o f  t he  
HTGR-GT v i a  d i  s t r i c t  heat ing o r  s i m i l a r  app l ica t ions .  Thus, the 
devel opment o f  HTGR-GT remains a worthy 1 ong-term Program objec- 
ti ve . 

e I n  Sections 5 and 7, i t  was noted t h a t  technical  development o f  
t he  HTGR-GT woul d requi r e  a per iod  o f  i n i t i  a1 work - t o  es tab l  i s h  
design bases f o r  1 oading cond i t ions  imposed by the  presence of the  
d i r e c t  c y c l e  gas t u r b i n e  w i t h i n  t h e  p r i m a r y  system. I t  was 
fu r the r  p ro jec ted  t h a t  an i n teg ra ted  t e s t  o f  components would be 
requ i red  t o  v e r i f y  t h a t  i n t e r a c t i o n s  were accounted f o r  i n  de- 
sign. The t ime requ i red  f o r  these a c t i v i t i e s  would extend the 
date f o r  p l a n t  operat ion t o  2003. 

I n  Sect ion 8, p ro jec t i ons  i n d i c a t e  t h a t  development costs and Lead 
P lan t  costs w i l l  both be i n  t he  v i c i n i t y  o f  $1000M. I n  add i t ion ,  
peak funding requirements a re  expected t o  be i n  the v i c i n i t y  o f  
$165M per  year  t o  support component development. 

The apparent 1 ack o f  near-term incent ive ,  pro1 onged schedule, and h igh  
c o s t  f o r  deployment  combine t o  s u p p o r t  a recommendation t h a t  t h e  
HTGR-GT n o t  be pursued as a Lead Pro jec t .  Fur ther ,  the nature o f  t he  
techn ica l  issues confronted i n  t h i s  p l a n t  suggests t h a t  a prudent 
development path woul d cas t  the  d i r e c t  cyc le  gas t u r b i n e  concept i n  a 
second generat ion o f  gas-cool ed reactors.  As a f o l l  ow-on system, 
features t h a t  1 i m i  t the  HTGR-GT would evolve through systems w i t h  l e s s  
complex 1 oadi ng cond i t ions  and temperature regimes than those en- 
countered i n  the HTGR-GT. 

With the  pro jec ted  cons t ra in t s  on funding o f  gas-cooled reac to r  tech- 
nology, i t  i s  recommended t h a t  minimal e f f o r t  i n  the  near term be 
expended t o  advance the HTGR-GT. The fo l l ow ing  areas should be empha- 
s ized i n  f u t u r e  work: 

9 Future a c t i v i t i e s  should emphasize the r e s o l u t i o n  o f  p r i o r i t y  
techn ica l  issues t h a t  are common t o  the HTGR-GT and app l i ca t i ons  
w i t h  more immediate P r o j e c t  p o t e n t i a l .  

o Cogeneration and process heat  s tud ies  shoul d charac ter ize  the r o l e  
of the  HTGR-GT i n  expected f u t u r e  markets where waste heat  can be 
e f f e c t i v e l y  u t i l i z e d .  

Studies should cont inue t o  i nves t i ga te  areas o f  p o t e n t i a l  c o s t  
reduct ions. 
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A.0 PROJECT DESIGN AND DEVELOPMENT PROGRAM 

Thi s appendix desc r ibes  the des i  gn and development a c t i v l  t i es  r equ i r ed  
t o  support  the HTGR-GT program. Included z r e  a s p e c i f i c  program (Sec- 
t i o n  A . l )  devoted t o  t a s k s  r e l a t e d  only t o  the HTGR-GT p l a n t  and a gen- 
e r i c  techno1 ogy program (Sec t ion  A.2) t h a t  i s  a s soc i a t ed  w i t h  develop- 
ment requirements common t o  most HTGRs, such a s  those  p e r t a i n i n g  t o  the 
core ,  nucl e a r  fuel  , fue l  hand1 i ng equipment , r e a c t o r  i n t e rna l  compo- 
nents ,  and CACS components. 

A . l  HTGR-GT S ~ e c i f i c  Program 

A v a r i e t y  of r o u t i n e  conventional des i  gn/devel opment a c t i v i t i e s  a r e  re- 
quired t o  proceed from the c u r r e n t  preconceptual design s t a t u s  of the 
di rect-cycl  e HTGR-GT pl a n t  through conceptual , prel i m i  nary, and f i n a l  
design and eventual l y  t o  cons t ruc t ion ,  1 i cens i  ng, t e s t i n g ,  and s t a r t u p  
of the p l an t .  By and l a r g e ,  these inc lude  s tandard ,  bu t  h igh ly  neces- 
s a ry ,  design approaches used f o r  any cons t ruc t ion  p r o j e c t .  For a nu- 
c l e a r  r e a c t o r ,  wh ich  must be b u i l t  w i t h  maximum concern f o r  the h e a l t h  
and s a f e t y  of t h e  pub l i c ,  des igns  and ana lyses  a r e  c a r r i e d  ou t  l e ad ing  
t o  the generat ion of app l i cab l e  word documents, drawings, computer pro- 
grams, and design r e p o r t s ,  n o t  only t o  de f ine  the specific component o r  
system bu t  a1 so  t o  s u b s t a n t i a t e ,  val i d a t e ,  and provide t r a c e a b i l  i t y  of 
i t s  design. In many cases ,  commerci a1 l y  ava i l  abl e components a r e  used 
"as - i s"  i . . ,  "of f - the-she l f" )  o r  modified a s  requi red ,  and o f t e n  
spec ia l  equipment o r  a system is developed through subcont rac t  by sup- 
pliers knowledgeable i n  the f i e l  d. In a d d i t i o n ,  DV&S t e s t s  a r e  c a r r i e d  
o u t  t o  opt imize and proof t e s t  the des igns ,  and these r e s u l t s  a r e  in -  
corporated i n t o  f i n a l  designs.  A1 so, ongoing programs must be main- 
t a ined  t o  review, update,  and approve these  designs and t o  document 
changes t o  a s su re  the q u a l i t y  and r e l i a b i l i t y  of the end product f o r  
i t s  intended app l i ca t i on .  

In the course  of these e f f o r t s ,  the fo l lowing  a c t i v i t i e s  a r e  normally 
completed: 

1 .  Preparat ion of word documents, such a s  technica l  d e s c r i p t i o n s ,  sys-  
tem desc r ip t i ons ,  p l a n t  and component s p e c i f i c a t i o n s ,  test p l  ans ,  
tes t  s p e c i f i c a t i o n s ,  t e s t  procedures,  and opera t ing  and s e r v i c e  
manual s. 

2. Preparat ion of ske tches ,  drawi ngs , 1 ayouts  , process  f 1 ow diagrams , 
pip ing  and instrumentat ion diagrams, instrumentat ion and wir ing 
schematics,  and de t a i  1 ed component engi neer i  ng drawings . 

3.  Preparat ion of o the r  spec ia l  r e p o r t s ,  such a s  general , design 
(stress o r  overpressure) ,  design cal  cul a t i o n s ,  general test da t a ,  
test  s t a t u s ,  design s t a t u s ,  tes t  eval ua t ion ,  qua1 i t y  assurance 
da t a ,  s a f e t y  a n a l y s i s ,  and LTRs. 



4. Safety, re1 iabil i t y ,  and availability analyses t o  support the de- 
sign effor t ,  identify and assess specific risks to .the plant, de- 
vel op and confirm analytical model s and data ( i  ncl u d i  ng experimen- 
tal  studies) used for these safety assessments, and provide input 
to the PSAR and FSAR. 

5.  Licensing support and guidance t o  interpret regulatory requirements 
and nucl ear safety c r i t e r ia ,  establ i sh the strategies for compl i - 
ance with these regulations and standards, review plant designs f o r  
adherence t o  these regulatory needs, and provide necessary documen- 
tation to state and federal agencies. 

6. Systems engineering analyses t o  optimize pl ant parameters based on 
cost and performance goals; establish parameter bases . f o r  system/ 
component designs so that the plant can meet i t s  specified perfor- 
mance cr i ter ia ;  define the primary system and CACS requirements 
i ncl udi ng their interfaces w i t h  associated systems; define the 
transient design bases by performi ng dynamic simul ations for  a1 ter-  
nate operating modes ; and devel op requi rements f o r  pl ant operating 
control and protection systems. Further efforts include identify- 
ing and resolving technical , safety, and design issues; assuring 
design control of t o p  level design documents; and establishing and 
maintaining requirements f o r  RTS/BOP interfaces, plant layout, ISI, 
and maintenance. 

7 .  Technical support of project management, licensing, experimental 
engineering, procurement, and cost devel opment. 

8. Li ai son w i t h  archi tect-engi neers, suppl iers ,  util  i t y  customers, 
testing subcontractors, and regulatory agencies. 

9. Project management and support to provide overall project manage- 
ment of design and development of the HTGR-GT lead plant program. 
This incl udes coordination of the program technical aspects ; design 
reviews; technical status reporting; planning cr i ter ia  definitions; 
design basi s definition; coordi nation of program needs t o  support 
1 icensi ng issues ; devel opment, updating , and i ssuance of overall 
program pl ans and schedules i ncl udi ng detai 1 ed system and component 
construction schedul es ; and development, maintenance, and control 
of the 1 ead project pl ant engi neeri ng data base, document conf i gur- 
ation system, RTS equipment l i s t ,  etc. 

Quality Assurance will be provided to assure identification, imple- 
mentation, and documentation of technical Quality Assurance re- 
quirements, design reviews, suppl ier  evaluations, pl anning and in- 
spection, and Qual i ty Assurance audi  t o  and corrective actions. 
Other Quality Assurance functions include documentation to support 
1 icensi ng; imp1 ementation of regul atory guides, codes, and stan- 
dards; and interfacing with DOE, NRC, and other agencies t o  ensure 
acceptabil i t y  and qua1 if  ication of the Qual i ty Assurance program. 



11. Development and evaluation of a l l  cost data in support of the pre- 
l iminary and detailed cost and risk evaluations . .for the lead 
pl ant. 

A.1 .I Functional Work Areas (RTS Design) 

The developmental design requirements for  the HTGR-GT specific program 
are carried o u t  by many functional work areas (organizations), as fo l -  
1 ows: 

Licensing. 
Safety, re1 iabi l  i t y ,  and availabil i t y .  
Systems engineering. 
Turbomachi nery and generator. 
Rotati ng machi nery wxi l  i ary systems. 
Reactor vessel components ( i ncl udi ng PCRV l i ners, penetrations, 
closures, and thermal barr ier)  . 
Reactor internal s (hot duct only). 
Heat exchangers. 
Plant protection. 
Plant control . 
P l  ant data acquisition and processi ng system ( D A P  ) . 
Analytical instrumentation. 
Reactor turbi ne system support ( i ncl udi ng structural mechanics and 
seismic designs, shiel d ing  design and analysis, m i  scel 1 aneous con- 
trol  and auxi l i a r ies ,  and materi a1 s engi neeri ng design) . 
Project management and support. 

A .1 .2 Special Development Activit ies 

Four of the large development areas i n  the HTGR-GT specific program 
that  do not fa1 l into the routine design requirement categories or 
entail extensive development w i t h  subcontractors are the PCRV model 
t e s t ,  precooler and recuperator heat exchangers, turbomachine, and 
He1 i u m  Component Test Facil i ty (HCTF) . The design/development and 
test ing associated w i t h  these are described be1 ow. 

s PCRV Model Test 

- Scope - The DV&S program encompasses the test ing of a scale 
model of the PCRV. The model will be constructed of pre- 
stressed concrete w i t h  representative cavi t ies ,  penetratio.ns, 
and closures and will embody the structural character is t ics  
of a PCRV w i t h  horizontal turbomachine cavi t ies  and an asym- 
metric arrangement of major components. The PCRV model scale 
will be selected consistent w i t h  recommendations of the ASME 
Boiler and Pressure Vessel Code. 

The scope of th is  task includes model design; material tes t -  
i n g  and qualification; preparation of model drawings, speci- 
f ications,  and t e s t  procedures; and f ina l ly  model testing. 
I t  a1 so encompasses 1 i ai son actlvl  ty with the subcontractor 



through the des ign  and t e s t i n g  phases.  The model t e s t  pro- 
gram will  be designed t o  demonstrate t h e  overa l l  s t r u c t u r a l  
response  of the asymmetric PCRV t o  overpressure ,  which  meets 
the u l t i m a t e  s t r u c t u r a l  capac i ty  c r i t e r i a  of twice the maxi - 
mum c a v i t y  p r e s s u r e  (MCP ) , and t o  i d e n t i f y  the most probabl e 
ul t i m a t e  f a i l  u r e  mode. . 

- Major A c t i v i t i e s  (Fig.  A.1.2-1) - The pr inc ipa l  e f f o r t  in -  
vo lves  the development of PCRV model design,  drawings, t e s t  
s p e c i f i c a t i o n s ,  and procedures and support ing s t r u c t u r a l  
a n a l y s e s  f o r  c o r r e l a t i o n  w i t h  model t e s t  da ta .  Deta i led  
model drawings wi l l  be generated t o  provide s u f f i c i e n t  i n f o r -  
mation f o r  mater ia l  procurement and qua1 if i c a t i o n ,  * test  
f a c i l  i t y  des ign ,  model f a b r i c a t i o n ,  and cons t ruc t ion  subcon- 
t r a c t s  and t o  e s t a b l i s h  ins t rumenta t ion  and logging system 
requi  rements . Speci a1 a t t e n t i  on wi l l  be d i r e c t e d  t o  the 
des ign  of model pene t r a t i ons  and c lo su re  devices  i n  such a 
manner t h a t  the overa l l  behavior  of the pro to type  under the 
ove rp re s su re  cond i t i on  is  accu ra t e ly  represen ted .  Model t e s t  
d a t a  c o l l  e c t e d  during p re s su re  tests will be eva lua ted  and 
c o r r e l  a t e d  w i t h  a n a l y t i c a l  p r e d i c t i o n s  f o r  s t r u c t u r a l  perf o r -  
mance assessments .  Tes t  da t a  and eva lua t ions  will be docu- 
mented i n  compl i ance w i t h  ASME Code and Regulatory Guide 
requirements .  

- S t a t u s  - Previous  experiences  i n  design and t e s t i n g  of sing1 e 
c a v i t y  and mu1 t i c a v i t y  PCRV model s i n  suppor t  of FSV and 
LHTGR des igns  provide the necessary e x p e r t i s e  f o r  the HTGR-GT 
PCRV model program. The PCRV model program d e f i n i t i o n  com- 
pl e t e d  f o r  the re fe r ence  900-MW ( e )  HTGR-SC pl a n t  w i  1 1 s e rve  
a s  a good i n d i c a t i o n  o f  the scnpP of work involved. Becduse 
of  the ho r i zon ta l  turbomachi ne c a v i t i e s  i ncorporated i n  the 
di rec t -cyc l  e HTGR-GT PCRV con f igu ra t i on  and their a s soc i a t ed  
l i n e a r  tendon p r e s t r e s s i n g  schemes, addi t iona l  e f f o r t s  i n  
model des ign  and f a b r i c a t i o n  a r e  a n t i c i p a t e d .  

a Recuperator and Precooler  Desiqn and Develo~ment  

- Scope - The scope of work c o n s i s t s  of e s t a b l  i s h i n g  and exe- 
cut1 ng a program t h a t  provides  f o r  the design,  development, 

-. and manufacture of r ecupe ra to r  and precooler  hea t  exchangers 
and a s s o c i a t e d  a u x i l i a r y  equipment f o r  an HTGR-GT p l a n t .  The 
program inc l  udes accompl i shment of a1 1 the a c t i v i t i e s  
r equ i r ed  t o  meet this o b j e c t i v e  beginning w i t h  the conceptual 
design of the components and extending through technica l  sup- 
p o r t  dur ing  manufacture,  shipment, i n s t a l l a t i o n ,  s t a r t u p ,  and 
p l a n t  acceptance by the owner. The program provides  f o r  sub- 
c o n t r a c t i n g  t h e  recupera tor  and precool e r  hea t  exchanger 
f i n a l  design and manufacture t o  a hea t  exchanger suppl i e r  and 
t h e r e f o r e  i nc ludes  p repa ra t i on  of a b id  package f o r  p o t e n t i a l  
suppl iers ' quota t ion .  A1 so  i ncl uded i n  the program a r e  tech-  
no1 ogy exchange, t echnica l  review, and coord ina t ion  between 
t h e  s e l e c t e d  suppl ier(s1 and the  RTS supp l i e r .  



Figure A. 1.2-1 Schedule for PCRV model test program 
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- Major Act ivi t ies  ( F i g .  A.1.2-2) - The emphasis i n  the early 
par t  of the program will be on the engineeri.ng design and 
development work required f o r  f ormul ation of viable designs 
of the components. Tests will be performed and heat 
exchanger methods (codes) will be developed such that basic 
technology data common to  HTGR heat exchanger d.esigns will be 
made available for  appl ication to  specific designs. This 
i n i  t i  a1 program phase wi 1 1 i ncl ude conceptual s i  z i  ng , perfor- 
mance and thermal analyses , mechanical desi gn, and high- 
temperature structural analysis associated w i t h  steady-state 
and t ransient  operation. Systems and physical interfaces 
will be addresssed, as well as cost and preparation of the 
design specification f o r  the heat exchanger suppl i e r  b i d  
package( s ) .  

Tests to  be performed will include f 1 ow distribution, high- 
temperature materi a1 s desi gn data, heat t ransfer ,  f r e t t i n g  
and wear, vibrations,  seismic, and acoustics; methods associ- 
ated high-temperature heat exchanger design, sizing, perfor- 
mance, and structural anal ysi  s w i  11 be devel oped. 

The e f f o r t  i n  succeeding phases of the program will be on the 
completion of the detailed design of the components, 
manuf acturi,ng-re1 ated support, transportation, instal  1 ation, 
and other s i t e  support. Typical documentation produced will 
be s t r e s s  reports; heat t ransfer  f lu id  flow and performance 
reports ; mechanical design reports ; mai ntenance, instal  1 a- 
ti on, and removal /rep1 acement reports ; material service 
reports; and systems descriptions, design specifications,  and 
inputs to  SARs. 

Status - Reference recuperator and precool e r  configurations 
and associated c r i t i ca l  design areas have been identified.  
Prel i m i  nary steady-state thermal sizing of the concepts has 
been completed, and th i s  together w i t h  some mechanical design 
and structural analysis has, i n  the case of the precooler, 
demonstrated feas ib i l  i t y  and establ ished the current enve- 
lope. The current recuperator concept i s  relatively new and 
s t i l l  requires design, analysis, and t e s t s  to  conf irm feasi-  
bil i t y  i n  the areas of flow distribution, tube-to-tube ther- 
mal mismatch, and hot seal design. 

A d ra f t  development plan has been prepared, which summarizes 
al l  the t e s t  and methods development programs. T h i s  plan pro- 
vides the essential information f o r  the individual programs 
that  are  required to  obtain basic technology data or to ver- 
ify the designs. The bulk of th i s  t e s t  and methods work has 
not been s tar ted.  

Integrated structural and heat t ransfer  analysis remains to  
be done, as well as the evaluation of structural interactions 
among heat exchanger components. 
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Figure A.1.2-2 Schedule for recuperator and precooler heat exchanger program 



Deta i l ed  mechanical des ign  i s  s t i l l  r equ i r ed ,  p a r t i c u l a r l y  i n  
the a r e a s  of tube . suppor t s ,  expansion loo.p.s, main hea t  
exchanger suppor t s ,  and s e a l s .  In add i t i on ,  maintenance, 
IS I ,  mater i  a1 surve i  11 ance,  sh ipp i  ng/handl i ng, and i n s t a l  1 a- 
t i o n  c r i t e r i a  have y e t  t o  be assessed .  

Turbomachi nery Desi qn and Devel opment 

Scope - The development of the turbomachinery by the turbo-  
machinery subcont rac tor  r e p r e s e n t s  a major design and DV&S 
program. I t  does no t ,  however, p r e sen t  any unique problems 
r e q u i r i n g  development of new technology s i n c e  steam and open- 
c y c l e  gas  t u r b i n e s  of a comparable physical  s i z e  have been 
manufactured and opera ted  commerci a1 1 y . In addi ti on, open- 
c y c l e  gas  t u r b i n e s  i n  commercial ope ra t i on  have been oper-  
a t i n g  a t  temperatures  cons iderab ly  above those  found i n  the 
HTGR-GT appl i c a t i o n .  The ope ra t i on  of a gas t u r b i n e  a t  a 
r a t i n g  i n  excess  of 160,OO hp per s t a g e  (1.3 mi l l i on  hp 
t o t a l  ) is ,  however, unique. In add i t i on ,  the requirement t o  
e s t a b l  ish the sequence and t iming of a p o s s i b l e  r o t o r  f a i l u r e  
i s  unique. 

Design, DV&S, and suppor t ing  tes t  a c t i v i t i e s  a r e  requi red  t o  
develop t h e  turbomachinery and i t s  suppor t  auxi l  i a ry  systems. 
The major a r e a s  addressed are:  

1 .  Major t es t  f a c i l  i t y / r i g  design and f a b r i c a t i o n .  
2. Turbomachine mechanical design and test.  
3. Turbomachi ne aerodynamic des i  gn and tes t  . 
4. Seal and bu f f e r  system des ign  and test.  
5. Primary and secondary seal Tystcm design and t e s t .  

The cu lmina t ion  of the turbomachi nery development t e s t i n g  
will be i n  the HCTF, where i t  will be run a t  f u l l  power and 
under t r a n s i e n t  condi t i  ons . 

- Major A c t i v i t i e s  (F ig .  A.1.2-3) - In suppor t  of the des ign  
t a s k s  a s s o c i a t e d  w i t h  the turbomachinery, a series of exten-  
s i v e  component tests a r e  pl anned. F O ~  these tests, the t u r -  
bomachinery subcont rac tor  would design and bu i ld  a test 
f ac i  l i t y  t h a t  woul d provi  de a 1 arge-vol ume, temperature- 
con t ro l  1 ed  he1 ium stream. The f a c i l  i t y  woul d provide f l ows  
t o  264 kg/s (120 1b/s )  o r  1/10 r a t e d  power conversion loop 
flow. Th i s  f l o w w o u l d b e  s u f f i c i e n t  t o  t es t  l / l 0 - s c a l e  com- 
p r e s s o r s  and tu rb ines .  These r i g s  woul d be run i n  time se- 
quence t o  provide economy i n  the he1 ium supply system. Per- 
f ormance mappi ng of these components r equ i r e s  re1 a t i v e l  y 
s h o r t  du ra t i on  tests t h a t  l end  themselves t o  sequencing. 

Bearing and sea l  tests would be both performance and 1 if e 
c h a r a c t e r i  stics tests. Because of the small q u a n t i t i e s  of 
helium requ i r ed  f o r  buf fe r ing  and f o r  s imula t ing  main loop 



Figure A. 1.2-3 Turbomachinery development schedule 
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pressure variations (a  few pounds per second), these tests 
would be. run in para1 lel w i t h .  the compressar and turbine 
tests. 

The tests t o  be included are: 

Rotor f ai 1 ure mechani sm test. 
Bearing and seal tests. 
Bearing oil system test. 
Bearing seal and buffer system test. 
Primary 'and secondary shaft seal system test. 
Compressor performance test.  
Turbine performance test.  
Material s compatibil ity test. 
Containment r i n g  test.  
Flow distribution test.  

Descriptions of some of these tests are given below: 

1 . Rotor Failure Mechanism Test - The present basis for a 
turbine rotor failure seauence i s  the ~ostulated shear- 
i ng of the shaft between 'the turbine and compressor f 01 - 
lowed by loss of flow path resistance and geometry due 
t o  deblading of the turbine and/or compressor in one 
rev01 u t i o n .  This assumption resul t s  in h i  gh-pressure 
loads across major components due t o  rapid pressure 
equi1 ibration of the PCRV core cavity and the other 
cavities. 

A credible design basis rotor failure must be defined t o  
permit proper component redesi yn; i t  1s planned t o  
accompl i sh this by carrying o u t  mechanical and aero- 
dynamic tests. The rotor fail  ure mode f o r  the worst 
credi bl e f ai 1 ure will be establ i shed f i r s t  by mechanical 
testing and mode1 i ng of centrifugal and thermal stresses 
as real i stical 1 y as posoibl e In the second phase, the 
depressurization rate in the ducts and plenums will be 
determined i n  aerodynamic tests based on the worst cred- 
ible mechanical failure identified in the f i r s t  test  
series; the ducts and plenums would be included in the 
low-temperature, low-pressure closed-loop model that-.  
will be used. The resul ti ng depressurization transient 
will form the basis f o r  the design of primary system 
components. 

Bearing and Seal Testing - The bearing and seal conf ig -  
urations in the HTGR turbomachine represent designs t h a t  
have been successful ly operated i n other appl ications. 
In the HTGR application, there i s  a stringent oil leak- 
age limit of 0.27 d / y r  (1 ft3/yr) due t o  the poten- 
t ia l ly  harmful impact on core and heat exchanger opera- 
tlon. In addition, the bearing diameters are large and 
the D N  factor (surface speed) i s  high. The generator 



d r i v e  s h a f t  sea l  i s  a s a f e t y  c l a s s  component because i t  
s e a l s  a ro ta t i .ng  pene t r a t i on  through t h e  ,PCRV and pre- 
ven t s  contamination of the secondary containment bu i ld -  
ing.  

For these reason?, ex t ens ive  t e s t i n g  i s  planned t o  o p t i -  
mize bear ing  and sea l  con f igu ra t i ons  and f lows  and t o  
provide v e r i f i c a t i o n  of the i n t e g r i t y  of t he  des igns .  
The r i g s  will be operated a t  design cond i t i ons  and 
extreme t r a n s i e n t s  and off-design cond i t i ons  to a s s u r e  
t h a t  adequate margins a r e  a v a i l  ab l e .  Af t e r  the compl e- 
t i o n  of t e s t s  t h a t  v e r i f y  the designs meet a l l  pe r fo r -  
mance parameters,  endurance t e s t i n g  w i  11 be done t o  
i d e n t i f y  and e l  imina te  any random o r  wearout f a i l u r e  
modes. 

The two main s h a f t  bear ings  a r e  t i 1  t e d  pad journal bear-  
ings.  Since the main suppor t  bear ings  a r e  i d e n t i c a l  t o  
each o t h e r ,  one journal bear ing  r i g  i s  planned. This  
r i g  will a l s o  inc lude  the double buf fe red ,  l a b y r i n t h  
seal  arrangement and the 1 ubri  c a t i  ng and he1 i um cleanup 
system. 

The t h r u s t  bear ing  is  a doubl e -ac t ing  t i 1  t e d  pad design.  
I t  is  designed t o  handle the r o t o r  t h r u s t  p lus  l oads  
a s soc i a t ed  w i t h  an earthquake shock up t o  6.7 on the 
Rich te r  s ca l e .  I t  i s  loca t ed  a t  the compressor end of 
the turbomachine near the PCRV s h a f t  pene t r a t i on .  Its 
1 u b r i c a t i  ng system i s 1 oca ted  i n  the secondary conta in-  
ment bu i ld ing  t o  minimize o i l  i n g r e s s  problems. 

The PCRV pene t r a t i on  sea l  is a mu1 t i p 1  e p i  s t on  r i n g  
f l o a t i n g  o i l  l u b r i c a t e d  s e a l .  I t  i nco rpo ra t e s  a 
hyd rau l i ca l l y  operated shutdown f a c e  sea l  and is a 
saf ety-cl a s s  component. 

