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V 

ABSTRACT 

A c r i t i c a l  review i s  presented of t h e  technology and c o s t s  
of  very high-temperature gas-cooled r e a c t o r s  (VHTRs) app l i cab le  
t o  nuclear  coal  conversion. Coal conversion processes s u i t a b l e  
f o r  coupling t o  r eac to r s  a r e  described.  Vendor concepts of  the  
VHTR a r e  summarized. The mate r i a l s  requirements as  a function 
of process temperature i n  t h e  range 1400 t o  2000°F a r e  analyzed. 
Components, environmental and s a f e t y  f a c t o r s ,  economics and 
nuclear  f u e l  cycles a r e  reviewed. I t  i s  concluded t h a t  process 
h e a t  supply i n  t h e  range 1400 t o  1500°F could be developed with 
a high degree of assurance. Process h e a t  a t  1600°F would re-  
q u i r e  considerably more mate r i a l s  development. While tempera- 
t u r e s  up t o  2000°F appear t o  be a t t a i n a b l e ,  considerably more 
research and r i s k  were involved. A demonstration p l a n t  would 
be requi red  as  a s t e p  i n  the  commercialization of t h e  VHTR. 

I. INTRODUCTION 

In  t h e  sp r ing  of  1974, t h e  Division of Reactor Research and Develop- 

ment (RRD) of t h e  Atomic Energy Commission i n i t i a t e d  a program of con- 

ceptual  s t u d i e s  and evaluat ions  of t h e  app l i ca t ion  of very high-temperature 

gas-cooled reac to r s  (VHTRs) t o  process h e a t  generat ion.  Important elements 

of t h i s  program included conceptual design c o n t r a c t s  with General Atomic 

Corporation (.GA)., General E l e c t r i c  Company (GE) , and Westinghouse E l e c t r i c  

Corprs~aLiul~ (W) - t o  develop conceptual designs of  such r e a c t o r s  t o  d e l i v e r  

process h e a t  a t  1200, 1400, 1600, 1800 and 2000°F. 1 1 2 p 3  Oak Ridge National  

Laboratory (OWL) was assigned the  mission of evaluat ing  these  concepts 
4 

and t h e i r  p o t e n t i a l  app l i ca t ion  t o  a number o f  s p e c i f i c  high temperature 

processes including petroleum r e f i n i n g ,  petrochemical indus t ry ,  coa l  con- 

vers ion ,  hydrogen production v i a  thennochemical water s p l i t t i n g ,  o i l  sha le  

and t a r  sands r e f i n i n g  and nuclear  steelmaking. 



I n  Apr i l  1975, fol lowing the  c rea t ion  of Energy Research and Develop- 

ment Administration (ERDA), the  ERDA F o s s i l  Energy Division of  Coal Con- 

ve r s ion  and u t i l i z a t i o n  authorizedORNL t o  conduct c r i t i c a l  evaluat ions  of . 

t h e  app l i ca t ion  of high-temperature gas-cooled reac to r s  (HTGRs)to coa l  

conversion. This t a s k  w i l l  r e in fo rce  t h e  RRD-sponsored e f f o r t s  by pro- 

v id ing considerably more depth i n  the  coal  conversion.process evaluat ion.  

The p resen t  r e p o r t  has t h e  ob jec t ive  of  summarizing t h e  s t a t u s  of 

VHTR technology app l i cab le  t o  coal  conversion. Reliance i s  placed on the  

referenced RRD-sponsored s t u d i e s  a s  we l l  a s  on publ ica t ions  of fore ign 

programs, notably from t h e  Federal Republic of Gemany. A second r.&poLt 

w i l l  be prepared byORNLlater i n  t h e  program t o  cover exploratory s t u d i e s  

o f  s e l e c t e d  coa l  conversion systems using VHTR hea t  sources. 