I t  i s  planned t h a t  the bear ing  and seal  r i g s  would share  
common d r ives  f o r  f u r t h e r  economy. Although t h e  t h r u s t  
bear ing  r i g  does not  r e q u i r e  a he1 ium supply, i t  would 
be run along w i t h  the o t h e r  bear ing and seal  r i g s  i n  
o rde r  t o  share  common resources  of equipment, instrumen- 
t a t i o n ,  techniques,  and engineer ing  coverage. 

3 .  Compressor and Turbine Performance Tes ts  - The turbo- 
machinery computer model gas dynamic a n a l y s i s  f o r  com- 
p re s so r  and t u r b i n e  design accu ra t e ly  desc r ibes  the 
requi red  gas path conf igura t ion .  Although experience on 
numerous power p l a n t s  designed by use of t h i s  computer 
program has shown excel 1 e n t  co r r e l  a t i  on between ca l  cu- 
l a t e d  and actual '  r e s u l t s ,  compressor and t u r b i n e  pe r fo r -  
mance tests a r e  included i n  the HTGR-GT program. Com- 
pressor  and t u r b i n e  e f f i c i e n c y  and compressor surge  Iwar- 
gin a r e  c r i t i c a l  t o  t h e  success  of t h e  i n s t a l  1 a t i o n .  



A1 so, a1 though design w i th  he1 ium as a working f l  u i  d 
poses no serious concerns, actual experience i s  very 
1 im i t ed  and design assumptions should be proven. 

Gas dynamic design considerations read i l y  y i e l  d to 
scal i ng ef fec ts .  For economic and p rac t i ca l  consi dera- 
t i o n s  , 1 11 0- scal e he1 i um compressor and t u r b i  ne r i g s  
woul d be b u i l  t and run t o  conf i rm design e f f i c i e n c i e s  
and compressor surge margin. 

Compressor and tu rb ine  performance mapping t es t s  w i l l  be 
run so t h a t  pressure r a t i o s  versus corrected f l ow  can be 
p l o t t e d  f o r  various r o t o r  speeds. By measuring these 
parameters i n  t e s t  r i gs ,  as opposed t o  engine operation, 
performance 1 i m i t s  of  the normal operating 1 i ne  can be 
eval uated. 

4. Rotor Stress Tests - Stresses i n  r o to r s  do not scale 
wel l .  Some informat ion on stress concentrat ion e f f e c t s  
i s  ob ta i  nab1 e ,by scaled r i g  tests, b u t  the expense i s  
not  j u s t i f i e d .  Therefore, a spin t e s t  program on c r i t -  
i c a l  f u l l  -scale disks and r o t o r  segments w i l l  be run t o  
v e r i f y  the design margins. The disks and r o t o r  sections 
w i l l  be run i n  a vacuum t o  minimize d r i ve  costs and t o  
a1 1 ow s u f f i c i e n t  overstress condit ions. 

Containment o f  r o t o r  f a i l u r e s  i s  a p i  ant  safety consid- 
erat ion.  Both compressor and turbine sections are 
shrouded by heavy-wal 1 contai  nment r ings designed to 
prevent blade, disk, or r o t o r  segment f a i l u r e s  from 
making excursions t o  the cav i t y  1 i n e r  o r  other par ts  o f  
the i n s t a l l a t i o n .  Containment r i ngs  w i l l  be tes ted as 
p a r t  o f  the b1 ade, disk, and r o t o r  segment spin t es t s  t o  
f a i l u r e .  These t es t s  are normally conducted i n  p i t s  
w i t h  the shaf t  i n  a v e r t i c a l  or ienta t ion.  Data from 
these t es t s  w i l l  be c r i t i c a l  f o r  1 icens i  ng consi dera- 
ti ons . 
A r i g  i s  planned f o r  balancing complete ro tors .  It w i l l  
simul a te  the dynamic environment i n c l  ud i  ng the three 
main sha f t  bearings and t h e i r  support cases. The r o t o r  
w i l l  be shrouded so t h a t  a vacuum can be drawn t o  reduce 
d r i ve  motor capacity requirements t o  a p rac t i ca l  1 evel . 
Vibrat ion t e s t s  w i l l  be run a f t e r  balancing to v e r i f y  
design analysis o f  c r i t i c a l  speed mode and v i b ra t i on  
energy 1 evel s. 

- Status - The reference design of the turbomachf nery and i t s  
associated aux i l  i a r y  1 ubr i ca t ion  o i l  and seal /bu f fe r  systems 
has been i den t i f i ed .  Prel iminary steady-state and t rans ien t  



performance has  a1 so been devel oped toge the r  w i t h  mechanical 
design and aerodynamic ana lys i  s t o  e s t ab l  i sh design f e a s i  b i l -  
i t y .  

C r i t i c a l  developmental a r e a s  have been i d e n t i f i e d .  These 
include flow d i s t r i b u t i o n ,  e s t ab l  i shment of a design b a s i s  
r o t o r  f a i  1 u re ,  bear ing  and sea l  devel opment, and con ta i  nment 
r i n g  design.  

A p re l iminary  development plan has been prepared by the t u r -  
bomachi nery subcont rac tor  def in ing  a1 1 major design and 
development t a sks .  The t e s t  r i g s  a s s o c i a t e d  w i t h  the turbo-  
machinery a r e  ex t ens ive ,  w i t h  an es t imated  c o s t  of $50 m i l -  
l i o n .  This  i s  independent of the HCTF, which will provide 
f o r  the f i n a l  f u l l  -power i n t e g r a t e d  t e s t  of the turboma- 
ch inery  i n  the power conversion loop. 

The design,  a s  p r e sen t ly  envis ioned ,  b e n e f i t s  g r e a t l y  from 
designs and techno1 ogy devel oped f o r  exi s t i n g  c o m e r c i  a1 
steam and open-cycle gas t u rb ines  and the closed-cycl e gas  
t u rb ine  experience of approximately one mil 1 ion hours of 
ope ra t i  on. 

o He1 ium Component Tes t  Fac i l  i t y  

- Sco e - The HCTF i s  a major f o s s i l  - f i r e d  t es t  f a c i l i t y  capa- 
b P e of full-power t e s t i n g  of the i n t e g r a t e d  gas t u r b i n e  power 
conversion loop (F igs .  A.1.2-4andA.1.2-5).  Thema jo r  com- 
ponents t o  be t e s t e d  i n  this f a c i l  i t y  include:  

Turbomachi nery . 
Turbomachi nery auxi l  i a ry  systems. 
Generator.  
Generator a u x i l i a r y  systems. 
Control va lves .  
Control va lve  auxl l  1 a ry  syr terns. 
P l  a n t  cont ro l  system. 
P l  a n t  p r o t e c t i v e  system. 
Hot duct.  
Thermal b a r r i e r  system. 

Some of the main f a c i l  i t y  systems/components t o  be designed 
t o  suppor t  these t e s t  components include:  

1 . He1 1 urn hea t e r .  
2. Power conversion 1 oop p re s su re  vesse l  . 
3 .  Main and a u x i l i a r y  h e a t  r e j e c t i o n  systems. 
4. E l e c t r i c a l  d i s t r i b u t i o n  system. 

The major t e s t s  t o  be conducted i n  the HCTF inc lude  s t a r t u p ,  
shutdown, t r a n s i e n t  and upset response,  and performance 
t e s t i  ng . 
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Figure A.1.2-5 HCTF flow diagram 



- Major A c t i v i t i e s  (F ig.  A . l  .2-6) - The a c t i v i t i e s  are d i v ided  
i n t o  f o u r  phases: . .  

Phase I. Establ i sh f a c i l  i t y  requirements t o  most e f f i c i e n t l y  
demonstrate the  power conversion loop under a1 1 postu l  ated 
opera t i ng  cond i t i ons  sho r t  o f  del i berate f a i  1 ure. 

Phase 11. Design the  HCTF. The major task associated w i t h  
t h i s  e f f o r t  i s  the development o f  the high-temperature 
f o s s i  1 - f i r e d  he1 i um heater. 

Phase 111. Construct ion o f  t h e  HCTF and f a b r i c a t i o n  o f  the  
t e s t  components. 

Phase I V .  Test  o f  the  i n teg ra ted  power conversion loop a t  
f u l l  power. The f o l l o w i n g  t e s t s  are planned: 

Star tup,  shutdown, 1 oadi ng, and unl oadi ng. 
Drop 1 oad. 
Trans ient  response/performance. 
Simul a ted r e a c t o r  s tar tup.  
Simulated reac to r  shutdown. 
Simul a ted reac to r  scram. 
Simul a ted 1 oss o f  precool e r  water. 
Operation a t  low pressure. 
Operation i n  v i t i a t e d  he1 ium. 
Operation w i t h  p l  ugged precool e r  tubes. 
Operation i n  decay heat  removal mode. 
Generator s h o r t - c i r c u i t  tes ts .  
Depressuri r a t i o n  t e s t s .  
Ma1 nterlance demonstrati on. 
Endurance tes ts .  
Simul ated s i  ngl e-1 oop opera t i  on. 

- Status - I n  1975, R. M. Parsons was contracted by the  
National Aeronautics*and Space Admini s t r a t i o n  t o  develop the  
preconceptual design o f  the  HCTF f o r  the  DOE ( then ERDA) . 
The design was based upon a 370-MW(e) turbomachine, which i s  
about 15% l e s s  i n  r a t i n g  than the  present 440-MW(e) reference 
design. The f ac i  1 i t y  was a1 so based on a 81 6OC (1 500°F) t u r -  
b ine  i n l e t  temperature, r a t h e r  th2.n the  84g°C (1560°F) pres- 
en t  reference. A1 so, t he  power conversion loop heat  
exchangers were o f  a d i f f e r e n t  conf igura t ion .  

As a resu1.t o f  these d i f ferences,  a s i g n i f i c a n t  amount o f  
work would be requ i red  by 'the RTS supp l ie r  and an a r c h i t e c t /  
engineer t o  update the fac i  1 i t y  i n t e r f a c e  requirements and 
pre l im inary  design. 

* He1 ium Component Test F a c i l  i t y  Prel i m i  nary Engineering Report, Ralph M. 
Parsons Company, Pasadena, C a l i f o r n i a ,  Contract NAS3-19579, June 9, 1975* 



Figure A.1.2-6 Helium Component Test F a c i l i t y  development schedule 
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A .  2 HTGR Generic Techno1 ogy Program 
. . 

The HTGR Generic Technology Program develops the base technology and 
performs desi gn and devel opment common t o  the HTGR-SC/C, HTGR-GT, and/ 
or HTGR-R plants on a schedule consistent with the specific applica- 
tions. The overall schedul e i s  shown in Fig. A .  2-1 . For each of the 
work areas addressed in th is  schedule, a description of the development 
tasks follows together w i t h  a more detailed schedule of the work in 
that  area. 

A .  2.1 Fuel and Process Devel opment 

o Scope - Fuel development tasks include out-of-pile thermal stabil- 
i t y  studies, f ue1 performance model development and verification, 
fuel product specifications, and accelerated and real-time irradi- 
ation tes t s  and evaluation. 

Fuel process development tasks are directed toward establ i shi ng 
and demonstrating corresponding fresh fuel manufacturing proc- 
esses. The work i ncl udes process engi neeri ng and equipment devel- 
opment, pi1 o t  scal e-up and demonstration, t es t  fuel production, 
and preparation of fresh fuel manufacturing process and equipment 
specifications. 

a Objectives - The primary objective of the fuel development program 
i s  t o  provide the technical basis for  se.lection of a reference 
generic low-enriched urani  um/thori um (LEU/Th) fuel design i n  the 
1984 time frame and to develop a data base f o r  this fuel, which i s  
required t o  establish fuel product specifications and t o  support 
core design and licensing data needs. 

The objective of the fuel process development program i s  to devel- 
op and demonstrate fresh LEU fuel manufacturing processes that are 
scalable t o  commercial use while p r o v i d i n g  fuel that fully sat i  s- 
f ies HTGR mechanical , thermal , and f i ssion product retenti on spec- 
ifications. Process and equipment development work will support 
reference fuel selection and confirmation decisions by providing 
manufacturability information, economic assessments, and tes t  fuel 
product for fuel candidates under consideration. Product fuel 
from pilot-scale equipment will be manufactured for irradiation 
tes t s  to relate process parameters t o  fuel performance. 

Status - The highly enriched uranium/thorium (HEU/Th) fuel cycle 
was well developed and utilized in the Peach Bottom and FSV HTGRs. 
Fuel design for  the 1 ead plant was advanced to the point that fuel 
specifications, design data, and mechanistic performance models 
for  the HEU/Th fuel system were issued prior to 1977. In early 
1977, the HTGR fuel development effort  was redirected toward LEU/ 
Th fuel systems in accordance with the national recognition df the 
risks associated w i t h  highly enriched nucl ear material s diversion 
and weapons pro1 if eration. While much of the data developed for  



Figure A .  2-1 HTGR Generic Technology Program lead plant schedule:* HTGR-GT 
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HEU/Th fuel i s appl icabl e t o  LEU/Th fuel , additional irradiation, 
performance, and design data are required to complete the develop- 
ment and 1 icensing of the LEU/Th fuel system. . . 

Irradiated candidate LEU fuel sampl es are being heated i sother- 
mally and in a thermal gradient a t  temperatures representative of 
normal and simul ated accident conditions. Fuel performance data 
obtained from these tes ts  will be used t o  support the choice of a 
reference f i s s i l e  fuel in 1984 and the development of LEU fuel per- 
formance model s . 
A1 1 candidate fuel types are being eval uated in a series of accel- 
erated irradiation tests: HRB-14, HRB-15B, GF-6 and GF-7 (under- 
goi ng posti rradi ation examination) , R2-K13, HRB-1 5A, HT-35 (under 
irradiation) , and HRB-16 ( in the pl anning stage) . Resul t s  from 
these t es t s  will provide the basis f o r  selection of the reference 
LEU/Th fuel system and development of the fuel specifications f o r  
f 01 1 ow-on qual if ication tests.  

E i g h t  fuel t e s t  elements (FTEs 1-8) containing some LEU/Th fuel 
candidates were fabricated and inserted in the FSV HTGR d u r i n g  the 
f i r s t  reload i n  the spring of 1979. The f i r s t  comprehensive post- 
irradiation exami nation i s  schedul ed for  FTE-2 ,' beginning' June 
1983. 

Gel -supported precipitate, (GSP) LEU f i ssi 1 e kernel process studies 
are proceeding for  the candidate UC2, UCO, and U02 kernel candi- 
dates. Kernel product fo r  each of the kernel candidates has been 
prepared for  i ncl usion in the irradiation experiments. 

Modification of a production-scale coater ha< h w n  completed w i t h  
i nstal lation o f  a ZrC14 powder feeder t o  deposit ZrC  getter coat- 
ings. Z r C  deposition process studies are in progress. Design of 
a 240-m-diameter coater for low-def ect PyC and Sic coating devel- 
opment i s proceeding . 
An assessment of alternative fuel rod heat treatment processes i s  
nearing completion based on FSV production experience and informa- 
tion developed from in-bl ock carbonization experience w i t h  the 
FTEs prepared for  insertion i n t o  FSV. 

A detailed evaluation of the precision of existing fuel qual i ty  
control t es t  techniques has been completed. Reduced defects and 
increased qual i ty control precision will improve product yiel d 
while retaining 1 ow core fission product re1 ease. 

PI anned Prosram (Fi s. A.2.1-1 L - Fuel performance model s that 
describe the kinetics of fuel particle fai lure and fission product 
re1 ease for  normal and hypothetical accident conditions are needed 
to support core design, reactor safety eval uations, and 1 icensi ng 
efforts. Out-of - p i  1 e thermal anneal i ng experiments on irradiated 
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fuel under i sothermal , thermal gradient, and simulated unrestrict- 
ed core heatup conditions will be performed t o  generate the data 
required to develop and verify these performance model s. Initial 
t e s t s  will be performed on candidate fuels t o  support the refer- 
ence fuel selection in 1984. Follow-on tests  will support core 
design and licensing of the LEU reference fuel. 

Fuel product specifications and design data consistent w i t h  fuel 
manufacturing capabi 1 i t y  , core design, and fuel cycle requi rements 
will be developed. A preliminary specification will be issued for 
the series of reference fuel qual ification tes ts  based on the 
results of these t es t s ,  the specification will be updated for the 
proof t e s t  (OF-41, and a final fuel product specification will be 
issued prior to the s ta r t  of fuel manufacture fo r  the lead plant. 
Support documents containing the technical justification for the 
fuel product specifications will a1 so be written. 

A series of accelerated capsule experiments i s  under way to eval u- 
ate the irradiation performance of candidate LEU/Th fuel s. Fol-  
lowing selection of the reference fuel system in 1984, a 
series of qual if i cat i  on i rradi a t i  on tes ts  w i  1 1 be performed to 
generate data required t o  f inal ize fuel product specifications and 
to support core design and 1 icensing. A final integral proof t e s t  
(OF-4) will then be conducted to demonstrate acceptable i rradi - 
ation performance on a s tat is t ical  basis of fuel manufactured in 
production equipmento 

Full -scale integral fuel elements will be tested in FSV to demon- 
s t ra te  fuel performance and to verify design methods under actual 
HTGR operating conditions. Posti rradi ation examinations will be 
performed on the eight fuel t e s t  elements (FTEs 1-8) inserted into 
FS'd in the spi'i ny o f  1979, and three addltlonal elements ( F  l ts 9- 
11 ) containing LEU/Th reference fuel will be fabricated and test-  
ed. Si nce these tes ts  contain 1 arge, s tat is t ical  1y significant 
quantities of fuel irradiated in an operating HTGR, they are par- 
ticularly important to the development of a strong reactor design 
and licensing data base. 

Fuel kernel process and manufacturing scal e-up information i s  
needed to support selection and confirmation of the reference 
fuel . Thereafter, efforts w i  11 focus on scal e-up process devel op- 
ment and pilot demonstration of processes for the reference 
kernel. 

Kernel preparation by the GSP process offers potentially high 
product yiel d of uniformly sized spherical particles by methods 
that are readily scal ed up to 1 arge-capaci ty production. Earl i e r  
dry-mix processes used f o r  the Peach Bottom and FSV (HEU,Th)C2 
fuel kernel s produce 1 ess uniform product size di s t r i  butions than 
GSP processes. Moreover, the dry-mix process i s  not appl icabl e 
for UCO and UC2/Th02. Uniform LEU fuel kernel sizes are needed t o  



optimize coating designs for  the higher local metal loadings 
required for  LEU cores. 

Development work i s  required in broth preparation, gel ation/ 
precipitation, drying, and calcining/reduction process steps f o r  
each of the kernel candidates to  establish process conditions and 
equipment requirements. Fol 1 owing confirmation of the fuel deci - 
sion, p i lo t  scale-up and demonstration will provide the basis f o r  
manufacturing process and equipment specifications and production 
capability for  proof-test fuel product. 

Fuel particle coating specifications have become more stringent 
f o r  the LHTGRs and fo r  advanced appl ications. In addition, higher 
pl utonium production and increased f i ssion yiel  ds of certain f i s- 
sion products such as s i lver  and palladium increase .coating per- 
f ormance requirements f or LEU fuel s.  A1 so, . the use of LEU, par- 
t icul arly for  higher-temperature pl ants ,  requires higher local 
fuel metal 1 oadi ngs . These requirements combi ne to  demand fewer 
defective coatings and more uniform coating thickness control. 

Coating process development requires the use of a production-scal e 
coater. Scal ing of process parameters from small to  larger 
coaters has not proven feasible  i n  the past. Early i n  the pro- 
gram, i t  i s  necessary to  design and construct a 240-m-diameter 
p i lo t  coater u n i t  to  be used fo r  development as well as subsequent 
p i  1 o t  operations. 

Required work includes coating process. development fo r  TRISO and 
ZrC "getter" type coatings, pi1 o t  operations, and development of 
manufacturing process and equipment specifications. 

In the fuel rod formation process, coated f i s s i l e  and f e r t i l e  fuel 
par t ic les  and graphite shim material are metered and blended into 
single fuel rod size charges, which are then injected w i t h  binder 
matrix i n  an injection mold. The pitch-bonded rods are then heat 
treated t o  carbonize the matrix materi a1 . A packed A1 203 bed heat 
treatment process is used fo r  FSV fuel rod carbonization. An 
improved process for  carbonization of the rods w i t h i n  the fuel 
el ement [cure-in-pl ace (CIP ) process] has been demonstrated f o r  
FSV f ue1 t e s t  elements, b u t  production scale equipment and process 
control require further devel opment . 
Fuel rod manufacturing process and matrix improvements are neces- 
sary to  demonstrate a low level of fuel par t ic le  coating defects 
and fuel contamination i n  f i r ed  fuel rods containing LEU fuel par- 
t ic les .  An area of particular emphasis will be scale-up develop- 
ment and demonstration of a production-scale furnace fo r  CIP fuel 
rod heat treatment. 

To obtain the required qua1 i ty  confidence 1 eve1 s and high process 
yields of fuel materials w i t h  low heavy metal contamination and 



very 1 ow particl e coati ng defect 1 eve1 s ,  improved qual i t y  control 
(QC) t e s t  techniques are required. Test procedures and high- 
accuracy equipment systems capable of routinely hand1 i ng the nec- 
essary sampl e popul a t i  ons w i  1 1 be devel oped and qual if i ed. 

UF6-to-UNH conversion process development i s  required t o  provide 
f i s s i l e  kernel b r o t h  feed. LEU feed as U N H  will not be available. 
In addition, ' scrap and waste recovery processes and equipment 
development are required t o  support the manufacturing processes. 
This work will be performed d u r i n g  the pilot scale-up and demon- 
stration phase. 

P i l o t  demonstrations of the key fuel processes and equipment will 
be compl eted prior t o  instal 1 ation of the LEU fuel manufacturing 
faci l i ty .  Pilot equipment will be scaled t o  provide quantitative 
demonstration of cri t ical  process elements with full  -scale f ea- 
tures or units as required t o  demonstrate the process. Major 
pi lot  units will include a UF6-to-UNH process 1 ine; f i s s i l e  and 
f e r t i l e  GSP kernel process 1 ines; full  -scale Z r C ,  Sic, and PyC 
coaters; updated molds f o r  process studies using the existing HEU 
production fuel rod metering, blending, and forming press system; 
a fuel rodlel ement carboni tationlheat-treatment furnace; QC t e s t  
equipment/systems ; and scrap, waste recovery, and speci a1 nucl ear 
materi a1 (SNM) safeguards pi 1 o t  systems. 

A proof - tes t  fuel unit will be fabricated a t  the completion of 
pi lot  development, as shown by the detailed fuel development 
schedule. Irradiation results will be available for input to the 
FSAR and p r i o r  t o  final fuel process specification issue. 

Fol 1 owi ng pi 1 o t  demonstrati on, fuel manufacturing f aci 1 i t y  design, 
construction, and shakedown will be .completed on a schedule a1 1 ow- 
ing 27 months f o r  manufacture and shipment of the f i r s t  core 
fuel . 

A.2.2 Reactor Core 

A.2.2.1 Fuel Cycle 

e Scope - This task includes all work necessary t o  select the HTGR 
fuel cycle. Analysis of fuel mass f l  ow requirements, approach- 
to-equi 1 i bri um cycl es,  and fuel cycle economics are i ncl uded. 
A1 so i ncl uded i s  the fuel desi gn l f  uel cycl elcore design i ntegra- 
tion work,' which assures that the various design efforts are 
properly coordinated. 

e Objectives - This task i s  designed t o  provide the basic HTGR fuel 
cycle requirements for  use by core and fuel design groups. I t  
also will define a fuel cycle which i s  competitive economically. 
Fuel cycle analyses will be done on a schedule consistent with the 
,licensing and construction schedule and to provide cost data t o  
support economic eval uations. 



Status - Conceptual fuel cycles f o r  steam cycle appl ications have 
been devised fo r  both HEU/Th and LEU/Th systems, and there appears 
to  be no diff icul ty  w i t h  the designs, a1 though use .of LEU/Th does 
resul t in a 1 ess economic; more resource i ntensive cycl e.  Fuel 
cycles fo r  higher-temperature applications w i t h  LEU/Th systems are 
not well in hand because the core power distribution tends to  
s h i f t  w i t h  burnup, resulting in higher peak fuel temperatures than 
desired for  acceptable fuel performance, and zoning LEU/Th fuel i s  
more diff icul t than zoning HEU/Th fuel . Core physics design 
ef for t s  to  devise an axial fuel loading scheme consistent w i t h  
other f ue1 cycle requirements are presently under way. A1 so under 
consideration are a1 ternative fuel cycle schemes which potential l y  
can ease the zoning task. 

o Planned Proqram (Fig. A.2.2-1) - The program provides for  def i n i -  
tion and refinement of LEU/Th fuel cycle requirements i n  support 
of the core and fuel design schedule;. Mass flows, b u r n u p s ,  and 
equi 1 i b r i  um and approach-to-equi 1 i b r i  um cycl es w i  11 be compl eted 
to  support preliminary core design and confirmation of the refer- 
ence fuel choice. 

The prel iminary fuel cycle will be designed to have acceptable 
economics and stab1 e axial power shapes. Work on axial power 
shape s tab i l i ty  will be closely coordinated w i t h  the core 
designers to  resolve the question sat isfactor i ly  by FY 1982. Var- 
ious zoning patterns to allow mixed HEU/LEU cores and t ransi t ion 
cycles from LEU t o  HEU cores will also be designed as part  of pre- 
1 iminary fuel cycle definition. Fuel cycle impacts on recycle 
plant design and on capsule irradiation t e s t s  will be' studied as 
part of the prel iminary fuel cycle design task ,, and updating of 
fuel cycle cost calculations to  support cost estimates will be 
performed. 

Detail s of the final fuel cycle design, incl udi ng f inal  mass f 1 ows 
and fuel cycle costs,  will be completed prior to  beginning f inal  
core design. Detailed fuel cycles f o r  HEU-233 cores will be 
designed to support f 01 1 ow-on reactors and potential 1 ead pl ant 
change-over to  HEU-233. Long-term strategies  involving symbiotic 
systems w i t h  breeders will also be provided. 

A .2.2.2 Reactor Core Desian 

Scope - This task includes a1 1 core design e f fo r t  i n  four major 
areas: core physics, core thermal and hydraul i c  performance , 
fuel and rep1 aceabl e ref 1 ector bl ock design and s t ress  analysi s ,  
and fuel performance. I t  a1 so covers design of control rods, neu- 
tron sources, reserve shutdown material , and reactor plenum el e- 
ments. . To support the design e f fo r t ,  t h i s  task incl udes the t e s t  
programs fo r  design and methods verification. 

Objectives - This task i s  structured to provide the design and 
resolution of major technical issues fo r  the reactor core and core 



Figure A.2.2-1 HTGR Generic Technol~gy Program deta i led core milestone schedule: HTGR-GT 
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components on a schedule c o n s i s t e n t  w i t h  the p l a n t  l i c e n s i n g  and 
cons t ruc t ion  program. I 

. . 

e S t a t u s  - Prel iminary co re  design s t u d i e s  f o r  the 2240-MW(t) steam 
cyc l e  p l a n t  have been completed f o r  LEU/Th and HEU/Th des igns .  
These s t u d i e s  show t h a t  both LEU and HEU designs a r e  f e a s i b l e  f o r  
steam cyc le  appl i c a t i o n .  For h i  gher-temperature appl i c a t i ons ' ,  
such a s  the 850°C (1 562°F) o u t l e t  temperature  HTGR-R p l a n t ,  a 
s t eepe r  ax ia l  power p r o f i l e  i s  des i r ed  t o  keep fue l  temperatures  
a s  1 ow a s  possi  bl e. This l e a d s  t o  a more d'iff i cu l  t ax ia l  zoning 
problem w i t h  LEU f u e l  . Work on 850°C c o r e s  i s  progress ing  toward 
producing an acceptab le  ax i a l  zone loading  des ign ,  b u t  the design 
has no t  been f ul l y  resolved.  