11. SUMMARY OF APPLICABLE COAL CONVERSION PROCESSES 

Before eva lua t ing  t h e  r eac to r  technology, it is des i red  t o  d i sp lay  

some of t h e  app l i cab le  coa l  processes and t h e  modes of coupling them t o  

t h e  nuc lea r  h e a t  source.  

A. Hydrogasif icat ion - 
When coal  i s  exposed t o  hydrogen a t  e levated  temperatures and pres- 

s i ~ x e s  (800 t o  850°C,  10 t~ 100 ~ L I I . ) ,  t he re  i s  a s t rong ly  exothermic 

r e a c t i o n  &producing methane and o t h e r  l i g h t  hyd~ocarbons . IIydrogen , i n  

t u r n ,  can be produced i n  a methane ( l i g h t  hydrocarbon)-steam reformer 

heated  by the  helium coolant  of a VHTR. This highly endothermic reac t ion  

is  c a r r i e d  out  usua l ly  a t  650 t o  800°C. 

The important chemical reac t ions  thus  a r e  the  following: 

Hydrogasif icat ion C + 2H2=CH + 20.6 kcal/mole C 
4 (1) 

Steam Reforming CH + H ~ ( v )  = CO + 3H2 - 49 kcal/mole C ( 2 )  4 2 
S h i f t  co + H ~ O ( V )  = co2 + H2 + 9.9 kcal/mole C ( 3 )  

Depending on t h e  des i red  product ,  t h i s  conversion p rocess -can  be designed 

f o r  n e t  production of methane, syngas (H2+CO) o r  hydrogen. 

In  t h e  most s t ra ight forward  vers ion  of t h i s  process as proposed by 

t h e  Germans 5'6 (Fig. 1). coa l  is  d r i e d  and then g a s i f i e d  with t h e  hydrogen 

stream produced i n  t h e  methane steam reformer. The g a s i f i e d  coal  is  pur i -  

f i e d  (by H201 H S and C02 removal s t e p s ) ,  about one-half becomes product 
2 
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s y n t h e t i c  p i p e l i n e  gas and one-half is  recycled t o  the  reformer. About 

40% of  t h e  coa l  hea t ing  value remains i n  r e s i d u a l  char  f o r  which an eco- 

nomic use must be found. 

A s  t h e  temperature i s  increased and t h e  pressure  decreased,  the  

methane reforming reac t ion  goes more s t rong ly  toward completion. Table 1 

(from reference  1) shows t h e  e f f e c t  of process temperature on the  methane 

conversion. The conversion increases  r ap id ly  up t o  about 1400°F, and 

inc reases  slowly t h e r e a f t e r .  

There i s  a corresponding increase  i n  t h e  reformer h e a t  duty a s  t h e  

process  temperature i s  increased (Table 2 ,  from reference 1). Since t h e  

t o t a l  h e a t  output  of t h e  r e a c t o r  i n  Table 2 remains cons tant  a s  tempera- 

t u r e  i s  increased,  t h e  h e a t  duty of  t h e  steam generator  is  reduced with 

inc reased  temperature; h e a t  duty of  t h e  reformer and steam generator  a r e  

equal  a t  about 1500°F maximum process temperature. 

B. Solut ion  Hydrocracking - 
7 

The General Atomic/Stone & Webster (GA/S&W)process (Fig. 2) i s  a 

v a r i a t i o n  of t h e  hydrogas i f ica t ion  process where coa l  i s  powdered, d r i e d ,  

and d i s so lved  i n  coa l  l i q u i d s  p r i o r  t o  t h e  s o l u t i o n  hydrocracking s t e p .  

The hydrogen f o r  t h e  hydrocracking is  obta ined,  a s  be fo re ,  from the  heiium- 

heated  l i g h t  hydrocarbon reformer. Depending on the  r a t i o  of r ecyc le  

hydrocarbon t o  product  and t h e  product r e f i n i n g  s t e p s ,  t h e  product mix can 

be predominantly coa l  l i q u i d s ,  p i p e l i n e  gas ,  syngas (CO+H2) o r  hydrogen. 