The program t o  demonstrate s t r u c t u r a l  adequacy of fue l  blocks 
under combined thermal,  i r r a d i a t i o n ,  and dynamic loads  is  on- 
going, supported by g raph i t e  development and s t r u c t u r a l  mechanics 
base technology work. Work t o  d a t e  has been d i r e c t e d  toward de- 
f i ni ng the accuracy 1 i m i  t s  of ava i l  a b l e  methods, benchmark anal - 
y s i s  of "simple" geometries,  and a n a l y s i s  of tes t  r e s u l t s  from the 
French RWG experiments on i r r a d i a t e d  specimens. 

Work on opt imiza t ion  of s tandard  fue l  block con f igu ra t i ons  t o  re- 
duce thermal stresses has shown t h a t  peak s t r e s s e s  can be reduced 
by modi f ica t ion  of fue l  and coo lan t  hole  p a t t e r n s  near peak s t r e s s  
a r ea s .  Work i s  cont inuing on control  block opt imiza t ion ,  and pre- 
l iminary i n d i c a t i o n s  a r e  t h a t  proper choice of hole  p a t t e r n s  can 
s u b s t a n t i a l l y  reduce thermal stresses. 

Fuel performance a n a l y s i s  has  been performed on a number of co re  
des igns ,  and the r e s u l t s  t o  d a t e  show t h a t  the steam cyc l e  des igns  
w i t h  LEU/Th f u e l  a r e  below regu la to ry  1 imits f o r  f i s s i o n  product  
re1 ease  and p l  a t eou t .  Analysis  of h i  gher-temperature co re s  using 
exi s t i n g  fue l  model s show them exceeding c i  rcul  a t i  ng a c t i v i t y  f o r  
the steam condi t ions  by about 40% and metal pl  a t e o u t  c r i t e r i a  by 
about a f a c t o r  of 2.  I t  i s  expected t h a t  improvements i n  power 
d i s t r i b u t i o n s ,  f ue l  product improvements, and b e t t e r  f u e l  behavior  
model s w i  11 show the ca l  cul a t e d  f i s s ion  product  re1 ea se  and d i  s- 
tri but ion  t o  be w i t h i n  c r i t e r i a  1 i m i  t s  e s t ab l  i shed f o r  a1 1 design 
opt ions .  

The i s s u e  of pos s ib l e  co re  o u t l e t  temperature  f l u c t u a t i o n s  i n  the 
LHTGRs, s i m i l a r  t o  those  observed a t  FSV, i s  being addressed i n  
several  ways. Analysis  of model tests made i n  FY 1979 have been 
performed., and an at tempt  t o  produce a computer model t o  p r e d i c t  
the f low behavior observed i n  t h e  model has achieved some success .  
A 1 ong-range p lan  of design,  t e s t i n g ,  and a n a l y s i s  has been pre- 
pared, and work i s  under way t o  r e so lve  the i s s u e  of f l u c t u a t i o n s  
i n  the LHTGR core .  

Design of core  components o t h e r  than f u e l  and r e f l e c t o r  blocks 
(cont ro l  rods,  r e se rve  shutdown mater ia l  , neutron sources ,  and 



plenum elements) i s  reasonably we1 1 defined for steam cycle appl i - 
cation, a1 though changes t o  the plenum element and design of the 
power rods remain to be completed. Design of core.components for 
higher-temperature application has n o t  been done in any detai l ,  
and work needs to be done t o  ensure the higher temperatures can be 
accommodated, either by existing designs or by new designs using 
different material s. 

o Pl anned Proqram (Fiq. A.2.2-1) - The program proceeds as a series 
of design iterations which provide the core system and core compo- 
nent information required a t  each stage of licensing and manufac- 
ture. The design effort  i s  supported by the DV&S program, which 
provides component t e s t  data and methods verification. 

The f i r s t  stage of the program i s  the screening and optimization 
process by which a conceptual core design i s  chosen. Core o u t -  
1 i nes, fuel block designs, 1 oadi ngs, power prof i l  es ,  and other 
parameters are varied, and the combination w i t h  the best potential 
performance i s  chosen for continued design. A core system 
description i s  written t o  give a set of design parameters upon 
which other plant design work can be based and which provides a 
reference f o r  the core design work which supports the PSAR. 

A number of 1 icensi ng topical reports (LTRs) will be submftted, 
detail ing the physics, thermal , and fuel design bases t o  be used 
in the more detailed design work. This design effort will a1 so 
support the choice and confirmation of the reference fuel . Exist- 
ing experimental data will be reviewed t o  determine the need (or 
confirm the lack of need) for a tes t  program t o  verify physics 
methods for  use in LEU/Th fueled core design. The possibility 
exi s t s  that data from European experiments (HITREX, KAHTER, 
PROTEUS, etc. 1 can be obtained t h r o u g h  international cooperation. 
This could eliminate the need for  a U.S. experimental program. 

The second stage i s  the preliminary design effort ,  which provides 
the core system information t o  be used in the PSAR. The core 
technical specifications to be submitted as part of the PSAR will 
be prepared. Transient analysi s ,  fission product re1 ease and 
pl ateout analysis, reactivity analysis, and stress analysi s w i  11 
be performed. 

Results will be provided from methods verification programs and 
fuel element t es t s ,  such as stress tes ts  on irradiated fuel ele- 
ments from FSV. The core fluctuation program i s  scheduled t o  be 
completed i n  advance of PSAR submittal , and the resul t s  will be 
factored into the preliminary design, anticipating that core fluc- 
tuations will be of particular interest in the 1 icensi ng review. 

Other component design and DV&S efforts  are not extensive in th is  
phase of the program, because there are no known major design 
issues w i t h  the components. The one possible exception i s  control 



rods i n  h i  gh-temperature design appl i c a t i o n s ,  and e a r l y  i n v e s t i  - 
gat ion  of cont ro l  rod des igns  f o r  high-temperature app l i ca t i on  i s  
planned. De f in i t i on  of the t e s t  programs spec i f  f c a l  l y  f o r  fue l  
element design and methods v e r i f i c a t i o n  ( a s  opposed t o  base tech- 
nology work on g raph i t e  and s t r u c t u r a l  mechanics) i s  scheduled f o r  
completion i n  FY 1981 , a s  i s  the companion p1 an f o r  thermal / 
hydraul ic  DV&S. Def in i t i on  of o the r  component t e s t  programs and 
test  f a c i l  i t y  requirements will be completed p r i o r  t o  PSAR sub- 
m i  t t a l  . 
The f i r s t  p a r t  of f i n a l  design work wi l l  provide information 
necessary t o  s e l e c t  the f i n a l  fue l  c y c l e  and fue l  load ing  speci- 
f i c a t i o n  and will e s t a b l i s h  the core  parameters upon w h i c h  the 
FSAR will be resolved,  and any design changes r equ i r ed  w i l l  be i n -  
corporated.  The acc iden t  and t r a n s i e n t  a n a l y s i s  will be reviewed 
t o  determine which events  l e ad  t o  t h e  most severe  stress condi- 
t i o n s ,  and a d e t a i l e d  s t r e s s  a n a l y s i s  will be done using updated 
materi  a1 model s and methods. 

The rest of the f i n a l  design work provides  the complete design and 
DV&S package f o r  the FSAR. The d e t a i l e d  phys ics ,  performance, and 
stress ana lys i s  r e p o r t s  will be completed. Final fue l  load ing  
will be confirmed. Reports from the methods and design v e r i f i c a -  
t i o n  t e s t s  will be provided. Deta i led  component designs and 
proof - t e s t  resu l  t s  will be completed. An independent design anal  - 
y s i s  will be done and a l l  i s s u e s  r a i s ed  by i t  reso lved .  S t a r tup  
procedures will be prepared, a s  w i l l  the f u e l  s u r v e i l l a n c e  plan.  

Following submit ta l  of t he  FSAR, the as-bui l  t a n a l y s i s  will be 
performed, and support  of load ing  and s t a r t u p  will begin.  

A.2.2.3 F iss ion  Products and Coolant Chemistry 

a Scope - This  t a sk  inc ludes  a l l  the experimental work necessary t o  
desc r ibe  the mechanisms f o r  r e l e a s e  of f i s s i o n  products  from f u e l  
p a r t i c l e s  and t o  descr ibe  the i n t e r a c t i o n s  of f i s s i o n  products  and 
o t h e r  primary coo lan t  impur i t i e s  w i t h  f u e l  and o t h e r  r e a c t o r  p1 a n t  
components. I t  a l s o  inc ludes  the ana ly t i ca l  work needed t o  
develop models t o  p r e d i c t  behavior of f u e l ,  f i s s i o n  products ,  and 
coo lan t  impur i t i e s  and t o  v e r i f y  the adequacy of the models. 

a Object ives  - The primary o b j e c t i v e  of this t a sk  i s  t o  develop ve r -  
i f  i e d  p r e d i c t i v e  models f o r  f i s s i o n  product  r e l e a s e ,  f i s s i o n  prod- 
u c t  and carbon t r a n s p o r t  and pl a t e o u t ,  and fue l  /cool a n t  impuri ty  
i n t e r a c t i o n s .  The models will be used i n  design computer codes t o  
compute c i r c u l a t i n g  a c t i v i t y ,  pl  a t e o u t  a c t i v i t y  on r e a c t o r  compo- 
nents ,  and the e f f e c t s  of coolan t  impuri ty  i n t e r a c t i o n s  on the 
i n t e g r i t y  of f u e l  and o t h e r  r e a c t o r  components. 

o S t a t u s  - The f i s s i o n  product  r e t e n t i o n  c h a r a c t e r i s t i c s  of HEU-235 
ca rb ide  TRISO coated f i ssi le p a r t i c l e s  developed f o r  FSV a r e  rea-  
sonably well known from an ex t ens ive  i r r a d i a t i o n  test program. 



Thorium oxide  B IS0 and TRISO coated f e r t i l e  p a r t i c l e s  a r e  a1 so 
reasonably well understood. However, the f i s s i o n  product  y i e l d  
d i f f e r s  f o r  1  ow-enri ched f u e l  s. Theref o r e ,  add i t i ona l  work i s re- 
qu i r ed  t o  get the same information about  candida te  LEU f u e l s :  
UC2, UCO, and zirconium-buffered U02. 

T ranspo r t  of f i s s i o n  products  through g r a p h i t e  has been s t u d i e d  
e x t e n s i v e l y  f o r  some i so topes ,  f o r  exampl e ,  bu t  agai n  add i t i ona l  
work needs t o  be done because of the change t o  LEU f u e l .  In par -  
t i c u l  a r ,  a c t i n i d e  and s i l v e r  t r a n s p o r t ,  which was not p rev ious ly  
s i g n i f i c a n t ,  now r e q u i r e s  more a t t e n t i o n .  

P l a t e o u t  and l i f t o f f  of f i s s i o n  products  a r e  being addressed from 
two p o i n t s  of view. Laboratory s t u d i e s  of the so rp t ion  and 
deso rp t ion  of f i s s i o n  products  on g raph i t e  and meta l s  have been 
s t a r t e d  t o  ob t a in  an understanding of the i n t e r a c t i o n s  between 
f i s s i o n  products  and r e a c t o r  mater ia l  s. F i s s ion  product  1  i f t o f f  
has  been s t u d i e d  i n  the GAIL loop and the French CPL tests, b u t  
unce r t a i  n t i e s  i n  the resul  t s  r e q u i r e  f u r t h e r  t e s t i n g .  In addi - 
t i o n ,  the ques t i on  of formation and d i s t r i b u t i o n  of carbon d u s t  
has  not  been s y s t e m a t i c a l l y  s tud i ed ,  a l though some Peach Bottom 
s u r v e i l  1  ance work d i d  b r i e f l y  examine carbon depos i t ion .  F i s s ion  
product  p l a t e o u t  methods v a l i d a t i o n  us ing  Dragon and IDYLLE-03 
experimental d a t a  has  been s t a r t e d ,  and performance of the FSV 
i n i t i a l  c o r e  i s  being monitored. The o r i g i n a l  p lan  was t o  use the 
CEA COMEDIE loop  f o r  a  series of i n t e g r a l  tests designed t o  pro- 
v i d e  a  complete pl a t e o u t  and l i f t o f f  methods val i da t i on .  A DOE 
dec i s ion  no t  t o  a l low funding of the COMEDIE tes t  program has been 
a  major setback.  Either an a l t e r n a t e  program o r  a  r eve r sa l  of t h e  
DOE posi ti  on w i  11 be necessary t o  provide adequate methods 
val  i d a t i  on. 

Carbide f u e l  p a r t i c l e s  w i t h  f a i l e d  coa t ings  have the p o t e n t i a l  f o r  
hyd ro lys i s  i n  the presence of moisture  i n  t he  primary cool a n t .  
Some r e c e n t  s t u d i e s  i n d i c a t e  t h a t  the r e l e a s e  of gaseous f i s s i o n  
products  from .hydrolyzed p a r t i c l e s  may be 1 a rge r  than the va lue  
p r e s e n t l y  assumed. Since r e l e a s e  r a t e  can have a  d i r e c t  e f f e c t  on 
c i r c u l a t i n g  a c t i v i t y ,  addi t iona l  work is requi red  t o  v e r i f y  the 
h igher  re1 ea se  r a t e s .  

e Planned Proqram (F iq .  A.2.2-1) - Fi s s ion  product  r e l e a s e  from LEU 
f u e l  s w i  11 be s t u d i e d  using p a r t i c l  e s  from capsul e i r r a d i a t i o n  
tests performed under the f u e l  development program. The program 
is  scheduled t o  update the f i s s i o n  product design d a t a  p r i o r  t o  
the s t a r t  of the f i s s i o n  product  r e l e a s e  c a l c u l a t i o n s  done f o r  
each phase of r e a c t o r  co re  design.  The f i r s t  such updat ing i s  
scheduled f o r  the end of FY 1982 t o  provide the most r ecen t  d a t a  
f o r  use i n  the pre l iminary  (pre-PSAR) c o r e  design.  The second up- 
da t ing  i s  scheduled f o r  the beginning of f i n a l  design,  and a proof 
tes t  and f i n a l  a n a l y s i s  r e p o r t  i s  scheduled f o r  use i n  FSAR 
p repa ra t i on .  



Tests t o  characterize cesium and s i lver  migration i n  graphite and 
Sic will be performed and the resul t s  i ncl uded in the updating of 
the f i ssion product desi gn data. In-pi 1 e and out-of -pi1 e experi - 
ments on irradiated and unirradiated graphites and Sic are 
pl anned. Work on actinide transport and tri t i  um/graphi t e  interac- 
tions will a1 so be performed i n  conjunction with ORNL. 

The methods val idation program will make maximum use of data 
available from other international HTR programs and from FSV. 
Data from IDYLLE (CEA)  , SMOC (FRG) , DRAGON (U .K.  1, and SAPHIR 
( C E A )  will be analyzed, t o  the extent that international co- 
operation permi ts access to  the data, along w i t h  FSV information. 
A resolution of the CEA COMEDIE loop question will be made i n  FY 
1981 ei ther  by establishing a replacement program or by obtaining 
DOE concurrence to  proceed w i t h  COMED IE. The methods val i dati on 
program i s  structured to have a significant amount of validation 
work compl eted prior to  commencement of prel i m i  nary desi gn. T h i  s 
will give resul ts  for  the PSAR which have high confidence 1 imits. 
Most of the methods val idation program i s  scheduled fo r  completion 
prior to  the beginning of f inal  design. 

Tests to confirm f i ssion product re1 ease characteri s t i c s  of 
hydrolyzed fuel are scheduled to  commence i n  FY 1981 and be com- 
pl eted prior to  PSAR submittal . Tests will be done i n  the TRIGA 
reactor on f ai 1 ed and unf ai 1 ed hydrolyzed and unhydrolyzed fuel 
particles.  

A program i s  planned to  study the potential fo r  carbon dust forma- 
tion, the behavior of dust i n  the reactor (e.g., plateout on 
metal s ,  coll ection i n  stagnant areas, e tc .  ) , and the role of car- 
bon dust i n  the transport of f iss ion products by sorption of f i s -  
sion products on dust par t ic les .  This program will be scheduled 
to define the scope of any potential problem and a pl an to  resolve 
i t  prior to  PSAR submittal and to  achieve resolution prior to  FSAR 
submittal . 

A .  2.3 Reactor Internal s 

a Scope - This task involves the design of the generic reactor in- 
t e r n a l ~  components consisting of the core support f loor ,  permanent 
side ref lector ,  core peripheral seal , core 1 ateral  res t ra in t  and 
side shield, and the permanent upper plenum bridge structure asso- 
ciated w i t h  the in-vessel refuel i ng  system. The end products of 
th i s  task are design drawings and specifications sufficient to 
procure, fabricate,  and ins ta l l  the reactor internals components 
and final design reports as required by regulatory code and 
licensing requirements. 

o 0b.iectives - The objectives of th is  task are to  use the basic 
techno1 ogy developed i n  the generic graphite, materi a1 s ,  and pl ant 
technology tasks to  produce component designs tha t  will meet a l l  



the functional , structural , and safety requirements, and to verify 
these designs analytically and experimentally as required t o  sat- 
isfy the NHS supplier, the customer; and  regulatory agencies that 
the reactor i'nternals components will perform their design purpose 
sat isfactori ly.  

o Status - Although the reactor internals, particularly the core 
support floor (CSF) and permanent side reflector (PSR)  , are o u t -  
growths of and generally similar t o  the comparable components in 
FSV, there are significant differences. In FSV the entire core, 
CSF, and lateral restraint  structure (core barrel) are mounted on 
an intermediate concrete floor within the PCRV. The PSR i s  keyed 
to the core barrel, which i s  i n  turn radially keyed to the PCRV 
cavity wall to prevent lateral motion of the entire core 
assembly. 

In the LHTGR, the core and CSF are supported directly t h r o u g h  the 
PCRV bottom head, so there i s  no need for  a core barrel. Instead, 
there i s  a simple seal structure around the periphery a t  the CSF. 
A1 so, more stringent sei smic requirements resul ted in the design 
of a spring-type core lateral restraint system, which extends from 
the PCRV l iner  and interfaces w i t h  the PSR t o  hold the core in i t s  
correct position dur ing  normal operation and cushions the core 
assembly during seismic events. 

In addition to the design changes caused by the overall reactor 
arrangement and sei snic requirements, numerous detail ed design 
improvements have been effected t o  enhance structural capability, 
f ac i l i t a t e  in-service inspection, increase control instrumentation 
accuracy, and minimize hot streaking. 

The cor~ceptual desigR O f  CSF and core restraint structures for the 
HTGR-SC i s  compl e te ,  and extensive component .and parametric 
testing have been completed a t  GA and CEA. 

W i t h  the adoption of the in-vessel refuel ing scheme, the upper 
plenum bridge-like structure required by that scheme was assigned 
to the reactor internal s system. This structure i s  defined only 
by basic out1 i ne drawings and rudimentary design requirements. 

e Planned Proqram (F i  q .  A .2.3-1) - The most important design prob- 
lems t o  be worked out for  the reactor internals include the seis- 
mic 1 oad capabi 1 i ty of the CSF, the effect of temperature on the 
core 1 ateral restraint  and core peripheral seal structures, the 
stabil i ty of the PSR, and development of the design definition for  
the upper pl enum refuel i ng b r i  dge. 

In addition, a modified CSF design i s  required f o r  the HTGR-GT to 
accommodate the combined maximum turbine depressurization accident 



Figure A. 2.3-1 HTGR Generic Technology Program detailed reactor internals milestone schedule: HTGR-GT 
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and safe shutdown earthquake. A basic concept has . been tenta- 
tively identified, b u t  further design and analysis will be re- 
q u i  red to confirm that or any other al ternative design. The po- 
tential benefits of the alternative high-strength CSF f o r  the 
HTGR-GT may make i t  worthwhile to develop that concept suff i -  
ciently to permit evaluation of i t s  appl icabil i ty  t o  other plants 
as we1 1 . However, in para1 1 el , the outstandi ng i ssues i n  the cur- 
rent CSF are pl anned t o  be resolved as discussed be1 ow. 

A design issue for the core support has been the high stresses in 
the graphite due to a combination of normal dead weight and pres- 
sure 1 oads, thermal stresses, and sei smic 1 oads. Through divi sion 
of the CSF into multiple, stronger pieces and minor design changes 
within the CSF, the combination of normal loads and thermal 
stresses has been reduced to the level of a significant b u t  not 
unmanageable design problem. However, superposition of the sei s- 
mic loads w i t h  the others i s  s t i l l  a design issue. Resolution of 
th is  problem requires n o t  only more design and analysis, b u t  also 
better definition of the seismic loads using the new seismic anal- 
ysis  codes and the better material s data avail able from the Graph- 
i t e  Material s Program. A secondary part of this design effort  
will be t o  consider the effects of oxidation on the subsequent 
shape of cool ant flow passages and the infl uence on cool ant mixing 
and core outlet temperature measurement accuracy. Ultimately, 
proof t es t s  wi 11 be required to confirm CSF component designs . 
When the springs for  the core lateral restraint were f i r s t  de- 
signed in 1974, i t  was known that they woul d be operating near the 
1 imit of the useful temperature range for Inconel 718, particu- 
larly those located down near the CSF level. Service temperatures 
f o r  these springs must be confirmed, and determination ~f the 
ef fec ts  OF lur~y-term exposure w i  l l be needed. the High Tempera- 
ture Materials Program has incorporated an effort to identify and 
provide prel imi nary data on several candidate materi a1 s for the 
spri ngs. The component desi gners w i l l  eval uate these candi dates 
and select up to three for final screening tests.  Tests will a1 so 
be conducted to confirm the feasibil i ty of fabricating springs 
from these material s and to determine spring re1 axation proper- 
t ies .  A1 though the ini t ial  intent i s  t o  narrow the choice to one 
material , cost considerations may dictate the use of two material s 
f o r  springs a t  different temperature levels. In either case, the 
materi a1 ( s )  selected will be f ul ly characterized and spri ng 
samples will be tested individually and in assemblies. 

There i s  a concern that the pressure differential acting on the 
outer periphery of the PSR coul d cause buck1 ing  instabil i ty of the 
cyl inder formed by these columns of stacked graphite blocks- If 
so, the outer core regions could be deformed to the detriment of 
neutroni c and cool ant f 1 ow control . Additional desi gn and anal - 
ysi s will be required to resolve this issue, and a model tes t  i s  
pl anned for design devel opment and verification. However, before 



this  work can be done, the quest ion of a v a i l a b i l i t y  of mater ia l  
f o r  t h e  PSR blocks must be answered. A j o i n t  e f f o r t  i s  planned 
between t h e  Graphite Mater ia l s  Program and Rea'ctor I n t e r n a l s  
Design t o  eval ua t e  the a1 t e r n a t i v e s .  

The e f f e c t  of ox ida t ion  on the load-bearing su r f aces  of the co re  
support  pos t s  and s e a t s  r e q u i r e s  r e so lu t ion .  Analysis  has i nd i -  
ca t ed  t h a t  the g raph i t e  of the pos t  and s e a t  hemispherical su r -  
f a c e s  would dep le t e  t he  coolan t  of oxygen before  i t  reached the 
c r i t i c a l  con tac t  a rea .  A1 though th is  shoul d a1 so be t r u e  f o r  nor- 
mal ope ra t i ng  cond i t i ons ,  i t  i s  not  y e t  c l e a r  t h a t  se i smic  motions 
woul d no t  move the con tac t  a r ea  onto ox id ized  mater ia l  . A kine- 
mat ic  study i s  requi red  t o  de f ine  the s i z e  of the load-car ry ing  
a rea .  Oxidation c h a r a c t e r i  s t i c s  of 2020 graph i t e ,  determined by 
the Graphi te  Materi a1 s Program, w i  11 be used t o  cal cul a t e  whether 
oxida t ion  extends i n t o  the p o t e n t i a l  con tac t  a r ea  and t o  what 
ex t en t .  l%e e f f e c t s  of ox ida t ion  on s t r e n g t h ,  a l s o  provided by 
t h e  Graphi te  Mater ia l s  Program, w i l l  permit an assessment of t h e  
e f f e c t  of any p red i c t ed  ox ida t ion  of the c o n t a c t  sur f  aces .  

For the t r a d i t i o n a l  r e a c t o r  i n t e r n a l  s components, there i s  an on- 
going r e s p o n s i b i l i t y  t o  maintain and enhance t h e  r e p l a c e a b i l i t y  of 
the components, e s p e c i a l l y  f o r  higher  p l a n t  opera t ing  tempera- 
t u r e s .  Normally, this w i l l  be a p a r t  of t h e  r e g u l a r  design e f f o r t  
and not  a spec ia l  t ask .  Design f e a t u r e s  t o  s a t i s f y  in -serv ice  in -  
spec t ion  ( IS I )  requirements will a1 so be incorpora ted  a s  a normal 
design a c t i v i t y  . 
I t  will be necessary,  a t  a r e l a t i v e l y  e a r l y  d a t e ,  t o  br ing  the 
design d e f i n i t i o n  of the upper plenum re fue l  i ng  br idge  t o  a l eve l  
a t  l e a s t  comparable t o  t h a t  of o the r  components. This  s t r u c t u r e  
i n t e r f a c e s  w i t h  the co re ,  refuel  i ng  system, cont ro l  rod d r i v e s ,  
and PCRV 1 i n e r  and thermal b a r r i e r .  The hor izonta l  s t r u c t u r e  t o  
support  the in-vessel r e fue l  i ng equipment and fue l  elements must 
be supported so a s  t o  wi ths tand  normal dead weight and ope ra t i ng  
loads p lu s  seismic loads ,  without  causing any d i s t o r t i o n  of the 
. re fue l  i ng  pene t r a t i on  ex tens ions  due t o  those  1 oads o r  re1 a t i v e  
thermal expansion. 

A v i b r a t i o n  assessment of a l l  the r e a c t o r  i n t e r n a l s  components i n  
compl iance  w i t h  Regul a t o r y  Guide 1.20 will . be conducted. This  
will inc lude  a n a l y s i s  and t e s t i n g  of s e l e c t e d  components such a s  
the sp r ings ,  s i d e  s h i e l d  p l a t e s ,  and upper plenum br idge  and will 
conclude w i t h  an eva lua t ion  of da ta  t o  be taken during flow 
t e s t i n g  p r i o r  t o  r e a c t o r  s t a r t u p .  

In add i t i on  t o  r e s o l u t i o n  of the foregoing  problems, design draw- 
ings ,  s p e c i f i c a t i o n s ,  and r e p o r t s  will be provided a s  requi red  f o r  
the completion of conceptual design and pre l  iminary design and f o r  
t h e  f i n a l  design f o r  f a b r i c a t i o n .  Input  information wi l l  be pro- 
vided f o r  the PSAR and FSAR, and the f i n a l  design.  r e p o r t  and i n- 
s t a l  l a t f  on spec i f  i c a t i o n  will be provided p r i o r  t o  i n s t a l l  a t i o n  of 
the components i n  the r e a c t o r .  