The coal - l iquids  technology used here  i s  s i m i l a r  t o  t h a t  used f o r  

making so lven t  r e f i n e d  coal  o r  f o r  o t h e r  coa l  l i q u e f i c a t i o n  systems. I t  

is  a n t i c i p a t e d  t h a t  t h e  coa l  heat ing  value remaining i n  r e s i d e n t i a l  s o l i d s  

will be i n  the  ranqe of 10 t o  20% of t h e  o r i q i n a l  o r  feed coal  hea t ing  

value .  

0 
Steam Gas i f i ca t ion  

Coal r e a c t s  with steam a t  e levated  temperatures i n  a s t rong ly  endo- 

thermic reac t ion .  The products  of t h e  r eac t ion  (syngas) can be converted 

t o  d e s i r e d  products  such as  methane o r  hydrogen. The important chemical 

r e a c t i o n s  a r e  t h e  following: 

Gas i f i ca t ion  C + H O(v) = CO + Hz - 28.4 kcal/mole C 
2 (1) 

S h i f t  CO + H ~ O ( V )  = C02 + H + 9.9 kcal/mole C 
2 (2) 

Methanation CO + 3H2 = CH + H20 + 49 kcal/mole C 
4 (3) 



Table 1 

Methane Reformer Conversion Data 

Maximum Entering 
process process Steam-gas Hydrocarbon 

temp. temp . r a t i o  Pressure conversion 
(OF) (OF) (psia)  ( % I  

Table 2 

Distribution of Heat Between Reformer and Steam Generator (a )  

Maximum Enterinq - 
process process Heat Duty (10' Btu/hr) 
temp. temp . Reformer Steam 
(  OF^ (OF) generator 

(a)Core thermal output = 3000 MW(f )  1 pumping powor i c  appro,rimntcly 
80 MW(t) f o r  a l l  cases. 
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The steam-carbon reaction ra tes  (Fig. 3)  begin a t  about 600°C for  

l i gn i t e  and 700°C fo r  hard coal. The Germans propose t o  operate a l i g n i t e  

steam-gasifier a t  6600~ ; '  t h i s  gas i f ie r  would be a steam-fluidized bed 

heated internal ly  with helium tubes. Figure 4 i s  a schematic of t h i s  

system. 

This system requires an intermediate heat exchanger ( I H X )  between 

the reactor and the gas i f ie r  because it i s  not believed prac t ica l  t o  pro- 

vide maintenance fo r  a coal gas i f ie r  i n  the primary coolant c i r cu i t .  

Furthermore, the steam gasification reaction uses a smaller fraction of 

the VHTR energy output than does the methane reformer of the e a r l i e r  pro- 

cesses; there i s  a s ignif icant  amount of by-product e l e c t r i c  power i n  the 

German scheme. 

The steam gasif icat ion process leaves a residue of char, according 

t o  United Kingdom sources;1° the UK paper c i t e s  750 t o  850°C as reasonable 

temperatures for  l i gn i t e  gasification with 925OC recommended for  "high 

carbon conversion." The corresponding temperature for  hard coal is  given 

as 1050 t o  llOO°C. 

For the steam gasif icat ion process t o  be prac t ica l ,  a very high-tem- 

perature heat source would have t o  be developed and/or a prac t ica l  catalyzed 

low-temperature coal reaction developed. 