A.2.4 Ma te r i a l s  

A. 2.4.1 Graphi te  Materi  a1 Devel opment 

e Scope - The scope of th is  t a s k  inc ludes  the i d e n t i f i c a t i o n  o r  de- 
vel  opment,, if r equ i r ed ,  of commercial graphi tes and the procure- 
ment and eval ua t i on  of production 1 ogs f o r  qua1 if i c a t i o n  a s  HTGR 
components. Key r e a c t o r  components manufactured i n  g r aph i t e  a r e  
the f u e l  and r ep l aceab le  r e f l e c t o r  b locks ,  the core  suppor t  
b locks ,  p o s t s ,  and s e a t s ,  the PSR blocks,  and the t r i a n g u l a r  c o r e  
pe r iphe ra l  sea l  1 ogs.  The g r a p h i t e  experimental program i ncl udes 
the fo l lowing:  c h a r a c t e r i z a t i o n  of t he  r e a c t o r  component graph- 
i tes f o r  p r o p e r t i e s  and chemical impuri ty  conten t ;  determi na t ion  
of i r r a d i a t i o n  behavior ,  inc l  uding dimensional and proper ty  
changes ; eval u a t i  on of g r aph i t e  f a t i g u e  behavior and behavior  
under compl ex  1 oads;  assessment of cool a n t  impurity e f f e c t s  on 
s t r e n g t h  and s a f e t y  margins ; determi na t ion  of i r r ad i a t i on - induced  
dimensional and proper ty  changes; es tab l i shment  of a s t a t i s t i c a l l y  
s i g n i f i c a n t  des ign  d a t a  base f o r  the s e l e c t e d  g raph i t e s ;  develop- 
ment and v e r i f i c a t i o n  of mater ia l  behavior  model s f o r  r e a c t o r  
s e r v i c e  c o n d i t i o n s ;  and v e r i f i c a t i o n  of a n a l y t i c a l  methods. The 
work i s  organized  and i d e n t i f i e d  by r e l a t e d  component. 

o Objec t ives  - The o b j e c t i v e s  of this t a s k  a r e  t o  i d e n t i f y  and qual-  
i f y  comrnerci a1 graphi  tes and boronated g r a p h i t e  control  mater ia l  
capable  of meeting t h e  long-term requirements  of the HTGR indus t ry  
and t o  develop the suppor t  techno1 ogy e s s e n t i a l  t o  the s a f e ,  re1 i -  
a b l e  use of these mater ia l  s i n  HTGRs. 

a S t a t u s  - H-451 g r a p h i t e  has been e s p e c i a l l y  developed a s  a high- 
p u r i t y  g r a p h i t e  f o r  HTGR f u e l  elements. H-451 g r a p h i t e  has been 
1 icensed f o r  use i n  FSV, a1 though the NRC has  expressed an i n t e n t  
t o  r e q u i r e  more thorough understanding of the mater ia l  f o r  any 
f u t u r e  HTGR. A requirement  t o  demonstrate s a t i s f a c t o r y  c a l c u l a t e d  
s t r e s s e s  l e a d s  t o  a need not only t o  understand the mater ia l  be- 
hav ior  b e t t e r ,  bu t  poss ib ly  a1 so  t o  achieve a h i  gher-s t rength 
grade of H-451 g r a p h i t e .  

For the c o r e  suppor t  p o s t s ,  per iphera l  sea l  l ogs ,  upper core  sup- 
p o r t  bl ocks,  and bottom-most rep1 aceabl e ref 1 e c t o r s ,  a high- 
s t r e n g t h ,  low-oxidat ion-rate  commercial-grade 2020 g raph i t e  from 
the Stackpole  Carbon Company has  been s e l e c t e d .  The remainder of 
t h e  c o r e  suppor t  block i s  c u r r e n t l y  designed from PGX from Union 
Carbide Corpora t ion ,  and HLM g r a p h i t e  from Great  Lakes Carbon Com- 
pany has been the r e f e r ence  mater ia l  f o r  the PSR blocks.  For both 
o f  these l a s t  two m a t e r i a l s ,  the requi red  s i z e  of g r aph i t e  l o g s  
from which t o  machine the f i n i s h e d  p a r t  was a s t rong  f a c t o r  i n  
their s e l e c t i o n .  Work is  i n  progress  w i t h  Union Carbide C o r p o ~ -  
a t i o n  t o  develop an improved, p u r i f i e d  grade des igna ted  TS-1621 i n  
an a t tempt  t o  improve on the ox ida t ion  r a t e  of PGX and secondar i ly  
t o  i n c r e a s e  the s t r e n g t h  of the bottom co re  suppor t  block. In May 



1980, Great Lakes Carbon notified GA tha t  they will no longer pro- 
duce the blocks of HLM i n  the sizes needed for  the HTGR PSR. The 
reason cited was an unsatisfactory yiel d of acceptable logs i n  
those 1 arge sizes. Assuming th i s  si tuation continues, i t  may be 
necessary to  f i n d  an a1 ternative material or to redesign using 
smaller blocks. 

The design data base for  H-451 graphite i s  almost ful ly  estab- 
lished, requiring only updating fo r  the effects  of changes i n  raw 
materi a1 s in the manufacturing of graphite and f i nal conf i rmation 
of the effects  of irradiation. The design data base i s  not well 
established fo r  e i ther  2020 or PGX graphite, although much infor- 
mation has been obtained on these materials, and the leas t  infor- 
mation is available on HLM graphite. In the past, the emphasis 
has been on selection and design data base testing. However, in 
the 1 a s t  3 y r ,  there has been a growing recognition that  we1 1 - 
establ i shed analytical methods and materi a1 model s .  for  metal s ,  
even those fo r  typical b r i t t l e  material s ,  do not accurately pre- 
d ic t  the behavior of graphite. Consequently, there has been a 
s h i f t  toward more fundamental t e s t s ,  very careful ly  planned and 
instrumented, t o  develop more accurate material' behavior model s 
fo r  graphite i n  order ' to aid i n  the development of analytical 
techniques which yield resul ts  representative of the observed 
response of the material t o  the t e s t  loads. The resul ts  of these 
fundamental t e s t s  may modify the data requirements fo r  the desi gn 
verfffcation data base. 

A ser ies  of t e s t s  has been run fo r  PGX and 2020 graphites to  eval- 
uate the effects of thermally induced stresses.  These t e s t s  
showed tha t  actual fracture of the material occurred a t  thermally 
induced stresses equal to or only sl ightly above the f a i lu re  
s t ress  f o r  u n i  axi a1 tension. Theref ore, the existing design c r i  - 
t e r i a  had to  be changed, i n  agreement w i t h  the recommendation of 
Frank1 in Inst i tute  Research Laboratory (FIRL 1, to  t r ea t  thermal 
and direct  load stresses equally. The thermal s t ress  t e s t  program 
was concl uded w i t h  demonstration of the f easi b i l  i ty of perf ormi ng 
thermal fatigue tes t s .  Since the thermal fatigue character is t ics  
were very similar to those observed i n  direct-load fatigue t e s t s ,  
i t  may not be necessary to conduct extensive thermal fatigue char- 
acteri  zations of the graphi tes .  

PGX graphite has . a1 so been tested to  determine the appl fcabil i t y  
of fracture mechanics techniques, w i t h  positive resul t s .  I t  re- 
mains to  be proven that  f racture mechanics are appl icabl e to  f ine-  
grained graphites l ike  2020. 

Carefully accelerated oxidation of PGX and 2020 graphites in a re- 
ducing atmosphere of he1 i u m ,  hydrogen, and water vapor (represent- 
ative of reactor conditions) has confirmed tha t  the graphite has a 
surf ace-oriented oxidation prof i l  e.  Thus, i t  has been possible to 
provide a corrosion allowance on the wetted surfaces of the core 
support blocks and posts and rely on fu l l  strength i n  the b u l k  of 



these thick structural members. Other researchers, intent upon 
oxidizing graphite as rapidly as possible f o r  subsequent tes ts  of 
oxidized materi a1 , have of ten used a highly oxidizing atmosphere 
and have sometimes observed greater oxidation in the center of 
their  specimens than a t  the surface. This has been explained as 
an ar t if  act of the highly oxidizing atmosphere, produced by 
changes in the impurities of the he1 ium as i t  penetrates the 
graphite, which activate the catalytic impurities in the graphite 
near the center b u t  not a t  the outside. Since the reactor coolant 
i s  maintained in a reducing state,  these other experiments are of 
no concern f o r  the HTGR. 

o Planned Program (Fig. A.2.4-1) - The graphite development work i s  
divided into four main groups as discussed below. This work i s  
further broken down on the basis of which component material 
( e  .g., fuel block, core support post, etc. ) i s  being tested and on 
the basis of which organization has the lead for a particular 
t es t .  

Material Model ins - This group of tasks has the objective of 
theoretical ly and experimental ly devel oping analytical model s 
of graphite which will accurately represent the response of 
the materi a1 to  directly imposed loads, thermal ly induced 
stresses, irradiation, and oxidation. Experiments will pro- 
ceed in para1 1 el w i t h  theoretical devel opment, begi n n i  ng w i t h  
very simple, fundamental t es t s  and progressing t o  more com- 
pl ex situations that are more representative of reactor 
service conditions. The materi a1 model s that w i  11 be devel- 
oped and the accompanying analytical technology are essential 
t o  the establ i shment and regul atory acceptance of graphite 
structural desi gn cr i ter ia ,  particul arly f o r  the fuel block 
design. 

The enumeration and description of the materi a1 model i ng 
tes ts  are too lengthy t o  present here. However, these tests  
can be general 1 y described as f 01 1 ows: 

1 .  Tests for  the effects of t e s t  atmosphere (e.g., humid- 
i t y )  , hydrostatic gas pressure, and rapid depressuri za- 
tion on the properties of the graphite and a determina- 
tion of how these factors may influence the material 
t e s t i  ng and/or component designs. 

2. Tests to develop the constitutive equations for  stress- 
s train behavior of coarse- and fine-grained graphites, 
beginning w i t h  uniaxial monotonic stress-strain t es t s  and 
progressing i n  an orderly fashion t o  mu1 tiaxial stress- 
strain tes ts  w i t h  an arbitrary load history. This i s  one 
of the most cri t ical  t e s t  series fo r  the development and 
eotabl i shment of graphite structural design cr i ter ia .  



Figure A. 2.4-1 HTGR Generic Technology Program d e t a i l e d  mater ia ls  m i  lestone schedule: HTGR-GT 
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3 .  Tes t s  t o  determine the e f f e c t s  of high s t r a i n  r a t e  1 oad- 
i n g ,  i nc lud ing  impact l oads  ( f o r  use i n  seismic anal - 

. . y s e s )  . 
4. T e s t s  t o  determine the e f f e c t s  of a s t r a i n  g rad i en t  and 

t o  develop a f a i l u r e  theory which exp la in s  the observed 
h igher  apparen t  s t r eng th  of g r aph i t e  i n  bending than i n  
simpl e t ens ion .  

5. T e s t s  t o  develop a re1 i a b l e  s t a t i s t i c a l  f a i l u r e  model 
based on t h e  modified Weibull theory  using f o u r  param- 
e t e r s .  Th i s  will s a t i s f y  NRC concerns over  why such an 
approach has  not  been adopted. 

6. Fa t igue  and cumulat ive damage r u l e  tests, which will pro- 
v i d e  the b a s i s  f o r  a n a l y s i s  of mu1 t i p l e  shutdown and 
s t a r t u p  and power change thermal s t r e s s e s  combined w i t h  
sei smi c 1 oadi  ngs . 

7. T e s t s  t o  determine the e f f e c t s  of uniform oxida t ion  on 
seve ra l  mater ia l  p r o p e r t i e s  which a f f e c t  the s t r a i n ,  
stress, and s t r e n g t h  of the g raph i t e  under r e a c t o r  condi- 
t i o n s .  These p r o p e r t i e s  will permit an ana ly t i ca l  
d i v i s i o n  of the oxid ized  o u t e r  mater ia l  i n t o  success ive  
l a y e r s  w i t h  changing p r o p e r t i e s  f o r  more accu ra t e  pre- 
d i c t i o n  of s t r u c t u r a l  s t r e n g t h  and behavior .  

8. T e s t s  t o  determine the e f f e c t s  of i r r a d i a t i o n  and of 
i r r a d i a t i o n  a t  d i f f e r e n t  temperatures  on mater ia l  proper- 
t i e s ,  i ncl udi ng f a t i  gue s t r eng th .  These da t a  w i  11 permit  
the p r e d i c t i o n  not only of i r rad ia t ion- induced  stresses 
b u t  a l s o  of the graph i te  response t o  those p'lus o t h e r  
1 oadi ngs . 

9. Tes t s  t o  determine the effects of r e a c t o r  condi t ions  on 
f r a c t u r e  mechanics p r o p e r t i e s  of g r a p h i t e  and t o  extend 
the g r a p h i t e  f r a c t u r e  mechanics technology t o  inc lude  
three-dimensional stress f iel d s  r e p r e s e n t a t i v e  of s e r v i c e  
l oad ings  on the f u e l  blocks,  c o r e  support  blocks,  and 
suppor t  pos t s .  

- Methods V e r i f i c a t i o n .  This  t a sk  will c o n s i s t  of a series of 
t e s t s  designed t o  v e r i f y  t h a t  t h e  mater ia l  model s and ana ly t -  
i c a l  techniques developed proper ly  p r e d i c t  the g raph i t e  be- 
havior  under va r ious  ind iv idua l  and combined loading condi - 
t i o n s .  This  information wi l l  be e s s e n t i a l  i n  suppor t ing  the 
design c r i t e r i a  and the design information t o  be included i n  
both the PSAR and FSAR. Here, too ,  the tests a r e  grouped i n  
re1 a t e d  series f o r  d i scuss ion :  

1 . Tes t s  of simpl e ,  two-dimensional s t r u c t u r a l  shapes (e.g. ,  
beams and b a r s )  t o  v e r i f y  the response t o  i nc reas ing ly  



complex 1 oadi ngs and 1 oad h i  s tor ies ,  ul timately i ncl udi ng 
the e f fec ts  of i rradiation-i nduced stresses.  

2. Impact t e s t s  beginning w i t h  simple bars and progressing 
to simpl e model s representative of reactor components, 
again ul timately incl ud i  ng i rradiation-induced stresses.  

3 .  Fatigue t e s t s  of specimens progressing from simpl e shapes 
to  models representative of reactor components to verify 
fatigue analysis techniques and the cumul at ive damage 
rul es. 

4. S ta t ic  loading and thermal s t ress  tes t s  of specimens 
having an oxidation profi le  to  ensure that  the analyses 
correctly predict the effects  of these combinations. 

- Reference Grade Selection - The work i n  t h i s  area will iden- 
t i f y  candidate a1 ternative srauhi t e s  and provide urel i m i  nary 
mechanical , physical , and o i i  dation propert ies .  for '  components ' 

for  which a reference graphite has not been confirmed or 
becomes unavail abl e or where design anal ys i  s indicates tha t  
material improvements are needed. A t  present, there are  
three component materials which need work: 

1 . 'The PGX graphite used fo r  the 1 ower core support block 
has a very high oxidation ra te  and low strength. Work i s  
i n  progress and will continue to  develop a domestic re- 
p l  acement for  PGX having better oxidation character is t ics  
and higher strength, as well as to identify possible 
back-up grades of foreign manufacture i n  cooperation w i t h  
the FRG. 

More rigorous regulatory requirements t o  objectively 
demonstrate acceptable cal cul ated stresses i n  fuel blocks 
lead to  a requirement for  a mu1 ti-faceted design 
approach: establ i shment of more definit ive design cr i  - 
t e r i  a, improvement of analytical techno1 ogy , and develop- 
ment of higher strength i n  the material as we1 1 as detail 
design changes i n  the components. A study i s  planned fo r  
determining the technical and economic feasi b i l  i ty  of 
strengthening H-451 graphite without inval idat i  ng the 
existing data base. To a somewhat lesser  degree, the 
same type of ac t iv i t i e s  are required fo r  the core support 
and PSR, which are l e s s  complex structures than the fuel 
blocks. 

3. The recent decision of Great Lakes Carbon Company not to  
market the large blocks of HLM graphite needed for  HTGR 
PSRs makes i t  necessary to  eval uate a1 ternative material s 
and to evaluate the feas ib i l i ty  of redesigning to use 
smaller blocks in the PSR. A study will be conducted 



jointly w i t h  the design organization to identify and 
eval uate sol utions to  th i s  problem. The preference will 
be t o  u t i l i z e ,  i f  a t  a l l  possible, an established mate- 
r ia l  i n  common w i t h  another reactor component. 

- Data Base Devel o~ment - This work includes extensive test ing 
on many logs of each reference graphite to  establish s t a t i s -  
t ica l  ly s ignif icant  design val ues fo r  the chemical , physical , 
mechanical, and irradiation properties required fo r  HTGR com- 
ponent design and verification. These graphite design data 
are needed by the component designers and will be referenced 
i n  the PSAR, design reports,  and the FSAR. Typical data to  
be determined incl ude s t ress-s t rain curves i n  tension and 
compression, minimum u l  timate strengths, chemical composi - 
t ions ,  oxidation and i r radiat ion properties, thermal expan- 
s iv i  ty  and conductivity , fatigue properties, fracture tough- 
ness data, e tc .  

A .  2.4.2 Structural . Material s Techno1 ogy 

a Scope - Materials evaluation and development tasks will include 
a l l  those property t e s t s  and characterizations necessary to  se lec t  
and qual i fy  structural materi a1 s to  meet the design requirements 
of the HTGR systems and components. The major emphasis i n  t h i s  
work will be to address the issues of retention of adequate 
strength and toughness by materials t o  be used in components tha t  
will operate a t  the highest temperatures i n  the primary coolant 
c i r cu i t ,  such as the reactor internal structures,  the thermal bar- 
r i e r  i n  the core outl e t  and hot duct areas, the core auxi 1 iary 
heat exchangers, the gas turbine volute, s ta tor  vanes, and turbine 
blades i n  the case of the HTGR-ST. the IHX f o r  the HTGR-R, and the 
steam generator f o r  the HTGR-SC/C. The structural materials tasks 
i ncl ude test ing and eval uation of a1 1 selected design reference 
metal 1 i c  materi a1 s ,  except graphite. Incl uded are  the fibrous and 
solid ceramic materials to be used in thermal barr ier  components. 

o 0b.iectives - The overall objectives of the materials program are 
(1 ) to  provide the materi a1 s data and supplementary information 
required to  perform the design tasks, ( 2 )  t o  ensure the use of ac- 
ceptable materials from the standpoint of performance, costs, re- 
l i a b i l i t y ,  safety, and l icensabi l i ty ,  and ( 3 )  to perform both 
short-term and 1 ong-term t e s t s  and surveil 1 ance tasks to compl e t e  
the qual i f  ication of material s. for  service i n  the specific 
appl ications. 

o Status - The ongoing generic material s techno1 ogy studies have 
made s ignif icant  progress during the past several years in iden- 
t i fying and outl i n i n g  sol utions to the key materi a1 s behavior 
issues f o r  HTGR systems. U n t i l  l a te ly ,  these studies were con- 
cerned principally w i t h  materials suitable f o r  service i n  a steam 
cycle system, i n  which the design operating temperatures of the 



h o t t e s t  components a r e  genera l ly  i n  the range of 650" t o  750°C 
(1 202" t o  1382°F). During the p a s t  y e a r ,  major emphasis has been 
d i r e c t e d  t o  advanced systems i n  which component temperatures  reach 
850°C (1562°F).  Some explora tory  wcrk has a1 so been i n i t i a t e d  
toward reaching a t a r g e t  of 950°C (1 742°F). 

The da t a  needed t o  support  the design of components of the a l t e r -  
na t i ve  HTGR system have been out1 ined i n  matr ix  format  t h a t  pro- 
v ides  v i s i b i l i t y  and focus.  I t  s e rves  a s  a b a s i s  f o r  planning and 
schedul ing t h e  performance of the required m a t e r i a l s  tests. A 
l a r g e  amount of mater ia l  s da ta  has a1 ready been developed which i s  
appl i cab1 e t o  the HTGR systems up t o  850°C (1 562°F). However, 
add i t i ona l  work i s  requi red  t o  compl.ete the screening ,  s e l e c t i o n ,  
and qual if i c a t i o n  of mater ia l  s f o r  some key components, such a s  
the high-temperature.turbine components, IHXs, thermal b a r r i e r  i n  
the co re  o u t l e t  and 'ho t  duc t  a r e a s ,  and c o r e  r e s t r a i n t  mechanisms,. 
For the f a i r l y  we1 1 -es tab l  i shed mater ia l  s ,  such a s  A1 1 oy 800H, 2- 
1 /4  Cr-1 Mo s t e e l ,  and Hastel loy X ,  much of the c u r r e n t  da ta  rep- 
r e s e n t s  shor t -  t o  medium-term t e s t s  (e .g . ,  c reep  rup tu re  and gas 
cor ros ion  t e s t s  f o r  times i n  the range 10,000 t o  20,000 h r )  . 
Longer-term confirmatory t e s t s  (>SO ,000 h r )  a r e  pl  anned f o r  mate- 
r i a l  s t o  be used i n  the primary cool a n t  c i r c u i t .  

Ma te r i a l s  which have been 1 ess well cha rac t e r i zed ,  such a s  Inconel 
617, IN71 3LC, IN100, and MA 754, will be r equ i r ed  f o r  some compo- 
nents  i n  HTGR systems having an 850°C (1 562°F) c o r e  o u t l e t  temper- 
a t u r e .  Such mater ia l  s w i  11 r e q u i r e  more i n t e n s i v e  t e s t i n g  pro- 
grams t o  ensure s e l e c t i o n  and qual i f  i c a t i o n  of t h e  app rop r i a t e  
materi  a1 s f o r  re1 i abl e performance. 

In add i t i on  t o  the program a t  GAY gzs-cool ed r e a c t o r  materi  a1 s 
t e s t i n g  programs a r e  being sponsored by DOE a t  the Metals and 
Ceramics Divis ion of ORNL and a t  the Energy Systems Programs 
Department of General El e c t r i c  Company, Schenectady , New York . 
Under guidance of DOE and GCRA, a Mater ia l s  Coordination Committee 
has funct ioned during t h e  p a s t  y e a r  as a means' f o r  providing con- 
s i s t ency  i n  program scopes and compatibil  i t y  of the data  bases  
developed. a t  the t h r e e  1 abo ra to r i e s .  Thi s committee s e rves  a s  a 
forum t o  review and guide the scope of t h e  mater ia l  s development 
work needed t o  support  the r e a c t o r  program and provides  a means t o  
a s su re  t h a t  design and schedule requirements a r e  communicated 
e f f e c t i v e l y .  

Planned Program (Fig .  A.2.4-1) - The pl anned materi a1 s techno1 ogy 
work c o n s i s t s  of tests and eva lua t ions  t o  provide the da ta  
requi red  t o  support  the design of s p e c i f i c  components. In p a r t i c -  
ul a r ,  a t t e n t i o n  will be given t o  mater ia l  s f o r  those  components 
t h a t  a r e  l oca t ed  i n  t h e  primary coo lan t  c i r c u i t  and t h e r e f o r e  must 
ope ra t e  i n  the h o s t i l e  environment of very-high-temperature 
[?85O0C (1 562"F)], gaseous cor ros ion  due t o  t r a c e  impur i t i e s  i n  
the cool a n t  he1 ium and extremely 1 ong-term (c r eep )  stress condi- 
t i o n s .  The key high-temperature components t h a t  need add i t i ona l  
m a t e r i a l s  t e s t  da ta  t o  support  t h e  design a r e  d i scussed  below. 



- Class B Thermal Barrier - In simplified terms, th is  component 
consis ts  of panels of fibrous insulation which are compressed 
and retained by cover plates tha t  are attached by mechanical 
f ix tu res  to  the in te r ior  surf aces of the PCRV cavi t ies .  The 
pri ncipal candidate materi a1 s f o r  the fibrous bl anket i nsul a- 
t ion are  Saff i l  (alumina), Kaowool (alumina-silicate), and 
various grades of graphite f e l t  materials. In order to  serve 
as effect ive thermal i nsul a tors ,  t.hese bl anket material s m u s t  
maintain the i r  resi 1 i ency , and the integri ty  and strength of 
the f i b e r s  must be retained throughout the design service l i f e  
(300,000 h r ) .  Hence, t e s t s  currently i n  progress will be con- 
tinued t o  determine the 1 ong-term resi l  iency of f iber  blanket 
materi a1 s a f t e r  exposure to  the simul ated service conditions 
of high temperature, compression 1 oads, and the he1 i um envi r- 
onment containing trace impurities. In addition, t e s t s  must 
be done on the fibrous blanket material s to determine such 
properties as thermal conductivity and permeabil i ty  to he1 i u m  
flow and the e f fec ts  of thermal cycling, acoustic vibration, 
neutron i r radiat ion,  and the presence of f iss ion products. 

For service temperatures up t o  approximately 750°C (1382OF1, 
the principal candidate material s fo r  cover plates and attach- 
ments are  A1 loy 800H and Hastelloy X.  For higher tempera- 
tures ,  the stronger cas t  nickel-base alloys IN713LC and IN738 
are being evaluated. A t  850°C (156Z°F) and above, 
temperature-resi s tant  cas t  a1 1 oys have insuff i ci ent strength, 
so tes t ing  will be done on candidate composite carbon f iber -  
carbon matrix materi a1 s.  

The basic structural properties data tha t  mus t  be provided to  
support the design of the thermal barr ier  cover plates and 
attachment f 1 xtures i ncl ude el evated-temperature tensi 1 e and 
yield strengths, f racture mechanics data, both low-cycle and 
high-cycle fat igue t e s t  data, creep fatigue t e s t  data, and 
creep-rupture t e s t  data. For a l l  the t e s t s ,  the data are 
required f o r  the fu l l  range of service temperatures. 

In addition to  the outlined properties data required by the 
desi gn engineers , the thermal barr ier  cover pl a te  and f ix ture  
materials must be tested to  determine the i r  resistance to  the 
e f fec ts  of long-term exposure to  the sewice  environment. In 
particul a r ,  gaseous corrosion effects ,  such as carburi zat i  on 
due to  impurities i n  the primary cool ant he1 i u m ,  may embri t t l e  
the a1 1 oys and cause f a i l  ure. 

Thermal aging effects  which are usually detrimental to the 
properties of the a1 toys a1 so occur during service. The 
microstructures of most commercial alloys are  i n  a metastable 
stage when the a1 1 oys are manufactured into usable mil 1 prod- 
ucts, e.g., ro l l  ed p l  ates.  Upon very long exposure to  high 
temperatures, the microstructures may change i n  a manner tha t  



adversely affects either the strength or fracture resistance. 
Both  A1 loy 800H and Hastelloy X undergo some deterforation of 
properties due t o  thermal aging. These effects must be sati  s- 
f actori ly eval uated f o r  the candidate a1 1 oys by very 1 ong-term 
tes ts  before reliable performance can be predicted. 

Similarly, friction and wear tes ts  are required t o  assure that 
rubbing action a t  the attachment fixtures due to thermal 
expansion will n o t  cause failure. 

- Class C Thermal Barrier - Thermal protection a t  the bottom of 
the lower plenum of the core cavity includes assembl ies of 
sol id ceramic materials, some of which provide the base for  
the graphite core support posts. Hence, those ceramic blocks 
must sustain bo th  h i g h  compressive loads and high tempera- 
tures. Other, non-load-bearing ceramic blocks are used 
between the support posts to cover panels of fibrous insula- 
t i  on. Candidate support pad ceramics are h i  gh-densi ty 
a1 umi  na , fused si 1 i ca , and si 1 icon nitride. Typical candidate 
cover blocks are fused s i l ica ,  silicon oxyni t r ide,  and s i l  icon 
carbi de. 

Because they serve highly important functions, the ceramic 
materials that are finally selected f o r  use i n  the Class C 
thermal barrier must be very we1 1 characterized. Properties 
must be established by sufficient testing t o  assure that these 
material s ,  which are basically i nhomogeneous and b r i t t l e ,  will 
sewe re1 iably. The properties data required by the design 
engineers include both time-dependent and time-independent 
factors. Tests must be done to determine the basic fracture 
strength, creep strength, fatigue and creep-fatigue behavior, 
thermal shock properties, modul us of el astici ty , Poi sson' s 
ratio, and time-dependent fracture mechanics behavior. In ad- 
di tion, tes ts  must be performed t o  evaluate the effects of 
1 ong-term exposure t o  the service environment. 

- Turbomachinery - For the case of the HTGR-GT, the materid1 s 
technology work necessary t o  support the design of the turbo- 
machine will be done, basically, by the subcontractor. How- 
ever, some tests  are included in th is  program. These include 
tests  t o  determine the extent of gas corrosion of the candi- 
date turbine blade and vane a1 1 oy, IN100, in the HTGR environ- 
ment, and the effects that such corrosion will have upon the 
creep-rupture strength, fatigue strength, and fracture tough-  
ness of the a1 loy. 

- Heat Exchangers - Material s technology work will be required 
to support the design of steam generators, IHXs, CAHEs, and 
recuperators, as appropriate t o  the plant design. The princi- 
pal candidate materi a1 s f o r  these components are the 1 ow-a1 1 oy 
chrome-molybdenum steel s ,  12% chrome steel s ,  A 1  1 oy 800H, the 



aus t en i  t i c  s t a i  nl ess s t e e l  s ,  Haste1 1 oy X ,  and Inconel 61 7. 
The t e s t  da ta  t h a t  a r e  requi red  by the design engineers  
i ncl ude f r i c t i o n  and wear behavior  ( support  a r e a s  of the hea t  
exchanger t ubes  a r e  sub jec t  t o  rubbing a c t i o n  due t o  thermal 
expansion and c o n t r a c t i o n ) ,  f a t i g u e  and c reep- fa t igue  d a t a ,  
t e n s i  1 e s t r e n g t h  da t a ,  thermal aging behavior ,  and creep- 
r u p t u r e  d a t a  f o r  these a1 l o y s ,  incl  uding the we1 ds .  In the 
longe r  term, confirmatory tes t  da ta  must be provided (e .g .  
>50,000 h r )  f o r  val i d a t i o n  of e x t r a p o l a t i o n s  used i n  the 
design.  Such tests i ncl ude c reep- rupture ,  f r a c t u r e  mechanics 
d a t a  a f t e r  long exposure t o  s e r v i c e  environments,  e t c .  

Among the most d i f f i c u l t  of the m a t e r i a l s  i s s u e s  wh ich  must be 
reso lved  i s  the ques t ion  of p o t e n t i a l  c a rbu r i za t i on  of the 
tube  m a t e r i a l s  f o r  the hea t  exchanger t h a t  must ope ra t e  a t  the 
h i g h e s t  temperature:  the IHX. Gas-corrosion t e s t s  have shown 
t h a t  a l l  of the c u r r e n t l y  a v a i l a b l e  candida te  wrought a l l o y s  
a r e  s u s c e p t i b l e  t o  c a r b u r i z a t i o n  i n  the s imulated HTGR primary 
cool a n t  environment a t  850°C (1 562°F). None of the wrought 
a l l o y s  appear  f e a s i b l e  f o r  a 950°C (1742°F) IHX. Several 
approaches a r e  being pursued t o  reso lve  the i s sue ,  such a s  
coa t ing ,  c l add ing ,  modifying the coo lan t ,  and modifying o r  
developing new a1 loys .  I t  i s  planned t o  cont inue  this work on 
a h igh -p r io r i  t y  basi  s. Modif icat ion o r  development of new 
c a r b u r i z a t i o n - r e s i  s t a n t  a1 1 oys woul d a1 so  be an approach t o  
f i n d i n g  an accep tab l e  mater ia l  f o r  opera t ion  of an IHX a t  
950°C (1 742°F) . 
Since  the h e a t  exchangers i n  the primary cool a n t  c i r c u i t  will 
be designed and cons t ruc t ed  i n  accordance w i t h  the ASME Code, 
i t  w i  11 be neceSsarv t o  perf arm a ri g n i f  i c a n t  amount of 
t e n s i  1 e, c reep- rupture ,  creep-f a t i  gue, and f r a c t u r e  mechanics 
t e s t s  t o  q u a l i f y  the m a t e r i a l s  s e l e c t e d  f o r  ope ra t i on  a t  850°C 
(1 56Z°F), and above. The c u r r e n t  rul es and mater ia l  s extend 
only t o  81 5OC ( 1500°F), and the p r inc ipa l  candida te  f o r  the 
IHX, Inconel 617, has no t  y e t  been q u a l i f i e d  under the Code. 

- Reactor In t e rna l  s - The p r inc ipa l  candida te  metal 1 i c mater i  a1 s 
f o r  components of the core  l a t e r a l  r e s t r a i n t  and per iphera l  
seal  mechanisms a r e  A1 1 oy '800H, Inconel 718, Inconel 617, and 
Haste1 loy  X. These mechanisms must ope ra t e  re1 i a b l y  a t  very 
high tempera tures  (up t o  the co re  o u t l e t  temperature)  f o r  the 
f u l l  1 i fe  of the p l an t .  

A t  the p r e s e n t  time, the design f o r  the co re  l a t e r a l  r e s t r a i n t  
system s p r i  ngs r e q u i r e s  mater i  a1 s having s t r e n g t h  and s t r e s s -  
re1 axa t ion - r e s i  s t a n c e  p r o p e r t i  es t h a t  a r e  not avai 1 a b l e  f o r  
s e r v i c e  temperatures  of >850°C (1 562°F) . An advanced mater i  - 
a l s  s c r een ing  program i s  i n  progress  which  i s  expected t o  h e l p  
i d e n t i f y  su i  tab1 e materi  a1 s f o r  these components. 



The tests  on the candidate materials which are planned t o  pro- 
vide the properties data required by the design engineers 
i ncl ude tensi 1 e creep-rupture, 1 ow-cycl e fatigue and creep- 
fatigue, stress re1 axation, s ta t ic  adhesion, and fracture 
toughness tests.  

The pl anned materi a1 s tes t i  ng act ivi t ies described above are 
only those required t o  support the design of some of the key 
components that must operate a t  the highest temperatures in 
the reactor primary cool a n t  circuit.  I t  i s  recognized t h a t  
there are several other high-temperature components f o r  which 
materials data will be required by the designers. Among them 
are the control rods, upper plenum elements, primary circuit  
control valves, ci rcul ators, etc. In addition, some materi a1 s 
properties data will be needed f o r  design of lower-temperature 
structures, such as the PCRV closures, l iner  steels,  tendons,, 
etc. I t  i s  not presently expected that these lower- 
temperature materi a1 s issues wi 11 be significantly 1 imi ti ng . 

A .  2.5 ~ngine'eri ng Techno1 ogy 

e Scope - The engineering technology task includes the development of 
basic design technology, computer methods, and cr i ter ia  f o r  major 
NHS components and systems, including the HTGR fuel ,  core, reactor 
internal s ,  reactor vessel , heat exchangers, mechani sms, and el ec- 
trical systems. 

o Objectives - The objective of this task i s  t o  provide the basic 
techno1 ogy necessary t o  support design, development, and verif ica- 
tion of HTGR components and systems with regard t o  structural , 
functional , and performance requirements . P a r t i  cul a r  emphasi s i s  
given t o  the establishment of technology common t o  HTGR 
appl ications. 

A.2.5.1 Methods Development 

e Status - The majority of the computer programs needed for the 
design and development of the HTGR in the areas of fuel and core, 
reactor internals, PCRV,  coolant system, and system components have 
been developed and are partly documented and verified. New code 
development and code improvements are requi.red primarily f o r  the 
resolution of current and new design issues. In these areas, sig- 
nificant progress has been made. 

Practically a1 1 reactor physics and fuel performance codes have 
been updated f o r  LEU fuel calculations. Flow and natural ci rcul a- 
tion codes f o r  flow distribution, pressure drop, and hot streak 
analysis and prel iminary acoustic emission methods f o r  component 
.vibration assessment have been completed. Prel iminary versions of 
the heat exchanger sizing and performance codes have been com- 
pleted. A final user's manual was issued f o r  the he1 ical coil tube 



bundle structural analysi s code. An improved s t a t i c  structural 
f i n i t e  el ement computer program has recently been compl eted which 
features  non-1 inear analysis capabil i ty and i s  primarily designed 
f o r  fuel element s t r e s s  analysis. A dynamic version i s  near cpm- 
pletion. The core seismic program model tes t ing and code develop- 
ment tasks have been completed except f o r  f inal  verification of the 
mu1 tic01 umn analysis code. Documentation summari t i  ng the total  
program was issued, and an LTR on  the core seismic methods ver i f i -  
cation i s  under preparation. An HTGR version of the reactor emer- 
gency core cooling code was completed and compiled; however, sev- 
eral GASSAR- ISER (interim safety eval uation report)  issues concern- 
ing flow and hot streak calculations remain unresolved. An array 
processor f o r  use w i t h  the UNIVAC 1110 was instal led,  which will 
resu l t  i n  more e f f i c i en t  use of 1 arge structural core seismic. and 
physics codes and reduced running costs. 

a Planned Proqram ( F i s .  A.2.5-1) - The remaining methods development, 
code updating, and maintenance and documentation required to sup- 
port  the HTGR design and the validation of these design methods 
will be completed pr ior  to  PSAR submittal. The main ac t iv i t i e s  are 
described be1 ow. 

An e f fo r t  w i l l  s t a r t  i n  FY 1981 to develop a new three-dimensional 
power dis t r ibut ion core design code to  improve the efficiency and 
accuracy of spatial  f lux distributions i n  the core. Another impor- 
t an t  task i n  t h i s  area i s  t o  improve f i ss ion  product transport and 
pl ateout anal ysi  s capabi 1 i ty  to i ncl ude treatment of mu1 tip1 e 
species and in-diffusion i n  order to  better evaluate component 
maintenance. 

A n  e f fo r t  t'o devel op turbul ent  f l  ow code capabil i ty  f o r  cal cul a t i  ng 
local heat t ransfer  i n  l iner  components due to  hot streaks i n  the 
core out1 e t  flow will continue. Work will a1 so continue on the 
devel opment of methods f o r  cal cul a t i  ng natural convections and tem- 
peratures i n  primary c i r cu i t  cavi t ies  , i ncl udi ng a stand-by CAHE, 
the upper plenum d u r i n g  loss of forced cool i n g ,  and i n  heat 
exchanger cavi t ies  during 1 oop shutdown. 

The acoustics analytical and t e s t  development program will a1 so be 
continued to  provide more information on noise levels generated 
from circulators ,  or i f  ice valves, core support block j e t s ,  and tur- 
bomachinPry and on propagation of the acoustic waves through pri- 
mary and secondary systems, including the effects  on reactor 
internal and primary 1 oop components. 

Of mai n concern i s  the devel opment of conceptual /prel imi nary desi gn 
methods for  heat exchangers, which have not been completed. These 
include integrated design equations fo r  higher-temperature struc- 
tures  w i t h  complex interactions between components, seismic design 
methods f o r  s t ra ight  tube and he1 ical tube bundles fo r  parametric 



Figure A.2.5-1 HTGR Generic Technology Program d e t a i l e d  engineering technology milestone schedule: HTGR-GT 
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s t u d i e s ,  and a performance a n a l y s i s  computer program f o r  h e l i c a l  
c o i l  f i n n e d  tubes  and ax ia l  f low h e a t  exchangers. 

To complete the c o r e  seismic program and present i t  t o  the NRC a s  
p a r t  of the l i c e n s i n g  preappl i c a t i o n  review, i t  i s  necessary t o  
complete the devel opment and v e r i f i c a t i o n  of t h e  mu1 t i c01  umn code 
and t o  complete the LTR on the v e r i f i c a t i o n  of the core  se i smic  
methods. A computer program t o  determine mu1 ti -bui l  d i  ng response 
and i n t e r a c t i o n  t o  se i smic  e x c i t a t i o n  i s  a1 so pl anned. 

The e f f o r t  t o  complete the development of non-1 i n e a r  f i n i t e  element 
methods i n  o r d e r  t o  more a c c u r a t e l y  c a l c u l a t e  fue l  element stresses 
will  cont inue .  Th i s  inc ludes  the conversion of a non-linear 
dynamic f i n i t e  e l  ement code devel oped a t  Lawrence Livermore 
Labora to r i e s .  

The development of mesh genera t ion  and computer g raphics  methods 
p l a y s  an important  p a r t  i n  a id ing  the engineer ing a n a l y s i s  and 
saves  des ign  c o s t s .  This  a c t i v i t y .  i s  planned t o  cont inue  a s  well 
a s  procurement of hardware f o r  p l o t t i n g  and d isp lay .  

The r e a c t o r  emergency core  cool ing  a n a l y s i s  code will be modified 
i n  the a r e a s  of h e a t  t r a n s f e r  and f l  uid f low and hot  s t r eak  model - 
i n g  a s  a response t o  GASSAR-ISER ques t ions  i n  support  of CACS 
1 i c e n s i n g  a c t i v i t i e s .  A'l s o ,  a computer program will be developed 
t o  p r e d i c t  the p r o b a b i l i t y  of success fu l  CACS performance and per- 
formance margins. An LTR on r e a c t o r  emergency core  cool ing  anal-  
y s i s  modeling and v e r i f i c a t i o n  will be w r i t t e n  and submit ted t o  the 
NRC . 
Code development i n  suppor t  of r e so lv ing  o the r  r e a c t o r  system 
issues inc lude  cun~pu ter' programs to p r e d i c t  the c f f e c t c  of water  
i n g r e s s  and o i l  i ng re s s .  

A .2.5.2 Systems Techno1 ogy 

T h i s  t a s k  c o n s i s t s  of upper and lower plenum f low d i s t r i b u t i o n  tests t o  
o b t a i n  qua1 i t a t i v e  and q u a n t i t a t i v e  d a t a  t o  suppor t  ana ly t i ca l  assump- 
t i o n s  and model i n g  f o r  f low,  p re s su re  drop, and thermal mixing i n  the 
plenum and c r o s s  duc ts .  

e S t a t u s  - Flow tests w i t h  water  'have been completed on 1120-scale 
model s of the upper and 1 ower plenums of the 3000-MW( t) HTGR-SC 
re fe r ence  design w i t h  s i x  steam generator  loops and t h r e e  CAHE 
loops.. Tes t i ng  was c a r r i e d  o u t  a t  ambient condi t ions  of p r e s su re  
and temperature .  

Planned Program (Fiq .  A.2.5-1) - S i m i l a r  tests w i t h  a i r  on 114- 
s c a l e  model s a r e  planned t o  ob t a fn  f u r t h e r  data  f o r  c o r r e l a t i o n  
w i t h  a n a l y t i c a l  model s. 



A-51 

A.2.5.3 Heat Exchanger Techno1 ogy 

This task includes t e s t  programs fo r  obtaining basic data which are gen- 
e r i c  t o  a l l  heat exchanger designs. The t e s t s  fa1 1 in four main cate- 
gories: materi a1 s-re1 ated t e s t s ,  incl udi ng material creep-f a t i  gue and 
weld properties; structural t e s t s  to  determine wear, seismic, damping, 
and flow-induced vibration characteristics;  component t e s t s  to obtain 
flow distribution and pressure drops; and IS1 and maintenance t e s t s  to 
demonstrate inspection methods and procedures. 

o Status - A n  extensive DV&S program relating to steam generator 
design technology was completed for  the development of the FSV and 
LHTGR steam generators carried out a t  GA and a t  the f a c i l i t i e s  of 
licensees such as CEA in France and Sulzer Brothers in Switzerland, 
and by associates in previous design endeavors, such as Foster 
Wheeler Corporation i n  New Jersey. . These t e s t  programs focused o n .  
developing technology i n  the areas of thermal sizing, steam gener- 
ator performance and s t ab i l i t y ,  heat transfer and f lu id  dynamics, 
structural i ntegri ty , and material s. 

More recently, fo r  LHTGR designs, an overall generic t e s t  plan f o r  
heat exchanger DV&S has been issued. The plan summarizes the indi- 
vidual t e s t  programs w i t h  respect to technical requirements , 
schedule, and cost. 

According to t h i s  plan, an e f fo r t  has been in i t ia ted  to  advance the 
following tests:  tube f r e t t ing  and wear, stayed tubesheet a i r  
flow, finned tube heat transfer and pressure drop, and tube bundle 
g r i d  pressure drop t e s t s .  

o Planned Proqram ( F i g .  A.2.5--1) - W i t h  the exception of a few tasks, 
the overall DV&S program must be completed prior to  the end of the . - 
prel i m i  nary design period so tha t  final design and design analysi s 
are not delayed. Several t e s t s  are needed to obtain design infor- 
mation f o r  the conceptual and prel imi nary design. This i ncl udes 
data on properties of we1 d materi a1 s ,  creep-f atigue design, f r e t -  
t ing wear, and finned tube heat transfer and pressure drop, as well 
as load path and damping properties determined in seismic t e s t s .  

A.2.5.4 Electrical Technology 

Two t e s t  programs are required to support the f inal  design of e lectr ical  
systems fo r  control and instrumentation and PCRV penetration design. 

Response t e s t s  of control and electr ical  system sensors to  verify sensor 
time constants are required f o r  the plant control system, plant 
protection system, data acquisition system, and analytical instrumenta- 
tion systems, since system performance i s  largely . dependent on these 
parameters. 



Testing and development of penetration configurations , cab1 e routing 
techni ques, and materi a1 s are required to  design PCRV penetrations f o r  
control and power cables running from ambient conditions into reactor 
interspaces where elevated pressures and temperatures and radiation or 
other extreme environments are encountered. 

A.  2.5.5 Mechanical Techno1 o w  

Status - The work i n  t h i s  area i s  principally limited to definit ion 0 -  
of IS1 and maintenance requirements and conceptual design of equip- 
ment to  perform the necessary IS1 and maintenance operations. 
Another task i s  to define the solid waste handling requirements, 
which a re  expected to  be significantly l e s s  demanding than for  an 
LWR. 

A compilation of IS1 requirements has been assembled which i s  i n  
accordance w i t h  the ASME Code, Section XI, and a preliminary 
assessment of IS1 and maintenance equipment requirements has been 
made. 

o Pl anned Proqram (Fi q . A. 2.5-1 1 - The IS I and maintenance require- 
ments will be updated based on the l a t e s t  HTGR concepts, and con- 
ceptual designs of IS1 and maintenance equipment will be generated. 
T h i s  information will be used by HTGR component designers to  ensure 
i n  t he i r  designs tha t  the required IS1 and maintenance operations 
can be performed and by the architect-engineer and customer to  pro- 
vide the necessary f a c i l i t i e s  and equipment. The sol i d  waste 
hand1 ing requirements specification will be prepared for  simil a r  
use. 

A.2.5.6 PCRV and Liner Technolow 

m Status = The design technology and c r f t e r i a  and component DV&S f o r  
the PCRV and l i ne r s  of the LHTGR have undergone substantial 
improvement since FSV, not only from the standpoint of the computer 
codes mentioned above b u t  a1 so as a resul t  of advances i n  the 
design data base. Tensile t e s t s  of 2500-kip strand tendons f o r  the 
1 i near prestressi  ng system have been compl eted, as have rel axation 
t e s t s  of prestressing s tee ls .  A1 so, fatigue t e s t s  of l i ne r  anchor 
studs and s t a t i c  and fatigue shear t e s t s  of cooling tubes welded to  
the l iner  have provided basic design and verification data. An 
interim position has been developed on the treatment of f racture 
toughness of l i ne r s ,  which will need to be reviewed and possibly 
revi sed f 01 1 owing completion of f racture toughness tes t ing of 1 iner 
material s a t  ORNL. 

Linear and 'biaxial buck1 i n g  t e s t s  of 1 iner material backed by 
concrete were completed a t  CEA,  providing valuable design data for  
the PCRV l i ne r ,  which i s  held i n  compression by the inward shrink- 
age and creep displacement due to prestressing of the PCRV 
concrete. 



A three-dimensional f i n i t e  element analysis of a representative 
offset-core PCRV arrangement i s  under way to assure tha t  the long- 
term behavior of such a PCRV i s  acceptable. Ini t ia l  resul t s  are 
generally as expected, and the analysis i s  scheduled fo r  completion 
i n  FY 1981. 

Conceptual design drawings have been completed fo r  a load monitor 
for  the PCRV circumferential prestressi ng system, and a feasible  
scheme was designed which would permit removal and rep1 acement of 
the monitor without removing the prestressing strands. 

3 Pl anned Program ( F i q .  A.2.5-1) - The analysi s of the 1 ong-term 
behavior of an off set-core PCRV w i  11 be compl efed i n  FY 1981 . An 
evaluation will be done of methods of analyzing postul ated pressur- 
ized cracks in the concrete to  .develop a standard approach, and 
analytical model s will be developed f o r  analyzing PCRV crack prob- 
lems. A confirmation t e s t  will be performed on the prestressing 
1 oad monitor design, and if a PCRV model t e s t  i s  required, support 
will be provided in determining model design requirements and prep- 
aration of t e s t  plans, .  specifications and procedures, and t e s t  
evaluation. Tests are also planned f o r  a 3000-kip tendon needed 
fo r  more compact PCRV configurations. 

For the l ine r ,  analysis of the plast ic  deformation of a typical 
penetration a t  the penetration-to-concrete interface will be done 
in~response to  previous NRC concerns, and a preliminary fracture 
toughness analysis will be done fo r  a typical penetration. Addi- 
tional generic eval uations and brief analyses will be performed 
1 eadi ng to  updated 1 i ner design c r i t e r i a  and fracture toughness 
c r i t e r i a ,  incl udi ng c r i t e r i a  f o r  concrete cl osures . 
Work i s  planned to  demonstrate tha t  neither access f o r  d i rec t  l i ne r  
IS1 nor a 1 iner leak detection/col lection system i s  required f o r  an 
HTGR pl ant. The consequences of postul ated 1 iner leaks will . be 
determi ned, f 01 1 owed by development of concepts f o r  optional 1 i ner 
1 eak detection/coll ection systems. 

A .  2.5.7 Thermal Barrier Techno1 oqy 

o Status - Design technology and c r i t e r i a  and component DV&S fo r  the 
thermal barrier are covered i n  t h i s  area. In addition to the 
experience gained through FSV, t e s t s  and evaluations have advanced 
the s ta te  of the technology for  thermal barrier. Long-term 
(20,000-hr) res i l  iency and thermal cycl i ng t e s t s  of fibrous i nsul- 
ation materials have been completed both a t  GA and CEA, and emer- 
gency and faulted condition t e s t s  are currently being performed a t  
CEA. Fatigue t e s t s  were done on attachment f ixtures ,  leading to  an 
improved design. Accident condition t e s t s  have been done f o r  both 
Class A and Class B assemblies, and a 0.6-scale hot duct was tested 
f o r  about 400 hr a t  around 815OC (1500°F) a t  CEA. A fu l l - s ize  hot 
duct was fabricated and assembled a t  the conclusion of the 
cooperation agreement between GA and CEA. 



Depressurization t e s t s  were run f o r  FSV, b u t  additional t e s t s  will 
be required f o r  new material s and to encompass the very h i g h  
depressurization ra tes  associ ated w i t h  HTGR-GT turbi ne f a i l  ures. 
Preparations a re  under way a t  ORNL t o  t e s t  dense ceramic specimens 
under h i  gh-rate depressurization. 

Structural t e s t s  and evaluations of f ull -size ceramic support pads 
f o r  the core support post seats  resul ted i n  a simp1 i f  ied and 
improved design configuration. A1 so, screening creep t e s t s  of 
small ceramic specimens have narrowed the range of candidate 
materi a1 s.  

A general vibration analysis was done fo r  typical thermal barr ier  
assembl i e s ,  and acoustic vibration testing was in i t ia ted  i n  FY 
1980. 

Under the GCFR program, t e s t s  were done and repeated twice in which 
the thermal bar r ie r  was flooded w i t h  water and then was dried out, 
w i t h  minimal degradation of the thermal performance. The HTGR Gen- 
e r i c  Technology Program provided an assessment of the e f fec t  of o i l  
contamination based on data available i n  the 1 i te ra ture  and from 
reports on the Peach Bottom reactor. 

Work i s  i n  progress to  define and describe typical applications of 
various metal1 i c  and ceramic material s and t o  identify and provide 
the perti  nent desi gn properties for  those appl ications . C l  osel y 
f 01 1 owing this work will be revi sions to the h i  gh-temperature 
design c r i t e r i a  f o r  each type of material i n  thermal barrier 
appl ications. 

e P l  anned Program ( F i  q .  A.2.5-1) - Thermal barrier DV&S t e s t s  w i  11 
continue, beginning w i t h  the more fundannental t e s t s  an simple spec- 
imens of individual component material s ( e .  g., the structural cer- 
amic creep t e s t  specimens ) and progressing as appropriate through 
t e s t s  of typical subassemblies to  t e s t s  of arrays of fu l l  -size 
thermal bar r ie r  panel assemblies. Structural and thermal t e s t s  on 
candidate ceramic materials fo r  the core support post seat base 
pads will be completed. Nondestructive examination t e s t s  will a1 so 
be completed t o  develop a re1 iable means of acceptance inspection 
of these components, which are prone to have internal flaws and 
res i  dual s t resses  from the f abri cation process. 

Tests will be conducted to evaluate candidate materials and assem- 
b l i e s  f o r  the higher-temperature Class B thermal barr ier  associated 
w i t h  recent HTGR plants (e.g:, carbon-carbon and cast  cover 
p l  a tes )  . In addition, permeat1 on and depressurization t e s t s  will 
be conducted t o  ensure that  the helium will not flow through the 
thermal barr ier  and carry excessive heat to the 1 iner,  yet w i l l  
vent suff ic ient ly  to  avoid functional destruction of the thermal 
barr ier  du r ing  a depressurization accident. 



Vibration testing w i  11 compl e t e  eval uations of subassembl i es of 
a1 ternative materi a1 s and concl ude w i t h  t e s t s  of ful l  -size assem- 
bl ies  of the selected materials and components. 'These t e s t s  are 
necessary t o  ensure that  the thermal barrier can sustain flow- 
induced and acoustically induced vibration and maintain i t s  design 
function for  the design 1 i f e  of the plant. 

The different classes of thermal barrier will be tested fo r  thermal 
performance under he1 ium. pressure and pressure gradients to ensure 
proper functional integrity under reactor operati ng conditions. 

Long-term resi  1 iency and thermal cycl i ng t e s t s  w i  11 be repeated 
periodically to  detect changes in the fibrous insulation resulting 
from variations i n  raw materials and processing changes i n  
manufacture. 

In parallel w i t h  the t e s t  program, as new information becomes 
available, updated versions will be pub1 ished of design guides to 
thermal barrier appl ications of the various ceramic and metal 1 i c  
materi a1 s ,  i ncl udi  ng the pertinent materi a1 properties, and struc- 
tural design c r i t e r i a .  documents for  each of these types of 
materi a1 s. 

The final t e s t s  planned i n  the program will be design verification 
of f ull -size mu1 ti-panel arrays of typical thermal barrier assem- 
bl i e s ,  mock-up studies of the more complex and cr i t ica l  conf igura- 
t ions,  and heat transfer and accident condition t e s t s  of fu l l  -scale 
C l  ass B assembl ies.  

A.2.5.8 Graphite Techno1 ogy 

o Status - In th i s  area, the material modeling, methods verif icat ion,  
and material s property data base provided by the Graphite Material s 
Program are combined w i t h  design appl ication experience for  the 
graphite fuel blocks and core support t o  formulate, verify,  and 
promulgate structural design c r i t e r i a  to  be applied to  the graphite 
components. Early versions of the design c r i t e r i a  fo r  FSV and the 
LHTGRs were rather simple and, i n  recognition of the relative 1 ack 
of understanding i n  t h i s  area, re1 ied on 1 arge safety factors and 
general statements such as "no loss of safety function." Many f e l t  
such an approach was suff ic ient  because of the successful experi- 
ence w i t h  graphite components i n  British advanced gas-cool ed reac- 
tors.  However, i n  those C02-cooled reactors, the graphite was used 
as a moderator b u t  not as a structural element, temperature swings 
were l e s s  than in an HTGR, and there was no requirement to design 
fo r  sei srnic events. 

In the early 1970s, i t  began to  be recognized that  design c r i t e r i a  
based on rules we1 1 establ ished fo r  metal s ,  even those for  b r i t t l e  
metals, were unsatisfactory f o r  graphite. The NRC contracted w i t h  
FIRL to conduct a study of safety aspects of HTGR graphite compo- 
nents. Recommendations made by FIRL required tha t  a much better 



understanding of graphite material behavior be developed and that 
the new knowledge be turned into more specific design cr i ter ia  f o r  
HTGR graphite components. The Graphite Materi a1.s Program will 
provide the necessary know1 edge. 

A Joint ACI/ASME Code Subcommittee was organized t o  prepare a Sec- 
t i o n  111, Division 2 ,  Code Subsection CE on graphite core support 
components. A draft  of the subsection was prepared and reviewed by 
members of the subcommittee, and their comments have been incorpo- 
rated. 

New design c r i t e r ia  f o r  the graphite fuel blocks, which are more 
complex than core support blocks, are s t i l l  in the formative stage. 
There i s  no industry or regulatory structural standard f o r  either 
LWR fuel assembl ies  o r  HTGR fuel blocks. However, bo th  FIRL and 
the NRC have shown an intent that specific design cr i ter ia  must be 
developed f o r  the HTGR fuel blocks which relate directly t o  the 
particul a r  properties and behavior of graphite. 

e Planned Program (F ig .  A.2.5-1) - A relatively low level of effort  
will be required in the future on the core support cri teria to 
respond to comments from the ASME Main Code Committee and t o  incor- 
porate material on the effects of oxidation and irradiation as i t  
i s  made ready for  incorporation into the Code. 

A greater level of effort i s  required f o r  establ ishment of the 
design c r i t e r ia  f o r  the fuel block graphite. The more complex con- 
figuration of the fuel blocks and the extremes of temperature and 
irradiation exposure demand a more detailed and exacting treatment 
of the behavior of material in the various load and environmental 
conditions. The cr i ter ia  will be presented directly t o  the NRC via 
an LTR on graph i te  i n  cooperation wit11 tile HTBR safety :yr~d 1 icens- 
i n g  efforts.  

A.2.6 Fuel Hand1 i nq ,  Neutron and Reqion Flow Control Equipment 

a Scope - This task includes the complete design and production of 
a1 1 design drawi ngs and specifications required to procure, f abri - 
cate, and instal 1 al l  those items of equipment necessary to raise 
and lower the control rods and power rods, operate the reserve 
shutdown system ( i f  required) , and control the cool ant flow through 
each region of the core, plus those other items of equipment nec- 
essary to accompl i sh periodic refuel i ng of the HTGR plant, prepara- 
tion of associ ated operation and mai ntenance manual s and design 
reports, and development of the supporting technical data for the 
PSAR and FSAR or other licensing documents. The task also includes 
any required design development and verification tes t i  ng. 

o Objectives - The objectives of this task are to provide the 
required equipment designs, specifications, and operating manuals 



to ensure prompt, accurate operation of the core region neutron 
control and cool ant flow control equipment and to  perform the nec- 
essary refuel i ng operations safely and i n  the m i n i m u m  practical 
time, to  minimize radiation exposures to personnel and equipment, 
and to  minimize the technical and cost impacts on  interfacing sys- 
tems and components. 

. . 

e Status 

- Fuel Hand1 i n q  Equipment - HTGR fuel handl i ng equipment has 
progressed through an evolutionary process from the design used 
a t  FSV, w i t h  each change intended to minimize refuel ing time. 
However, the most recent change, to  an invessel refueling sys- 
tem, was aimed a t  simplifying refueling operations, increasing 
f 1 exi b i  1 i ty to  accommodate different  fuel management schemes, 
reducing net capital cost,  and fur ther  reducing the a1 ready 1 ow 
operator doses for  the HTGR, whil e not increasing refuel i ng 
time. The basic mechanisms f o r  handl i n g  the fuel elements and 
control rod drives are modifications of FSV designs based on 
experience. Theref ore, the operational portions of the fuel 
handl ing machine and auxi1 iary service cask are we1 1 estab- 
1 i shed, and basical ly only the structural and shiel d i n g  portions 
are undergoing change. There are  new mechanical devices, how- 
ever, which operate inside the PCRV and in a new temporary fuel 
storage vaul t, that  have been defined only i n  a simp1 e concep- 
tual manner a t  th i s  time. In addition, there are detail  changes 
relat ive to FSV which affect the fuel handl i ng  equipment. For 
exampl e : 

1 .  The PCRV head thickness, core height, and refueling pene- 
t ra t ion configuration require modifications to the fuel 
handl i ng machi ne to  provide additional radial reach capa- 
b i l i t y .  

2 .  Fuel el ement modifications which incorporate additional 
dowels and estimates of increased bowing af te r  i r radiat ion 
necessitate changes i n  the fuel handl i ng machine and the 
fuel transfer equipment. 

3.  Thicker PCRV top heads (due to  higher pressure and larger  
core cavi t ies)  and the increase i n  core cavity height to  
accommodate the i n-vessel refuel i ng necessitate increased 
vertical  reach fo r  the fuel handl i n g  machine and auxil iary 
service cask. 

Testing and operational experience have been gained on the FSV fuel 
handl i ng system. Additional tes t ing i s  required i n  the devel opment 
of current concepts, and a comprehensive qualification t e s t  program 
i s  planned for  the current fuel handl i n g  system because of the 
differences mentioned above. 



- Neutron and Resion Flow Control - In prepar ing  the des igns  f o r  
the Ful t on  and Summit HTGR power p l  a n t s ,  c e r t a i n  bas i c  design 
improvements were incorpora ted  compared w i t h  the FSV design: 
us ing  a t o rque  motor i n s t ead  of an induc t ion 'motor ,  using a 
d i f f e r e n t  gear  t r a i n ,  using grease- lubr ica ted  r a t h e r  than dry- 
l u b r i c a t e d  bea r ings ,  changing the o r i f i c e  va lve  d r i v e  from an 
Acme screw t o  a drum and cab le  mechanism, and changing the 
r e s e r v e  shutdown system cont ro l  ga t e  from a pneumatical ly  
powered r u p t u r e  d i s c  arrangement t o  an e l e c t r i c a l l y  c o n t r o l l e d  
g a t e .  The main change s i n c e  t h a t  time i s  the add i t i on  of 
d r i v e s  f o r  the power rods.  Very 1 i t t l e  e f f o r t  has been 
expended on neutron and reg ion  f 1  ow cont ro l  design s i n c e  1978. 
However, s i n c e  the func t iona l  and performance requirements  a r e  
e s s e n t i a l l y  gene r i c ,  much of t h e  mechanism design e f f o r t  and 
many of the re1 eased drawings f o r  the previous HTGR-SC pl  a n t  
a r e  cons idered  appl i c a b l e  t o  the l a t e s t  op t ions .  The major 
a r e a s  r e q u i r i  ng add i t i ona l  conceptual design work a r e  the 
power rod d r i v e  mechanism, the movable s t a r t u p  d e t e c t o r  d r i v e  
mechanism, and changes i n  the housing and attachment f l a n g e s  
t o  e f f e c t  a minimized s tandard ized  l eng th .  In a d d i t i o n ,  oper-  
a t i n g  exper ience  a t  FSV has demonstrated t h a t  h e a t  loads  t o  
the r e fue l  i ng p e n e t r a t i o n s  a r e  highly dependent upon re1 a- 
t i v e l y  ma1 l f 1 ow pa ths  through s t r u c t u r a l  jo i  n t s ,  c l  ea rance  
ho l e s ,  e t c . ,  w i t h i n  the cont ro l  and o r i f  i c i  ng assembly. El  i m -  
i n a t i o n  of these f low pa ths  r e q u i r e s  minor design changes. 

A conceptual design s tudy has  been i n i t i a t e d  aimed a t  s u b s t i -  
t u t i  ng a h i  gh-temperature f i s s i o n  chamber f o r  the unsa t i  sf ac- 
t o r y  self-powered neutron d e t e c t o r s  i n  the in-core f l u x  meas- 
u r ing  u n i t  ( IFMU) design. The f i s s i o n  chamber i s  phys i ca l l y  
l a r g e r  and r e q u i r e s  a length  of r e l a t i v e l y  r i g i d  e l e c t r i c a l  
c a b l e ,  w h i c h  impacts the lower end of the cont ro l  rod d r i v e  
and the r e s e r v e  shutdown system hopper. Also, changes i n  the 
top  head th i cknes s  of the PCRV and adopt ion of the in-vessel  
r e fue l  i n g  scheme have increased  the ove ra l l  l eng th  of the con- 
t r o l  rod d r i v e  and o r i f i c e  va lve  u n i t s ,  which r e s u l t s  i n  a 
requirement  f o r  a much t a l l e r  a u x i l i a r y  s e r v i c e  cask i n  the 
r e fue l  i n g  system t o  hand1 e the cont ro l  rod d r ives .  T h i  s ,  i n  
t u r n ,  r e q u i r e s  a g r e a t e r  he igh t  above the PCRV i n  the conta in-  
ment bu i ld ing .  A design s tudy conducted during FY 1980 con- 
c luded t h a t  the l eng th  of the control  rod d r i v e s  could be 
shor tened  and s tandard ized  if  the at tachment  f l a n g e  could be 
moved down i n t o  the r e f u e l i n g  pene t r a t i on  near the bottom of 
the top  head. The d e t a i l  s of such an at tachment  must be 
worked o u t ,  and i t  must be v e r i f i e d  t h a t  the pene t r a t i ons  can 
be s u i t a b l y  modified. 

For the con t ro l  and ins t rumenta t ion  components of the neutron 
and reg ion  flow con t ro l  system, development of the ove ra l l  
system ope ra t i ng  p h i 1  osophy and conceptual design has been 
nea r ly  completed. Specif i c a l  l y ,  the conceptual design of the 



following portions of the power rod control system has been 
completed: swi.tchi ng and control c i rcui t ry for  manual or 
automatic operation of the power rods i n  .banks or i n d i -  
vidually, slack cable and other electronic logic systems, and 
drive motor electronic logic and power modules. Similar con- 
ceptual designs have been completed fo r  the control rod' pair  
control system. For the reserve shutdown system, a manual 
switch and circui t ry design i s  complete f o r  operation of the 
fusable l inks that  operate the reserve shutdown system hoppers 
and for  t e s t  circuitry to check fusable link circui t ry 
integrity.  

The conceptual design of or i f ice  selection and or i f ice  control 
panel s fo r  the region flow control system has been completed, 
i ncl udi ng the panel i nterf aci ng 1 ogic circuitry: 

The neutron measurement system of the startup nuclear detector 
channels and startup detector motor drive logic, the automatic 
f lux control system tha t  inputs into the plant control system, 
and the thermocoupl e arrangement tha t  measures core ou$l e t  
temperature for  monitoring pl ant performance have a1 so been 
designed to the conceptual stage. However, t e s t s  a t  CEA have 
shown that  the self-powered neutron detectors (SPNDs) used t o  
measure flux level s i n  the core are unsatisfactory owing to a 
very low signal -to-noi se rat io .  Expl oratory t e s t s  w i t h  
promising resul ts  were completed i n  FY 1979 on a f iss ion cham- 
ber device made by Toshiba of Japan. Plans are being made t o  
t e s t  a high-temperature [800°C (1 472°F) 1 f iss ion chamber which 
i s  being prepared by Toshiba. 

During the early 1970s, a ser ies  of t e s t s  was done on the con- 
trol  rod drive system to  evaluate the effects  of the principal 
differences from the FSV desi gn mentioned above: 

Phase 1 - A general checkout in a i r  f o r  assembly, ins ta l la -  
t ion, and operating characteristics i n  a simulated refuel i n g  
penetration and cnre reginn mock-up. 

Phase 2 - Cyclic operating t e s t s  of 630,000 jogs and 5400 
scrams, performed i n  simul ated reactor .conditions of he1 i u m  
and temperature. 

Phase 3 - Periodic cyclic 0peratin.g t e s t s  of the grease- 
lubricated assembly under simulated reactor conditions of 
helium purity and temperature to  evaluate the lubricant. 

The f i r s t  ser ies  of t e s t s  d i d  not include an or i f ice  valve and 
drive mechanism and d i d  involve a FSV-type of reserve shutdown 
system hopper gate. Subsequent changes to the tested design 

' i ncl ude incorporation of variable orif i c i  ng, the redesigned 
reserve shutdown system hopper gate, incorporation of power 
rods, and several minor configuration and structural changes. 



For the controls and instrumentation components, side-entry 
core out1 e t  temperature thermowel 1 and thermocoupl e insertion 
tes ts  have been performed, which showed a need. t o  incorporate 
larger thermowell tubes. Also, a joint GAICEA DV&S program on 
the self-powered neutron detectors for the in-core instrumen- 
tation system showed the rhodium-based detectors t o  be unsat- 
i sf actory owing to an inadequate signal -to-noi se ratio. 

e Planned Program (Fig. A.2.6-1) 

- Fuel Hand1 inq Equipment - The near-term need in this program 
i s  to com~lete the conce~tual design of al l  those new items of 
equipment' and previous'~component~ which have changed as a 
resul t of the in-vessel refuel i ng system sufficiently t o  
identify the major parts and materials, permit a conceptual 
cost estimate, and define the interface requirements. This 
effort  must begin w i t h  resolution of the location of the tem- 
porary fuel storage vaul t ,  either be1 ow the containment base 
mat, which i s  simplest for  fuel handl ing, or t o  the side of 
the containment building, which may be preferable for con- 
struction scheduling. 

Next, the design will be further developed in cooperation w i t h  
designers of interfacing systems, shiel d ing  requirements will 
be updated, and data will be provided f o r  the PSAR. 

Dur ing  the preliminary design phase when major design details 
will be worked out for  each component and system operation 
will be refined, component tes ts  will be performed to 
devel op: 

1. Fuel handl i ng instrumentation and control s. 

2. Longer vertical reach and horizontal reach capability of 
the fuel handl ing machine grapple arm and longer reach 
f o r  the auxiliary service cask mechanisms. 

3 .  Re1 iabl e operation of the pl enum ( in-vessel 1 fuel block 
transporter mechanisms and the el evatorlhoi s t  assembly. 

4. Re1 i abl e operation of the fuel container 1 oading and 
seal i ng equipment. 

A t  some time d u r i n g  the preliminary design phase, i t  i s  antic- 
ipated that  a vendor will be selected t o  complete the design, 
fabrication, and checkout of the fuel handl ing system w i t h  
liaison by GA. 

During the final design phase, detail design drawings and 
specifications will be completed t o  support fabrication and 
assembly of the components of the system, operation and main- 
tenance manual s will be prepared, and final design reports 



Figure A. 2.6-1 HTGR Generic Technology Program d e t a i l e d  f u e l  hand1 i n g  and CRD equipment mi lestone 
schedule: MTGR-GT 

CY 
FY  

FUEL HAND. MACH. 

AUX.  SERV. CASK 

IN.VESSEL FUEL HAND. EOUIP. 

TEMP. FUELSTOR. EOUIP. 

FUELSEALING EouIP. 

AUX.  REFUELING EOUIP. 

CRO ORIFICE VALVE CO. 

SYSTEM F I N A L  Cl1ECKOUT 8 RPT. 

I 80 1 81 1 82 1 83 1 84 1 85 1 86 1 87 1 88 1 89 1 90 1 91 1 92 1 93 1 94 1 95 1 96 1 97 1 98 1 99 120001 01 1 02 
80 1 81 ( 82 1 83 

DETER. PCRV TOP 

93 98 02 
1 03 

84 

REL. 
EoUIP. 

1 04 . 

RE L. OWG. & 
SPEC. FOR FAB. 

AEL. OWG. LI 
S R C .  FOR FAB. 

HEL. O ~ C .  LI 
SPEC. FOR FAB. 

3 

94 99 

HEAD THICK. 8 
REFUEL. PLEN. k T .  

'3 

03 

COMPL. 

85 

, Ct lECKOUT fiI1T. 

8 

04 95 2000 

I 

CONCEPT. 
OES. 
0 

COMPL. 

01 

8 

REL. PRELIM. 
OES. OOC. 

96 

I 

i I 

COMPL. SYS. 
TESTS AT HEL. 

FlJEL HANI I .  
uN.SI l 'E 

REL. PRELIM. 
OES. OOC. 

I 
REL. PRELIM. 
OES. DOC. 

0 

86 

OF TEMP. FUEL 
STOH. VAULT 

0 i 

OETEA. LOCATlhN 
OF TEMP. F U E L  
STOR. VAULT 
1 0 1  

COMPL. IN.CORE 

DETER. LENGTH CONCEPT 

9 7  

F I N A L  

REL. PRELIM. 
OES. OOC. 

0 

I 
REL. P R E L I M  
OES. DOC. 

0 

REL. PRELIM. 
OES. DOC. 

0 

91 

CONCEPT 
OES. 
0 

I 
COMPL. 
CONCEPT 
OES. 
0 

COMPL. 
CONCEPT 
OES. 
0 

OF CRD ASSY. 
1 v 

1 
! 

OETER. LOCATION 

0 

REL. OWG. & 
SPEC. FOR FAN. 

I 

REL. OWG. 8 
SPEC. FOR FAB. 

8 
REL. OWC. & 
SPEC. FOR FAB. 

92 

OES. 
0 

I 
COMPL. 
CONCEPT 
OES. 

COMPL. 

VENOOR OES. RPI. 
'? v 

FLUX I E A S .  

I COMPL. PHOTO. REL.  OWG. & 

90 87 

FA& CflO TESTS SPEC. FOR 

V 8 

88 ' 

O E T ~ R .  LEN~TH,/ 
OF CRO ASSY. 

89 

'' SELI AEF. 
METALS 



will be assembled. Each major operational component will be 
tested individually and in a ful l  system tes t  before the fuel 
handl ing system i s  delivered t o  the s i te .  Once instal led a t  
the s i t e ,  the complete fuel handl i ng system will be thoroughly 
checked out and final revisions will be made t o  the design 
reports and operation and mai ntenance manual s as necessary. 

Pl anned Program (Fig . A .  2.6-1 ) 

- Neutron and Region Flow Control - The most urgent requirement 
for  the conceptual design phase i s  t o  confirm the appl icabil- 
i ty  of the Toshiba high-temperature fission chamber to the 
IFMU and to incorporate that instrument into the control rod 
drive assembly design, along with necessary changes t o  the 
reserve shutdown system hopper valve. In addition, a decision 
must be made whether t o  move the attachment flange near the 
bottom of the refueling penetration and incorporate that into 
the design. 

Owing to the higher core in le t  temperature associated with 
reactor designs other than the HTGR-SC/C, some parts of thecon 
trol rod drive and orif ice valve assembl ies' will have t o  be 
made of different materials which will withstand the higher 
service temperatures. I t  i s  the intent, if a t  all  possible, 
t o  select  materials which will a1 so suffice for follow-on use 
in plants having a 950°C (1742°F) core outlet temperature. 
Selection and incorporation of the new materials will take 
place as early as possible in the design so that any unsatis- 
f ied design data needs will be identified and incorporated 
into the Materials Program in time t o  provide data f o r  the 
final design. 

Test pl ans, specifications, and procedures will be prepared, 
and t es t s  will be run on the high-temperature Toshiba fission 
chamber; the orifice valve, for flow control and coolant dis- 
tribution; the reserve shutdown system hopper, f o r  operation 
and proper pellet flow; and for. a1 ternative weans of measuring 
core outlet temperature which require less room for insertion 
and are potentially more re1 iable than the present thermo- 
coup1 es. In connection w i t h  the 1 as t  i tem, the a1 ternate core 
support designs being considered to meet the HTGR-GT rapid 
depressurization transients may require a re-eval uation of the 
core outlet temperature measurement scheme. Consequently, i t  
may be necessary n o t  only to consider alternative instruments 
b u t  a1 so different avenues to reach the temperature measure- 
ment point. The applicability t o  all HTGR options wou1 d then 
require review. 

I t  i s  anticipated that early in the preliminary design phase a 
vendor w i  11 be selected t o  compl ete the design, development , 
testing, fabrication, and checkout of the neutron and region 
flow control system under the supervision of GA designers and 
project personnel. 



During the prel imi nary design phase, a series of component 
development t e s t s  w i  11 be pl anned and performed: 

Installation and moist environment operation t e s t s  of the 
control and orif i c i  ng assembly to assure troubl e-free 
instal  1 ation, function, and removal under maximum design 
to1 erances fo r  m i  sal i gnment due to construction to1 er-  
ances for  the refuel ing penetrations, control and o r i -  
f i c i  ng assembly, and core off s e t  resul ti ng from accumu- 
1 ated gaps between el ements. The moi s t  environment w i  11 
check the cumul at ive effects  of the atmospheric moi sture 
exposure dur ing  fabrication, shipment, and instal  1 ation 
and the low moisture level i n  service. 

2. Control rod and power rod drive mechanism and control s 
t e s t s  t o  determine mechanical efficiency, position accur- 
acy, torque, power requirements, operati ng times, and 
changes resul t i  ng from extensive cycl i ng i n  earl i e r  
tes t s .  

3.  Mechanical cycl ing t e s t s  under environmental conditions 
fo r  the or i f ice  valve to  ensure the valves meet the 
design c r i t e r i a  and perform sa t i  sf actori ly during the 8- 
yr  service 1 i f e  w i t h  m i n i m u m  unavail abi 1 i ty. 

4. Functional t e s t s  of the reserve shutdown system under 
simulated reactor helium and temperature, including the 
effects  of vibration. 

Dur ing  the final design phase, detail  design drawings and 
specifications will be completed to  support fabrication and 
assembly of the components of the system, operation and main- 
tenance manual s will be prepared, and final design reports 
will be assembled. After manufacture, each major component 
will be functionally checked before delivery to  the s i t e ,  and 
a f t e r  a1 1 components are delivered to  the s i t e  and instal  led,  
a complete system checkout will be performed. Final design 
reports and operation and maintenance manuals will be revlsed,  
i f  necessary, f 01 1 owing the checkouts. 

A .2.7 Safety and Licensins 

a Scope - The safety workscope tasks include probabilist ic risk 
assessment (PRA)  methods devel opment, accident in i t ia t ion  and pro- 
gression analysis (AIPA), and application to the HTGR design as 
we1 1 as safety research and computer code development. Generic 
1 icensi ng ac t iv i t i e s  mainly i ncl ude preappl ication review w i t h  the 
NRC on prominent design and safety issues and general support t o  
design organizations. 



o Objectives - The main objectives of the safety and 1 icensing tasks 
are  to ensure tha t  the HTGR generic design features meet applicable 
safety and design c r i t e r i a .  Furthermore, i n  recognition of the 
inherent design and safety features of the HTGR, ' it i s sought to  
amend exi s t i  ng NRC General Design Cr i te r ia ,  Regul atory Guides, and 
Si t i  ng Cr i te r ia  f o r  HTGR appl ications.  

a Status 

- Safety - Advances in PRA of the HTGR are contained i n  the AIPA 
Phase I1 Status Report issued in FY 1979, which i s  considered 
the equivalent of WASH-1400 fo r  LWRs. A large part of the 
AIPA report  i s  devoted to  core heatup studies, considering a 
broad range of plant accident sequences. The overall proba- 
b i l i t y  of core heatup fo r  HTGRs was assessed a t  about 3 x 
l ~ - ~ / r e a c t o r - ~ e a r .  The AIPA resul ts  have largely been con- 
firmed by the German Safety Study (PSH) completed i n  FY 1980. 

Subsequent to  the completion of the AIPA report, methods 
devel opment and ri sk assessment of accident sequences i n i  t i  - 
ated by major plant f i r e s  were completed. 

Two saf ety-re1 ated LTRs have been issued f o r  NRC preappl ica- 
t ion 1 icensing review. These i ncl ude interpretation of Gen- 
eral Design Cri ter ia  fo r  HTGRs and the use of PRA i n  the 
selection of design basis accidents. The continuation of the 
1 a t t e r  task has resul ted in sever-a1 pub1 i shed reports on 
quantitative safety goal s fo r  nucl ear reactors, which are con- 
current w i t h  the national e f fo r t  under the NRC action plan 
f 01 1 owing the Three M i  1 e Is1 and accident. 

Safety research i s  an ongoing program which provides data fo r  
assessment OF yener*il: HTGR dccident consequences (especially 
f o r  core heatup scenarios) i n  three areas: (1 core material 
redistribution and f i ss ion  product re1 ease, ( 2  ) f iss ion prod- 
uct plateout i n  the PCRV, and (3) containment atmosphere 
response. 

A se r ies  of laboratory t e s t s  has been documented on the 
re1 ease character is t ics  of important f iss ion products from 
fuel par t ic le  kernel s w i t h  f a i l ed  coatings during core heatup 
conditions. This work is intended for  use i n  obtaining 
1 i censi ng credi t  fo r  time-dependent re1 ease from f ai 1 ed fuel 
fo r  the maximum hypothetical f i ssion product release (MHFPR) 
s i t i ng  event and i n  AIPA r isk assessment studies. 

A computer program has been developed to analyze time- 
dependent plateout of f iss ion products along specified flow 
paths i n  the PCRV before release to  the containment during 
core heatup. PCRV plateout t e s t s  have been completed under 
s t a t i c  conditions and f o r  dynamic conditions i n  flowing he1 i u m  
fo r  containment atmosphere response code verification. 



The a n a l y t i c a l  program f o r  containment atmosphere response was 
i n i t i a t e d  i n  1975 t o  develop methods o f  eval u a t i  ng containment 
phenomena. The program so f a r  has demonstrated the  e f f e c t  o f  
PCRV blowdown gas mix ing  and heat t r a n s f e r  i n  the containment 
on the  peak containment pressure respons'e t o  PCRV depressuri-  
zat ion.  This program has a1 so focused on the  development o f  
a n a l y t i c a l  models f o r  depressur izat ion j e t s  and t h e i r  e f f e c t s  
on the  containment s t ruc tu re .  

I n  add i t ion ,  chemical composit ion response o f  the containment 
atmosphere dur ing  core heatup has been i nves t i ga ted  and. docu- 
mented. The c u r r e n t  workscope inc ludes f i s s i o n  product  p l a t e -  
ou t  and f a1 l o u t  i n  t he  containment, i n c l  ud i  ng i n t e r a c t i o n s  
w i t h  aerosol t ranspor t ,  agglomeration, and attachment t o  con- 
t a i  nment wa l l  s. 

Saf ety-re1 a ted  computer programs have been devel oped based on 
A I P A  resu l t s ,  recommendations from the  NRC, na t iona l  1 abora- 
t o r i e s ,  and others. Recent work has concentrated on code 
development t o  analyze a DBDA w i t h  a steam ingress and an 
i t e r a t i v e  method between codes t o  more rea l  i s t i c a l  l y  p r e d i c t  
the core temperatures and f i s s i o n  product  releases du r ing  core 
heatups, such as f o r  the  MHFPR. 

- Licensing - Cur ren t ly ,  generic l i c e n s i n g  a c t i v i t y  f o r  the 
LHTGR i s  conf ined t o  the  establ ishment of a preappl i c a t i o n  
review program f o r  generic HTGR issues. 

The proposed program, c o n s i s t i n g  o f  t en  generic issues f o r  
reso lu t ion ,  has been .ne i the r  accepted nor r e j e c t e d  by the  NRC. 
The NRC has i nd i ca ted  u n o f f i c i a l l y  t h a t  p a r t  o f  the t o p i c s  
might be accepted f o r  review, b u t  no commitment has been made. 
Nevertheless, work has proceeded on a ser ies  o f  LTRs submitted 
t o  the  NRC i n  accordance w i t h  the  procedure f o r  t h e i r  LTR pro- 
gram. The ob jec t i ve  o f  each proposed LTR i s  summarized 
be1 ow: 

1. Core Seismic Analys is  Methods: t o  ob ta in  endorsement 
t h a t  the  described methods and computer codes are accept- 
able f o r  use i n  seismic ana lys is  o f  the  HTGR core and 
core support s t ruc ture .  

2. HTGR Fuel Performance Model s f o r  Use i n  MHFPR Analyses: 
t o  ob ta in  endorsement t h a t  the ~ e r f  ormance model s 
described f o r  HTGR f u e l  a re  acceptabi e f o r  use i n  SAR 
analyses o f  the  MHFPR s i t i n g  event. 

3. Measurement and Modeling o f  F iss ion  Product Release f rom 
HTGR Fuel P a r t i c l e s  under Accident Condit ions: t o  ob ta in  
endorsement t h a t  t he  described data and model are accept- 
able f o r  use i n  t h e  SAR analyses o f  the  MHFPR. 



4. MHFPR Model f o r  t he  HTGR: t o  ob ta in  endorsement t h a t  the  
descr ibed MHFPR model i s acceptable t o  s a t i s f y  10CFR100 
requ i  rements f o r  s i  t e  ana lys i  s. . . 

5. I n t e r p r e t a t i o n s  o f  General Desiqn C r i t e r i a  f o r  HTGRs: t o  
o b t a i n  endorsement o f  a se t  o f  mod i f ied  General Design 
C r i t e r i a  intended f o r  appl i c a t i o n  s p e c i f i c a l l y  t o  gas- 
cool ed thermal - reac tor  nuclear power p l  ants, based on 
i n t e r p r e t a t i o n s  o f  t he  cu r ren t  General Design C r i t e r i a  as 
presented i n  Appendix A t o  10CFR5O. 

6. I n t e r p e t a t i o n  o f  Reactor S i t e  C r i t e r i a  f o r  HTGRs: t o  
o b t a i n  endorsement o f  an i n t e r p r e t a t i o n  o f  Reactor S i t e  
C r i t e r i a  presented i n  1 OCFRI 00' intended f o r  appl i c a t i  on 
spec i f  i c a l l  y t o  gas-cool ed thermal - reac tor  nucl ear power 
p lan ts .  

7. A ~ p l  i c a t i o n  o f  PRA i n  t h e  Se lec t ion  o f  DBAs: t o  ob ta in  
endorsement t h a t  the  method i s  acceptable f o r  use as a 
suppl ementary procedure i n the sel e c t i  on o f  DBDAs ana- 
l y z e d  i n  Chapter 15 o f  HTGR SARs and t h a t  t he  PRA method- 
ology o f  t h e  AIPA study i s  acceptable as a supplemental 
method. 

8. Se lec t ion  o f  DBAs: to ob ta in  endorsement t h a t  t he  pro-  
posed 1 i s t  of DBAs w i l l  be the  1 i s t  used i n  Chapter 15 o f  
t h e  HTGR PSAR. 

9. Graphite Design C r i t e r i a :  t o  ob ta in  endorsement of 
design c r i t e r i a  f o r  t he  s t ress  ana lys is  o f  f u e l  elements 
and t h e  core support s t ruc ture .  

10. Pos i t f  ons on NRC Requl atory Guides: t o  ob ta in  endorse- 
ment o f  exceptions taken or  means t o  comply w i t h  
Regul a to ry  Guides. 

To date, LTRs on t h e  f o l l o w i n g  three areas have been completed 
and issued: (1 ) measurement and modeling o f  f i s s i o n  product 
re1 ease f rom HTGR f u e l  p a r t i c l  es under accident cond i t ions ,  
( 2  ) i n t e r p r e t a t i o n s  o f  Genera1 Design C r i t e r i a  f o r  HTGRs , and 
( 3 )  a p p l i c a t i o n  o f  PRA i n  t he  se lec t i on  o f  DBAs. I n  add i t ion ,  
LTRs on t h e  f o l l o w i n g  three areas are near completion: (1 ) 
core seismic ana lys is  methods, (2 )  MHFPR model f o r  the HTGR, 
and ( 3 )  p o s i t i o n s  on NRC Regulatory Guides. The completed 
LTRs have no t  y e t  been f o r m a l l y  submitted t o  the NRC f o r  
review. 

o P l  anned Program (Fig.  A .2.7-1) 
\ 

- Safety - Safety ana lys is  and eva luat ion  o f  prominent design 
issues are  planned t o  cont inue i n  support o f  p l a n t  design 



Figure A.2.7-1 HTGR Generic Technology Program d e t a i l e d  sa fe ty  and l i c e n s i n g  mi lestone schedule: HTGR-GT 
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devel opment. These i ncl ude core support and fuel element 
graphite burnoff, f iss ion product source terms and circulating 
ac t iv i ty ,  primary cool ant impurity 1 evel s ,  carbon deposition, 
and f i s s ion  product transport issues ( e ~ g . ,  p l u t o n i u m  release, 
strontium 1 i f to f f  , and LEU fuel 1. 

The AIPA studies will be expanded to fur ther  augment the cred- 
i b i l  i t y  of safety claims necessary t o  1 icense the HTGR. Impor- 
tant  areas of methods devel opment i ncl ude means of terminating 
accident sequences involving core heatup, extrapolating risk 
assessment resul t s  to  extremely 1 ow 1 evel s of accident proba- 
bi 1 i ty  , methods fo r  resol u t i  on of GASSAR- ISER issues , and 
methods f o r  investigating the e f fec t  of external events, e. g . , 
flood, earthquakes, acts  of terrorism, etc .  The majority of 
these tasks have been planned as a cooperative program w i t h  
Kernforschungsanlage under the DOEIBMFT auspices. A f inal 
AIPA report  will be issued prior to  FSAR submittal . 
Final numerical safety goal s will be establ ished fo r  the HTGR 
design to  keep up'  w i t h  regul atory devel opment to i ncorporate 
PRA into the design of nuclear plants. Reliabili ty alloca- 
t ions f o r  safety equipment and systems will be determined as 
we1 1 as overall goal s expressed as the probabi 1 i ty of exceed- 
ing a given dose or radioactive release. 

A position On the proposed FlRC s i t ing  c r i t e r i a  for  LWRs 
( NUREG-0625) f 01 1 owing the Three M i  1 e Is1 and acci dent will be 
completed i n  cooperation w i t h  licensing to  seek exemption f o r  
the HTGR. The HTGR position will be written to  recognize 
inherent safety features and differing level s of risk from 
Cl ass  9 accidents for  different reactor types. Hopeful ly ,  
s i t i ng  advantages over LWRs can be obtained by deal i n g  w i t h  
the NRC i n upcomi ng rul e-maki ng proceedings . 
Probabi 1 i s t i  c r isk assessment wi 11 continue f o r  the resol u t i  on 
of issues identified i n  GASSAR-ISER and fo r  the evaluation of 
s ignif icant  FSV recorded system malfunctions. The 1 a t t e r  
e f fo r t  enables design changes and corrective operating actions 
t o  be incorporated into the LHTGR. Summary assessment reports 
will be issued prior t o  PSAR submittal , 

Improved avai lab i l i ty  methods are needed f o r  analysis of pas- 
sive mechanical components to  sa t i  sfy an overall pl ant avail a- 
b i l i t y  goal of 90%. Analysis to  establish avai labi l i ty  allo- 
cations f o r  the pl ant avail abil i ty specification document will 
then be conducted on generic HTGR components, including core 
and reactor internals,  fuel handling equipment, the CACS, and 
the helium service system. A program to quantitatively evalu- 
a te  the operational experience a t  FSV will a1 so be conducted 
since i t  a f fec ts  HTGR avai labi l i ty .  



The sa fe ty  research program i n  a i d  o f  core heatup consequence 
assessment w i l l  cont inue i n  the  areas o f  ( 1  ) f i s s i o n  product  
t ranspor t  and p la teout ,  ( 2 )  PCRV i n t e g r i t y  s tudies,  ( 3 )  con- 
t a i  nment atmosphere response, and ( 4 )  r e c r i  t i c a l  i t y  e f f e c t s  
associated w i t h  boron, uranium, and thor ium migra t ion .  These 
a c t i v i t i e s  are o f  fundamental importance t o  r i s k  assessment 
and 1  l c e n s i  ng o f  the  HTGR as described be1 ow: 

1  . Further  i n t e g r a l  f i s s i o n  product  p l  a teout  t e s t s  c l o s e l y  
s imu la t ing  reac to r  cond i t ions  are  needed t o  study molecu- 
l a r  i od ine  format ions and v e r i f y  the p l  a teout  code. A 
new furnace apparatus t o  accommodate l a r g e  i r r a d i a t e d  
f u e l  bodies w i l l  be acqui red f o r  these tes ts .  

2. I n  order  t o  improve accident s imu la t ion  yodel s  . o f  PCRV 
f a i l u r e ,  concrete degradation t e s t s  under core heatup 
temperature cond i t i ons  w i l l  be conducted as we l l  as f u r -  
t he r  model devel opment p e r t a i n i n g  t o  creep, rupture,  and 
eventual me1 ti ng o f  thermal b a r r i e r  and 1  i ner 
components. 

3. Fur ther  developments i n  the containment atmosphere 
response program inc lude  improvements t o  and v e r i f i c a t i o r  
o f  he1 ium j e t  model s  used t o  analyze j e t  impingement on 
the  conta i  nment s t r u c t u r e  f o l l  owing PCRV depressuriza- 
t i on .  Helium discharge j e t  t e s t s  i n t o  a i r  w i l l  be con- 
ducted t o  p rov ide  entrainment c o e f f i c i e n t s  f o r  the  ana- 
l y t i c a l  model s  . 

4. Boron m ig ra t i on  t e s t s  are needed t o  v e r i f y  the  assumption 
i n  t he  r i s k  assessment ana lys is  t h a t  t he  reac to r  remains 
s u b c r i t i c a l  throughout a  core heatup event w i t h  the 
i n s e r t i o n  o f  one o r  both shutdown systems. The t e s t s  
w i l l  i nves t i ga te  such phenomena as slumping and compac- 
t i o n  o f  cont ro l  rod  mater ia l  and BC4 b a l l  s  and boron 
vapor d i f f u s i o n  and t ranspor t .  

Updating, v e r i f i c a t i o n ,  and documentation o f  computer codes 
used f o r  the  sa fe ty  ana lys is  o f  the HTGR must be completed 
p r i o r  t o  PSAR submit ta l .  Spec i f i c  tasks inc lude amendment o f  
the  graph i te  ox ida t i on  model f o r  DBA a i r /water  ingress anal-  
y s i s ,  i nco rpo ra t i on  o f  data i n  the  f i s s i o n  product  re lease 
model , and mod i f i ca t i on  o f  t he  code f o r  core heatup analys is .  
The task a1 so inc ludes the submit ta l  o f  amended LTRs on these 
model s. 

L icensinq - The main generic 1  i cens ing  near-term a c t i v i t y  i s  
t o  i n i t i a t e  i n  cooperat ion w i t h  GCRA the  p reapp l i ca t i on  pro- 
gram review w i t h  the NRC i n  FY 1981. This a c t i v i t y  a lso 
inc ludes coord ina t ing  the  complet ion and submit ta l  t o  the  NRC 
o f  remaining LTRs under the  program and i n t e r a c t i o n  w i t h  the 
NRC t o  ob ta in  LTR endorsement w i t h i n  the  t ime frame before 



PSAR submittal . This program i s  aimed a t  resolving important 
licensing issues prior t o  intiation of plant licensing proce- 
dures and contributing t o  the shortening of  the 1 icensing 
process. 

Continued interaction with the NRC i s  further required to 
resolve new issues identified d u r i n g  the design period. Cer- 
tain i ssues such as " Interpretation of GDC'  s for Appl ication 
t o  HTGR," if resolved, will require an amendment t o  the Code 
of Federal Regul ations (1  OCFRSO) . In this  case, the hearings 
and rul e-making process will most 1 ikely continue until the 
operating license i s  granted. 

To keep the NRC informed about HTGR DV&S program activi t ies 
and progress, DV&S status reports will be published either as 
an LTR series or as GA technical reports. The in i t ia l  report 
will out1 i ne the overall HTGR DV&S program pl an ,  and the final 
report will be issued prior t o  FSAR submittal. 

A .  2.8 Techno1 ocrv Transfer 

The main act iv i t ies  in th i s  task are the FSV surveil 1 ance program, 1 i a i  - 
son act ivi t ies under the Umbrella Agreement, and information exchange. 

A02.8.1 For t  S t .  Vrain Surveillance 

o Scope - A number of surveil 1 ance act ivi t ies have been perf ormed on 
the FSV reactor since startup commenced. These act ivi t ies i ncl ude 
both p l  ant and fuel survei 11 ance. 

a Objective - The objective of this task i s  t o  confirm the design 
basis f o r  the LHTGR using the experience gained during startup and 
operation of the FSV reactor. Data obtained arc used directly tu 
validate computer codes. 

e Status - The programs performed to date are described below. 

- PCRV Structural Res~onse - This program generates data on the 
PCRV structural response, which are then used t o  validate the 
two- and three-dimensional design codes. This work has been 
continuing since the f i r s t  pressurization of the reactor in 
1971 . 

- Fission Product and Coolant Chemistry - In this program, 
fission product data and cool a n t  impurity data are obtained 
from the operating reactor and used t o  validate the design 
codes for  the LHTGR. 

- Radiation Moni torinq - This program consists of the collection 
and analysis of radiation data during reactor operation and of 
maintenance and refueling i n  order t o  improve the accuracy of 
predictions f o r  future HTGRs. 



- Steam Generator Performance - During the startup phase of the 
FSV pl ant, steam generator performance was cl osely monitored 
and compared w i t h  the predicted data for  both steady-state and 
transient conditions. 

- Non-Destructive Fuel Element Examinations - A robot has been 
develo~ed which can be used in the hot cell  a t  FSV or in the 
hot cei 1 a t  GA. This robot performed a complete dimensional 
check and gamma-scan of selected irradiated elements removed 
during the f i r s t  core refuel ing. Data from these examinations 
were used to  confirm code predictions of the graphite dimen- 
sional changes and the act ivi ty  levels.  

- Destructive Fuel El ement Examinations - For these exami na- 
t ions,  measurements 'were made of fuel element f iss ion gas 
release, and the fuel rods were then removed from the graphite 
fuel elements. Further examinations are now being made on the 
rods and the fuel par t ic les  i n  the hot cell  a t  GA. 

e Planned Prosram (Fis. A.2.8-1) - The pl anned program i s  based on 
the current schedule f o r  refuel i ng  the pl ant approximately once 
every 2 yr .  During each operating cycle, i t  i s  planned to examine 
representative -fuel elements removed a t  the previous re1 oadi ng and 
a1 so to  carry out plant surveil lance in several areas. A report 
will be issued a t  the end of each operating cycle. 

- PCRV Structural Response - I t  i s  planned to continue to take 
s t ra in  and deflection measurements i n  order to  correlate these 
data w i t h  the 1 ong-term creep predictions. 

- Fission Product and Coolant Chemistry - Surveil lance will con- 
tinue i n  order to correlate the data fo r  operation a t  
increased power 1 eve1 s and increased fuel b u r n u p .  

- Radiation Monitorinq - Surveillance will continue, again to  
assess the effects  of increased power levels and increased 
fuel b u r n u p  and to  provide a basis fo r  projections on advanced 
HTGR desi gns . 

- Steam Generator Performance - On a biannual basis, the steam 
generator performance will be assessed, primarily to  check 
t h a t  the performance degradation factors  a1 1 owed in the .design 
were adequate. 

- Thermal Barrier - On a biannual basis, the thermal barr ier  
performance w i  11 be reviewed to determine whether the a1 1 ow- 
ances fo r  in-service degradation are adequate or, 
a1 ternatively,  excessive. 

- Plant Availability - The factors  that  give r i s e  to  the current 
1 ow avail abil i ty of the pl ant are complex and will be analyzed 
in detail i n  order to  ascertain where design improvements are 
necessary. 



Figure A.2.8-1 HTGR Generic Technology Program detailed technology transfer milestone schedule: HTGR-GT 



- Fuel Surveil lance - I t  i s  planned to continue the fuel sur- 
veil 1 ance program up t o  the examination of fuel elements from 
the sixth reload, which will have seen approximately the f ull 
design irradiation. The examinations will be the same as 
those performed on the f i r s t  fuel removed, i .e.,  both non- 
destructive examination using the surveillance robot and 
destructive examination of the fuel rods and particl  es removed 
from the graphite fuel block. 

A .2.8.2 Umbrel 1 a Aqreement Liaison 

Currently, act ivi ty  i s  restr ic ted to  the fuel and graphite subprogram 
areas, b u t  i t  i s  hoped that  information exchange under other subprogram 
areas will be reini t ia ted i n  the near future.  

A .2.8.3 Information Exchange 

Information will be obtained on gas-cooled reactors i n  other countries 
which are in operation and under design or construction. 

A.2.9 Core Auxiliary Cooling System Components 

o Scope - This act ivi ty  encompasses the design and develoment of gen- 
e r i c  CACS components and subsystems within the scope of supply. 
The major components and subsystems incl ude the auxil iary ci rcu- 
1 ator and motor, CAHE, auxi 1 i ary ci rcul ator motor control s ,  and 
auxil iary circul ator service system. 

o Objective - W i t h i n  the framework of current licensing philosophy, 
i t  i s  required to  design a CACS that ,will provide an independent 
means of cool i n g  the core w i t h  the primary system pressurized or 
depressurized while mai ntai n i  ng the temperature of a1 1 components 
inside the PCRV w i t h i n  safe 1 imits. 

o Status 

- Auxil iary Circulator - The design and analysis of the auxil- 
iary ci  rcul ator were completed f o r  the earl i e r  3000-MW ( t )  ref - 
erence design. Only small changes are expected f o r  an 1170 
M W ( t )  design, w i t h  the exception of the design of the auxil- 
i ary ci  rcul ator primary pressure boundary components, which 
will be subjected to  higher pressures. 

A DV&S program on the HTGR auxiliary circulator thrust  bearing 
and beari ng 1 ubricati on and seal systems has been compl eted. 
This progam consisted of o i l  flow orif ice  plate calibration, 
an impeller performance visualization t e s t ,  a thrust bearing 
1 abyri n t h  seal resi  stance t e s t ,  thrust  bearing system opera- 
tion w i t h  heating, an oil  evaporation loss t e s t ,  and a bearing 
l i f e  t e s t .  



Test specifications and t e s t  r ig  design for  the auxiliary 
motor cool ing t e s t  have been completed. 

- - CAHE - The CAHE conceptual design phase has -been in i t ia ted .  A 
general arrangement drawing f o r  a new, compact bayonet CAHE 
w i t h  s ide exhaust was issued. A sizing code f o r  the bayonet 
CAHE configuration was 'compl eted, and the thermal sizing and 
gas-side pressure drop estimates were completed and documen- 
ted. Thermal analysis of the CAHE tubesheet was completed, and 
an updated version of CAHE design issues was documented. 

The t e s t  plan and t e s t  specification f o r  the CAHE development 
t e s t s  have been i ssued. 

- Auxiliary Circulator Motor Control s - The basic design of the 
auxil i ary ci rcul a tor  motor control 1 e r  f o r  the previous 3000- 
MW ( t ) reference pl ant has been sel ected for  the 11 70-MW ( t ) 
design. The design of th is  equipment i s  essentially 
compl ete .  

- Auxiliary Circulator Service System - A preliminary design of 
the auxil iary circulator  service system was completed f o r  the 
previous 3000-MW( t) reference design, and specifications, sys- 
tem descriptions, and the process flow and piping and i nstru- 
mentation diagrams were issued. I t  i s  expected tha t  these de- 
1 iverabl es  can be reissued w i t h  only minor modifications f o r  
the 1170-MN(t) design. 

o Planned Program (Fiq. A.2.9-1) 

- Auxil iary Circulator - The tasks required to complete the 
auxi 1 i ary c i  rcul a to r  design and devel opment are as f 01 1 ows: 

1 . The aerodynamic design fo r  the compressor, incl uding the 
pressure drop and f l  ow requirement developed fo r  the 
3000-MW ( t )  reference pl ant ,  needs to  be confirmed. 

2. The design of the pressure boundary components fo r  the 
auxil iary circulator  needs to  be updated fo r  higher pri-  
mary system pressure. 

3. A design i s  needed f o r  the e lec t r ic  power cable feed- 
through, since the auxiliary circulator and motor are 
located inside the PCRV. 

The f 01 lowing DV&S program for  the auxil iary circul a tor  i s  
required pr ior  to  completion of final design: 

1 .  Continue the circulator motor cooling tes t .  This t e s t  
w i l l  establish the heat removal requirement for  the 
s tator / rotor  heat exchanger and cooling fan assembly. 



Figure A. 2.9-1 HTGR Generic Techno1 ogy Program deta i  1 ed CACS components mi lestone schedule: HTGR-GT 
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2 .  C0nduc.t a  113-scale  a i r  f low t e s t  of the compressor a t  
r equ i r ed  f 1  ow r a t e  and p re s su re  drop, and check f u r t h e r  
c h a r a c t e r i  s t i c s  a t  opening and c l  o s i  ng . . p o i n t s  of the 
shu to f f  va lve  t o  confirm the aerodynamic design.  

3 .  Conduct na tura l  frequency v i b r a t i o n  t e s t s  on compressor 
b l ades  t o  confirm blade design i n  both compressor 
s t ages .  

4. Perf orrn pro to type  qua1 if  i c a t i o n  t e s t s  incl  uding sei smic 
q u a l i f i c a t i o n  on the a u x i l i a r y  c i r c u l a t o r  a t  p r e s su re  and 
tempera ture  f o r  p r e s su r i zed ,  subatmospheric,  and t r a n s -  
i e n t  o p e r a t i n g  cond i t i ons .  

- - CAHE - The t a s k s  needed t o  complete the CAHE design and 
devel opment a r e  a s  f  01 1 ows: 

1  . Perform the CAHE thermal and s t r e s s  a n a l y s i s  p r i o r  t o  
f i n a l  design compl e t i  on, i ncl udi ng de t a i  1  ed  seal and 
seismic support  ana lys i  s because of the s a f e t y  si gnif i - 
cance of these components. 

2 .  Prepare the shipping and handling s p e c i f i c a t i o n  and 
design f o r  the CAHE shipping con ta ine r .  

3 .  E s t a b l i s h  a n t i c i p a t e d  t r a n s i e n t s  without  scram (ATWS) 
requirements ,  s i n c e  they may a f f e c t  CAHE materi  a1 sel ec- 
t i o n .  

4. Establ  i sh subcool i ng margins f o r  CACS s t a r t u p  t r ans -  
i e n t s .  

Core auxi l  i a r y  h e a t  exchanger DV&S involv ing  1 arge-scal  e tes ts  
w i t h  water  and a i r  i s  r equ i r ed  t o  f i n a l  i ze development o f ,  the 
CAHE con f igu ra t i on .  

The f i r s t  phase of the CAHE tests i s  a  1  /4-scal e flow v i sua l  - 
i t a t i o n  t e s t  us ing  water  a t  app rop r i a t e  Reynolds numbers. , The 
purpose i s  t o  develop the con f igu ra t i on  of the i n l e t  and out-  
l e t  t o  the she1 1 s i d e  of the CAHE f o r  uniform flow d i  s t r i b u -  
t i o n .  

The second phase i nc ludes  a  v a r i e t y  of tests w i t h  a  f u l l  - s c a l e  
tes t  model. The model will be used f o r  both f low d i s t r i b u t i o n  
and f l  ow-induced v i b r a t i o n  t e s t i n g ,  a s  we1 1 a s  maintenance, 
ISI ,  and ope ra t i on  t e s t i n g .  Fu l l - s ca l e  t e s t i n g  i n  ambient a i r  
will provide accu ra t e  f low model i ng  f o r  h e a t  t r a n s f e r ,  pres-  
s u r e  drop, f l  ow-induced v i b r a t i o n ,  and flow d i  s t r i b u t i o n .  

- Auxil i a ry  Circul  a t o r  Motor Control s - The t a s k s  needed t o  com- 
p l  e t e  the design f o r  the c o r e  auxil  i a r y  c i r c u l a t o r  motor 



c o n t r o l  equipment i nc l ude  an e f f o r t  t o  e s t a b l i s h  c r i t e r i a  f o r  
moto r /con t ro l  l e r  ins t rumenta t ion ,  upda t ing  o f  i ns t rumen ta t i on  
d i  agrams, and CACS se tpo i  n t  ana lys is .  . . 

- Auxi 1  i ary  C i  r c u l  a t o r  Serv ice System - The 'remai n i  ng a c t i v i  - 
t i e s  f o r  t h e  auxi  1  i ary  c i  r c u l  a t o r  s e r v i c e  system i nclude 
f i n a l  design and performance t e s t i n g  o f  t he  p ro to t ype  s e r v i c e  
system i n  an a u x i l i a r y  c i r c u l a t o r  t e s t  loop. 

A.3 HTGR Spent Fuel Treatment Program 

The HTGR Spent Fuel Treatment Program i s  an impor tan t  p a r t  o f  the  
o v e r a l l  development o f  f u e l  c y c l e  technology. I n  t h e  l o n g  term, spent 
f u e l  t reatment  i s  necessary f o r  t h e  HTGR t o  r e a l i z e  i t s  f u l l  economic 
and resource conserva t ion  p o t e n t i a l .  As such, t h i s  program measurably 
advances t h e  na t i ona l  ob jec t i ves .  

The s p e c i f i c  purpose o f  t h i s  program i s  t o  advance t h e  technology o f  
HTGR spent f u e l  t reatment  t o  the  p o i n t  where i t  w i l l  be e f f e c t i v e l y  
imp1 emented on a  commerci a1 sca le  when na t i ona l  po l  i c y  o b j e c t i v e s  
support  t h i s  requirement.  To achieve t h i s  o b j e c t i v e  w i t h  g rea te r  c o s t  
e f f ec t i veness ,  t he  U.S. HTGR Spent Fuel Treatment Program emphasizes 
i n t e r n a t i o n a l  coopera t ion  w i t h  the  German program. 

The re fe rence  HTGR f u e l  c y c l e  s t r a tegy  i s  dep ic ted  i n  F ig .  A.3-1, which 
shows t h a t  f o r  t h e  near term t h e  LEU/Th f u e l  c y c l e  w i l l  be employed. 
It i s  expected t h a t  g rea te r  economic pressure f o r  r ecyc le  w i l l  develop 
w i t h i n  t h e  nuc lear  i n d u s t r y  as the  p r i c e  o f  U3O8 increases; there -  
f o re ,  t he  long-range f u e l  c y c l e  s t r a tegy  f o r  t h e  HTGR i s  p red i ca ted  
upon the  case o f  t he  HEU/Th c y c l e  w i t h  t he  r e c y c l e  o f  U-233 and/or 
U-235. It i s  assumed t h a t  some form o f  HEU f u e l  w i l l  be usable on t h e  
f o l l o w i n g  t ime t ab le ,  and these dates a re  assoc ia ted w i t h  t he  major  
d e c i s i o n  p o i n t s  v i  s - a - v i  s  t h e  HTGR Spent  F u e l  T rea tmen t  Program: 

Commitment t o  a  Recycle Demonstrati 'on P l a n t  w i t h  placement o f  
o rders  f o r  mu1 t i p 1  e  commerci a1 u n i t s  ( c i r c a  2005-2010). 

I n t r o d u c t i o n  o f  HEU f u e l  f o r  new and e x i s t i n g  p l a n t s  ( c i r c a  
2015). 

F u l l  s ca le  opera t ion  o f  Recycle Demonstrat ion P lan t ,  c i r c a  2020 
( a f t e r  approx imate ly  t e n  p l a n t s  on-1 i ne) . 

It should be noted f rom Fig.  A.3-1 t h a t  f o r  bo th  t he  near-term and 
1  ong-term s t r a t e g i  es, some t rea tment  and u l  t i m a t e  d i  sposal o f  t he  spent 
f u e l  are needed. Cur ren t  emphasis o f  t h e  HTGR Spent Fuel  Treatment 
Program now centers  on t h e  near-term goals-- those o f  reduc ing t he  spent 
f u e l  volume and process ing t h e  head-end waste. As t h e  program develops 
and t he  need f o r  r ecyc le  becomes imminent, t h e  program w i l l  s h i f t  
emphasis toward reprocess ing and r e f a b r i c a t i o n  o f  t h e  bred U-233. 
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a Scope 

The HTGR Spent  F u e l  T rea tmen t  Program p r e s e n t l y  . . i n c l u d e s  t h e  
f o l l o w i n g  a c t i v i t i e s :  

- Studies and analyses suppor t ing  t h e  development program and 
f a c i l i t y  p ro j ec t s .  

- Spent f u e l  t reatment  techno1 ogy devel opment. 

- Waste t reatment  i n v e s t i g a t i o n s ,  i n c l u d i n g  o f  f-gas t reatment .  

- Co ld  p ro to t ype  and h o t  p i l o t  p l a n t  p ro j ec t s .  

I n  a d d i t i o n ,  a  comprehensive U .S. /FRG coopera t i ve  development 
p rogram has been i n i t i a t e d  t o  o b t a i n  c o l d  p r o t o t y p e  and  h o t  
engi nee r i  ng design i n f o r m a t i o n  and ope ra t i ng  experience, p o s s i b l y  
l e a d i n g  t o  a  j o i n t  f a c i l i t y  f o r  t h e  demonstrat ion o f  spent f u e l  
t reatment  technology. Th i s  coopera t i ve  program i s  a  major  p a r t  o f  
t h e  U.S. HTGR Spent Fuel Treatment Program plans. 

D e s c r i ~ t i o n  o f  Work and S ta tus  

HTGR spent f u e l  t r ea tmen t  devel opment i n  t h e  U .S. has progressed 
through 1  abora to ry  devel opment t o  t he  i n s t a l  1  a t i  on and ope ra t i on  
o f  engi nee r i  ng-scal e  equipment. Ho t  1  abora to ry  exper iments have 
bee,n performed i n  support  o f  t h i s  e f f o r t  t o  determine t h e  e f f e c t s  
o f  h i g h  l e v e l s  o f  f i s s i o n  p r o d u c t s  on  t h e s e  n u c l e a r - c h e m i c a l  
processes. A  c o l d  eng ineer i  ng-scale p i l o t  p l a n t  has a1 so been 
i n s t a l  l e d  and o p e r a t e d  t o  o b t a i n  q u a n t i t a t i v e  i n f o r m a t i o n  on  
process d e t a i l s  and ope ra t i ng  procedures. I n  t h e  FRG, emphasis i s  
be ing  p laced on t he  ope ra t i on  o f  a  h o t  p i l o t  p l a n t ,  u t i l i z i n g  
spent f u e l  f rom t h e i r  AVR r e a c t o r  t o  demonstrate t h e  v i ' a b i l i t y  o f  
t h e  head-end process ing o f  t h i s  f u e l  and t o  determine t h e  e f f e c t s  
o f  r a d i a t i o n  on both process and equipment. The nex t  phase of 
development inc ludes  a  f u l  l y  i n t eg ra ted ,  i n t e r n a t i o n a l  p r o t o t y p i c  
development program o f  se lec ted  process equi pment. 

The f o l l o w i n g  work i s  i nc l uded  i n  t h e  FY 1981 Program: 

A. Spent Fuel Treatment 

1. Studies and Ana lys is :  Th i s  work inc ludes  t h e  maintenance 
o f  HTGR f u e l  element design data, e v a l u a t i o n  o f  t h e  impact 
o f  f u e l  design changes on spent f u e l  t reatment  r equ i re -  
ments and costs,  maintenance and updat ing  o f  spent f u e l  
t rea tment  f l  owsheets and mater i  a1 balances as requ i  red, 
and c o l  d p r o t o t y p e  equ ipment  d e s i g n  and e v a l u a t i o n .  

2. HTGR Dry  Head-End P i l o t  P l a n t :  T h i s  work i n c l u d e s  
v e r i  f i c a t i o n  t e s t i n g  o f  t h e  re fe rence  u n i t  operat ions,  
c o n t r o l  and automation s tud i  es, and gener ic  technology 
development i n  t h e  area o f  so l  i d s  hand1 i ng. 



Off-Gas Treatment: Th is  work inc ludes func t iona l  t e s t i n g  
and e v a l u a t i o n  o f  components and i n t e g r a t i o n  o f  t h e  
o f f - g a s  t r e a t m e n t  system w i t h  t h e  eng' i 'neeri  ng -sca le  
f l  uidized-bed (pr imary)  burner and d i  ssolver.  Tests w i  11 
e s t a b l i s h  process f e a s i b i l i t y  on an engineering scale, 
generate scal e-up data f o r  i ndi v i  dual components, opt imi  ze 
opera t ing  parameters, and demdnstrate i n teg ra ted  pro- 
cesses. 

4.  Solvent  E x t r a c t i o n  P i l o t  P lan t :  Th is  work inc ludes pulse 
c o l  urnn opera t ion  and data acqui s i  t i o n  t o  v e r i  f y  computer 
codes f o r  p r e d i c t i n g  pul  se column performance. 

5. Laboratory Studies: Th is  work i ncludes i nves t i ga t i ons  t o  
study scal e-up e f f e c t s  and d i  sso lu t i on  charac ter i  s t i c s  o f  
var ious  f u e l  p a r t i c l e s  and bench-scale s tudies t o  ob ta in  
generic thor ium processing data. 

6. HEF Technical Support: This  work i ncl  udes cont inu ing  
t e c h n i c a l  s u p p o r t  t a s k s  wh ich  address  g e n e r i c  d e s i g n  
aspects f o r  a ' spen t  f ue l  t reatment  p lan t .  

- - 

B. Re fab r i ca t i  on 

It i s  proposed t h a t  r e f a b r i c a t i o n  development be resumed as a 
major a c t i v i t y  as the na t iona l  need f o r  recyc le  becomes more 
c l e a r l y  def ined. 

C. U.S./FRG Cooperat ive Program 

The German government has s t ruc tured a st rong HTR development 
program which i acl  udes spent f ue l  t rcatmcnt  devel apmenl. The 
U.S. /FRG Umbrel l a  Agreement, imp1 emented i n February 1977, 
p rov i  des f o r  cooperat ive devel opment o f  spent f ue l  t reatment 
t echno logy ,  and i s  t h e  most  advanced and a c t i v e  p a r t  o f  
the i nte rna t i ona l  HTR cooperat ive program. 

This program inc ludes j o i n t  s tud ies  and exchange o f  technical  
i n f o r m a t l o n  and personne l  i n f o u r  m a j o r  a reas :  head-end 
operat ions, i n-pl an t  waste treatment, and f u e l  sh ipp i  ng and 
storage. This  work i s  de f ined by 15 P r o j e c t  Work Statements, 
whicfi have been organized i n t o  a J o i n t  Program Plan. 

The ob jec t i ves  o f  t he  j o i n t  program are  the  development o f  
r e f e r e n c e  f l o w s h e e t s ,  t h e  des ign  and t e s t i n g  o f  c r i t i c a l  
systems and components, and the  demonstration o f  processes and 
i ntegrated sys terns performance. A t t e n t i o n  w i  1  1 be focused 
dur ing  FY 1981 on cont inu ing  c o l d  checkout o f  the FRG JUPITER 
p i l o t  p l a n t  and on ca r ry ing  forward the  conceptual design of 
a J o i n t  co l  d  p ro to type f a c i l i t y .  I n  add i t ion ,  work w i l l  s t a r t  
on t h e  f e a s i b i l i t y  and design requirements f o r  h o t  demonstra- 
t i o n  f a c i  1  i t i e s .  



The m a j o r  p rogram a c t i v i t i e s  and  m i l e s t o n e s  f o r  t h e  U.S. and 
FRG Spent  F u e l  T rea tmen t  Development  Programs,  a r e  shown i n  
F igu re  A.3-2. Design and engi neer i  ng a c t i v i t i e s  l e a d i n g  t o  t h e  
c o n s t r u c t i o n  o f  t he  Recycle Demonstrat ion P l a n t  a re  n o t  shown on 
t h i s  f i g u r e  b u t  would commence i n  t h e  mid t o  l a t e  1990s t o  be 
cons i s ten t  w i t h  p l a c i n g  t h e  reprocessing/refabrication demonstra- 
t i o n  p l a n t  i n  opera t ion  by c i r c a  2020. 



Figur'e A. 3-2 HTGR Spent Fuel Treatment Development Program Schedules 
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APPENDIX B 

DESCRIPTION OF TRANSIENTS 



B.0 DESCRIPTION OF TRANSIENTS .- 

. . 

B .1 Rapid Load Decrease (5%/min) ( 1  00% t o  25% Range) 
. . 

Th i s  t r a n s i e n t  se t s  t he  maximum r a t e  o f  change o f  temperature through-  
o u t  t h e  system f o r  normal opera t ion .  The sequence o f  events  i s  as f o l -  
lows. The e l e c t r i c  l o a d  demand i s  ramped a t  5% f u l l  power/min, t h e  
load/speed c o n t r o l l e r  opens the  p r imary  bypass va lve ,  and the t u r b i n e  
i n l e t  temperature c o n t r o l l e r  reduces t he  t u r b i n e  i n l e t  temperature s e t  
p o i n t ,  which changes t h e  neut ron f l u x  command. The 1  arge l o a d  demand 
r e d u c t i o n  may r e q u i r e  opera to r  manual reshimmi ng o f  t h e  r e a c t o r  c o n t r o l  
rods. The p l a n t  moves i n  t h i s  manner u n t i l  e q u i l  i b r i u m  i s  reached a t  
t h e  25% 1  oad 1  evel  . 

B .2 10% Step Load Decrease i n  10 s  (100% t o  35% Range) 

Th i s  t r a n s i e n t  shows the  adequacy o f  the  l o a d  c o n t r o l  c o n f i g u r a t i o n .  
The sequence o f  events  i s  as f o l l ows .  The e l e c t r i c  l o a d  demand s tep  
change occurs i n  10 s, t h e  load/speed c o n t r o l  l e r  opens t h e  pr imary by- 
pass va lve ,  and t h e  t u r b i n e  i n l e t  temperature c o n t r o l l e r  reduces t h e  
t u r b i  ne i n l e t  temperature se t  p o i n t ,  which changes the  neut ron f l  ux 
command. The qu ick  onset o f  t u r b i n e  i n l e t  temperature c o n t r o l  and 
openi ng o f  the a t tempera t ion  va l ve  by t he  a t tempera t i  on c o n t r o l  1  e r  
cause a  s l i g h t l y  l a r g e r  decrease i n  e l e c t r i c  power than des i red .  Th i s  
e f f e c t  i s  r a p i d l y  compensated f o r  by rec losu re  o f  t he  pr imary bypass 
va lve .  

8.3 Single-Loop Load Re jec t i on  

Th i s  t r a n s i e n t  se t s  t h e  maximum r a t e  o f  pressure inc rease  a t  the low- 
pressure recupera to r  i n l e t .  The sequence o f  events  i s  as f o l l ows :  A  
s i n g l e  generator  b rake r  t r i p  s i gna l s  t he  PCS t o  sw i t ch  the a f f e c t e d  
turbomachine from load/speed r e g u l a t o r  c o n t r o l  t o  speed c o n t r o l .  The 
speed c o n t r o l  1  e r  opens t he  p r imary  bypass va lve ,  t he  feedforward s i gna l  
t o  t h e  neut ron f l u x  c o n t r o l l e r  from the  a f f e c t e d  l oop  i s  decreased t o  
t he  "no load"  1  eve l  , and a t  t h e  same t ime t h e  t u r b i n e  i n l e t  temperature 
c o n t r o l l e r  demands a  reduc t i on  i n  r e a c t o r  power. As t he  shutdown t u r -  
b i n e  reaches nominal speed and a t t a i n s  "hot standby" cond i t i ons ,  t h e  
h o t  recupera to r  i n l e t  and c o l d  recupera to r  o u t l e t  temperatures a re  h e l d  
cons tan t  as a  r e s u l t  o f  the bypass and a t tempera t ion  f lows.  Concur- 
r e n t l y ,  t he  ope ra t i ng  power convers ion 1 oop decreases i t s  e l  e c t r i c a l  
ou tpu t  as t he  l oop  pressure decreases due t o  t h e  r e l o c a t i o n  o f  inven-  
t o r y  i n  t h e  system. 

8.4 S i  ng l  e-Loop Shutdown Wi th  Overspeed T r i p  

Th i s  t r a n s i e n t  sets  t h e  r e a c t o r  power t o  he l ium f l o w  r a t i o  and the  PPS 
se t  p o i n t  f o r  main l oop  shutdown overspeed t r i p .  The sequence o f  
events i s  as f o l l ows .  Loss o f  e l e c t r i c a l  l o a d  t o  one turbomachine ( a s  
descr ibed i n  t he  p rev ious  t r a n s i e n t )  i s  f o l l owed  by f a i l u r e  o f  t h e  



load/speed cont ro l le r  to  detect turbomachine overspeed and command open 
the primary bypass valve. The PPS main loop shutdown overspeed trip 
s e t  point i s  reached. The main loop shutdown signal commands open the 
primary bypass valve, v ia  safety actuation ( fu l l  opening. in 1 s ) ,  which 
i s  f 01 1 owed by a demand f o r  a reactor power runback to 50% nominal . As 
the pressure r a t i o  across the turbine i n  the shutdown loop collapses, 
the turbine outl e t  temperature increases and the attemperati on con- 
t r o l l e r  opens the attemperation valve; the low AP across the loop 
closes the primary bypass valve and l a t e r  the attemperation valve. 
Backf 1 ow begi ns i n the high-pressure sides of the recuperator and i s 
quickly establ i shed in the enti  re  shutdown 1 oop ( a t  very 1 ow flow con- 
d i  t i ons )  . In the operating 1 oop, the turbine power decreases due to  
the relocation of inventory between the loops. 

B.5 Sinale-Looo Total Loss of Precooler Flow 

This t ransient  s e t s  the maximum pressure a t  the low-pressure recupera- 
t o r  in1 e t  and the PPS s e t  point for  main loop shutdown on h i g h  outl e t  
temperature of the high-pressure recuperator. The sequence of events 
i s  as follows. A spurious PPS signal commands closure of the precool e r  
is01 ation valves b u t  does not open the dump valves or i n i t i a t e  a power 
conversion 1 oop shutdown. This i s  followed by fa i lure  of the non- 
safety Component protection function of the PC$ t o  detect t ha t  the pre- 
cooler water flow ra te  i s  below i t s  minimum design 1 imi t. Lack of 
cool ant  flow t o  the precool e r  resu l t s  i n  lower compressor flow, higher 
i nl e t  gas . temperature of the high-pressure recuperator, and reduced 
turbine flow. Turbine power decreases as the turbine flow i s  reduced, 
causing the turbine ou t l e t  gas temperature to  increase. The attemper- 
ation control ler  opens the attemperation valve fur ther ,  reducing tur- 
bine flow. As the compressor i n l e t  temperature increases and the loop 
pressure r a t io  decreases, the effectiveness of the attemperati on f 1 ow 
decreases. Turbine load continues to  decrease, and reactor power i s  
r u n  back. When 10% m i n i m u m  generator load i s  reached, the PCS t r i p s  
the generator breaker and commands open the primary bypass valve to  
prevent turbomachi ne overspeed. The 1 oad/speed control 1 e r  cl oses the 
valve shortly thereaf ter  as the turbomachine speed drops below the s e t  
point. The PPS main loop shutdown se t  point i s  reached by the gas tem- 
perature a t  the high-pressure recuperator out let .  (This s e t  point pro- 
vides protectfon of the upper cross ducts, thermal barr ier ,  and the re- 
actor  in l e t  plenum components/material s .  ) Loop shutdown proceeds as 
described in the previous transient.  

Plant Total Loss of Precool e r  .Flow 

This t ransient  s e t s  the maximum core i n l e t  gas temperature, the maximum 
ra te  of pressure decrease a t  the high-pressure recuperator out let ,  and 
the maximum heat exchanger hot end metal temperatures. The sequence of 
events i s  as f 01 1 ows. Shear rupture of the circulating water system 
pump discharge header is  followed by f a i lu re  of the non-saf ety compon- 
en t  protection function of the PCS to  detect that  precooler water flow 



rates are  be1 ow the i r  minimum design 1 imi t. The t ransient  proceeds as 
described in Section 8.5 b u t  in both loops f o r  t h i s  case. The PPS s e t  
points for  main loop shutdown on high-pressure recuperator gas out le t  
temperature are reached i n both 1 oops almost simul taneously , f 01 1 owed 
by a PPS reactor t r i p  due to two main loop shutdown signals. 

B . 7  Sl ow Rod Withdrawal From Full (Design) Power 

This transient se t s  the maximum average turbine i nl e t  gas temperature 
and the reactor t r i p  PPS set point on h i g h  turbine in l e t  temperature. 
The sequence of events i s  as follows. A degraded flux measurement sig- 
nal, which withdraws the control rod bank a t  a slow ra te ,  i s  followed 
by fa i lure  of the automatic setback rods to  inser t  following a 1 arge 
increase in core react ivi ty .  Core reactivity increases due to  the rod 
bank withdrawal and subsequently decreases due to  the negative fuel 
temperature coefficients.  The average core temperatures r i s e ,  the core 
out le t  temperature r ises ,  and the PPS reactor t r i p  se t  point due t o  
high turbine i n l e t  temperature i s  reached. .(This se t  point i s  a backup 
f o r  the PPS power-to-flow t r i p  se t  point.) As the core out le t  tempera- 
ture  r ises ,  the attemperation control 1 e r s  open the attemperation 
valves, reducing turbomachine flow and power. The rapid core out1 e t  
temperature reduction af te r  the reactor scram causes the attemperation 
valves to close, which results i n  an increase i n  turbomachine power. 
After the attemperation valves s t a r t  recl osure, the 1 oops begin normal 
plant programmed shutdown. 

B .8 Si nql e-Loop Turbomachi ne Shaft Break 

This transient se t s  the maximum turbomachine overspeed and maximum gas 
flow rate a t  the low-pressure recuperator in1 e t .  The sequence of 
events i s  as follows. A f a u l t  in the el c t r i c  generator produces an ex- 
cess torque on the shaft  and shears the coup1 i ng. " Instantaneous" 1 oss 
of generator load and iner t ia  accel erate  the turbomachine, rapidly 
reaching the PPS turbomachine overspeed s e t  point. The PCS turbomach- 
ine speed controller and the PCS turbomachine/generator speed d i f fe r -  
ence detection control 1 e r ,  which shoul d activate opening of the primary 
bypass valve immediately a f t e r  the shaft  break, are postulated to be 
disengaged and/or fa i led .  The primary bypass valves open ( safety actu- 
a t ion ) ,  reactor power i s  r u n  back due to  the loss of one power conver- 
sion loop, and the loop shutdown proceeds as described in previous 
transients. 
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Figure 3.3.1-3 Flash steam bottoming 
cycle plot plan 



Figure 3.3.2-5 Ammonia bottoming 
cycle p l o t  plan 
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APPENDIX D 

COMMERCIAL PLANT COST DATA 



D.0 - COMMERCIAL PLANT COST DATA 

Th i s  Appendix con ta ins  base ( c a p i t a l  ) c o s t  da ta  and paymentlcash f l  ow 
schedules prepared f o r  t he  commercial p l a n t  i n  the course o f  t h i s  
study. Cost  data f o r  t he  RTS were developed by General Atomic Company, 
and da ta  f o r  t he  BOP were prepared by Uni ted  Engineers & Const ructors .  
Table D - 1  prov ides summary d e f i n i t i o n  o f  c a p i t a l  cos t s  est imated f o r  
the  commercial HTGR-GT p l a n t .  The co~nmercial base p l a n t  c o s t  was 
e s t i m a t e d  on t h e  b a s i s  o f  a  m a t u r e  i n d u s t r y  where u n i t  c o s t  d a t a  
app rop r i a te  t o  c u r r e n t  LWR p r o j e c t s  a re  appl ied,  a1 1 manufactur ing 
l e a r n i n g  has been achieved, and non- recur r ing  RTS cos t s  a r e  amort ized. 
To determine t he  t o t a l  investment c o s t  presented i n  Sec t ion  3, payment 
schedules f o r  t he  RTS and BOP were assumed as shown on Figs.  D - 1  and 
D-2 r espec t i ve l y .  Given t he  assumed 6% compound e s c a l a t i o n  r a t e  and 
10% simple i n t e r e s t  du r i ng  c o n s t r u c t i o n  charge, the t o t a l  p l a n t  cash 
f l o w  shown on F ig .  D-3 was developed. Th i s  curve  represents  t he  t o t a l  
commercial p l a n t  expend i tu re  du r i ng  t h e  p e r i o d  f rom c o n s t r u c t i o n  p e r m i t  
t o  commerci a1 ope ra t i on  and inc ludes  c a p i t a l  , escal  a t i on ,  and i n t e r e s t  
charges. 



TABLE D - 1  

HTGR-GT COMMERCIAL PLANT BASE COSTS 

Commerci a1 
P l a n t  

RTS DIRECT COSTS 

PCRV Data Acquis i t ion  System 
PCRV L ine r  and Pene t r a t i ons  
Thermal Bar r i  er 
Control Rod Drives 
Fuel Hand1 i ng Equipment 
Control Rod Drive Storage  System 
Reactor  In t e rna l  Components 
Reactor  Core System 
Heat Exchanger System 
Turbomachinery System 
Control Val ve System 
Auxi l ia ry  C i r c u l a t o r  Beari ng Water System 
He1 i urn Serv i  ce Equipment 
Auxi1 i a ry  C i r c u l a t o r  
Core Auxi 1 i a ry  Heat Exchanger 
P l a n t  P r o t e c t i o n  System 
P l a n t  Control System 
Analy t ic  Ins t rumenta t ion-  

Subto ta l  

RTS INDIRECT COSTS 

RTS LEASED EQUIPMENT 

Total RTS 

*In BOP 



TABLE D - 1  
(Continued) 

HTGR-GT COMMERCIAL PLANT BASE COSTS 

Comme r c i  a1 
Pl  an t  

BOP DIRECT COSTS 

STRUCTURES AND IMPROVEMENTS 

Y ardwork 
Reactor Contai nment Bui  1 d i  ng 
Turbomachine Maintenance B u i l d i n g  
Secu r i t y  Bui  1 d i  ng 
Auxi 1 i ary  Reactor Serv i  ce Bui 1 d i  ng 
tong-Term FSB Bui 1 d i  ng 
Contro l ,  Auxi 1 i ar ies ,  and D.G. B u i l d i n g  
Admi n i s t r a t i o n  and Serv ice  B u i l  d i  ng 
Shop and Lab B u i l d i n g  
F i r e  Pump House 
L.P. Hel ium Storage Area 
E l e c t r i c  Generator B u i l  d i  ng 
Diesel  Cool i ng and Fuel O i  1 Storage B u i l  d i  ng 
Warehouse 
Containment Annulus B u i l d i n g  
Contai nment Pene t ra t i on  Bui 1 d i  ng 
Hold ing Pond and Contro l  House 
U l t ima te  Heat Sink S t r u c t u r e  and Tunnels 
Contro l  Room Emergency A i r  

Subtot  a1 

REACTOR PLANT EQUIPMENT 

RTS Options 
Reactor Equipment 
Main Heat Transpor t  System 
Safeguards Cool i ng System 
Radwaste Processi  ng 
Nuclear Fuel Hand1 i ng 
Other React o r  P l  an t  Equi pment 
Ins t rumenta t ion  and Contro l  
Reactor P lan t  Misc. Items 

Subt o t  a1 

* Inc ludes E l e c t r i c a l  Generators 



TABLE D-1  
(Continued) 

HTGR-GT COMMERCIAL PLANT BASE COSTS 

Commerci a1 
P l a n t  

ELECTRIC PLANT EQUIPMENT 

S w i  tchgear 
S t a t i o n  Serv ice Equipment 
Switchboards 
P r o t e c t i v e  Equi pment 
E l e c t r i c  S t ruc tu re  and W i  r i n g  Centers 
Power and Cont ro l  W i  r i n g  

Subtotal  

MISCELLANEOUS PLANT EQUIPMENT 

Transpor ta t ion  and L i f t  Equipment 
A i  r, Water, and Steam Serv ice  Systems 
Communications Equi pment 
Furn ishings and F i x t u r e s  

Subtotal  

HEAT REJECTION SYSTEM 

Stt.uc,tures 
Mechanical Equipment 

Subtotal  

Subtotal  D i  r e c t  Costs 

BOP INDIRECT COSTS 

Const ruc t ion  Services 
Home O f f i c e  Engineering and Serv ice 
F i  e l  d O f f i c e  Engineeri  ng and Service 

Subtotal  I n d i r e c t  Costs 

BOP CONTINGENCY 

TOTAL BOP COST 

TOTAL BASE PLANT COST 



Figure D - 1  

2000 MW(t) HTGR-GT 
COMMERCIAL PLANT 

NSSS CASH FLOW 

COMMERCIAL 
OPERATI ON 

M / L  ES TONES - MONTH/' YEAR 



Figure D-2 

2000 MW(t) HTGR-GT 
COMMERCIAL PLANT 
BALANCE OF PLANT 

CASH FLOW 

CONSTRUCTION 
PERMIT 

M / L ES TONES - MONTH/ YEAR 

COMMERCIAL 
OPERATION 

NOTE IN IT IAL  LUMP SUM A T  CP ASSUMED TO BE 2.2 % 
WHICH REFLECTS A L L  EXPENDITURES PRIOR TO 
CP FROM PROJECT START D A T E .  



Figure  D-3 

2000 MW ( 1 )  HTGR-GT 
COMMERCIAL PLANT 
TOTAL CASH FLOW 

CONSTRUCTION 
PERMIT 

COMMERCIAL 
OPERATION 