D. Application of.Hydrogen from Thermochemical Water Sp l i t t i ng  - 
A high-temperature reactor may provide process energy for  s p l i t t i n g  

water in to  hydrogen and oxygen. This cannot be achieved in  a simple one- 

s tep reaction a t  pract ical  temperatures; instead, many potent ial  chains 

have been investigated. An example, proposed by ~es t inghouse  , uses the 

following steps: 

SO2 (9) + (2  + X)H20(L) H 2 SO 4 *m20 + H~ (9) (1) 

thermal SO .XH20 - H SO ( a )  + m20 (9) 
2 4 2 4 

thermal 
H SO ( R )  - H20(9) + S03(9) 
2 4 

thermal 
SO3 (9) - SO2 (9) + 1/2 o2 (9) 

where (g) and ( R )  r e f e r  respectively t o  the gaseous and l iquid s t a t e .  
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FIGURE 4. L i g n i t e - S t e a m  G a s i f i e r  Using VHTR 
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The products  o f  water  s p l i t t i n g  have many uses.  One of these  could 

be f o r  coa l  conversion i n  a scheme such a s  i n  Fig. 5. 

E f f i c i e n t  water s p l i t t i n g  requ i res  process temperatures of 1600°F o r  

h igher .  

111. DESCRIPTION OF VHTR CONCEPTS 

Severa l  VHTR concepts have been evolved i n  the  U.S. and abroad. The 

t h r e e  vendor design studicc1'2'3 p resen t  f ea tu res  which encompass most of 

the a v a i l a b l e  technology. These conccpts,  each s i~pplying 3000 MW of  h e a t ,  

a r e  descr ibed i n  t h e  fol lowing sections. 

The WTRs are t h e m d l  r e a c t o r s  u t i l i z i n g  helium as coolant  and hav- 

i n g  al l-ceramic cores  composed of g raph i t e  moderator and enriched uranium- 

thorium f u e l .  This combination has enabled t h e  gas-cooled r e a c t o r  t o  develop 

coo lan t  o u t l e t  temperatures f a r  higher than those of o the r  r eac to r  systems. 

For production of e l e c t r i c i t y ,  these  temperatures permit  t h e  production 

of high-temperature, high-pressure steam, leading t o  high cycle e f f i -  

ciency.  S imi lar  des igns ,  a t  more e levated  temperatures, a r e  bel ieved t o  

be  u s e f u l  f o r  genera t ing  process h e a t  f o r  coa l  conversion. 

A. General ~ t o r n i c  (GA) HTGR Pricmatic-Core uesign - 
General Atomic has developed t h e  High-Temperature Gas-Cooled Reactor 

(HTGR) as  a commercial steam-generating r e a c t o r  f o r  use by u t i l i t i e s .  The 

Peach Bottom Reactor [I15 M W ( t ) ,  40 MW(e) 1 was operated successful ly  by 

Ph i l ade lph ia  E l e c t r i c  Company from June 1967 t o  October 1974 and pxuved 

t h e  f e a s i b i l i t y  o f  the concept. A somewhat: sirnil~l~ system, 4910 Prar~on 

[20 MW(t)], was developed independently i n  Europe, and has operated from 

1965 t o  t h e  present .  GA has b u i l t  a much larlgei HTGR n t  For t  St. Vrain 

[842 M W ( t ) ,  330 MW(e)] which has thus  f a r  been operated a t  low power l e v e l s .  

I n  a d d i t i o n ,  GA s o l d  four  commercial u n i t s  i n  the  s i z e  range 770 t o  1160 MW(e), 

which were scheduled t o  be s t a r t e d  up Sn t he  e a r l y  1980s. These p l a n t s  were 
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canceled i n  September and October 1975 because of  f inanc ia l -p r i ce  problems. 

I t  was announced a l s o  t h a t  GA was temporari ly withdrawing from commercial 

s a l e s  of HTGRs b u t  planned t o  continue development. 

The s tandard  commercial HTGR is modified f o r  process h e a t  purposes by 

p l a c i n g  a process h e a t  exchanger i n  s e r i e s  with and upstream of t h e  steam 

genera tor .  A s  i n  o t h e r  c u r r e n t  HTGR des igns ,  a l l  t h e  primary system com- 

ponents a r e  contained i n  one l a r g e  p res t r e s sed  concrete r eac to r  vesse l  

(PCRV) because of  t h e  advantages o f fe red  by t h i s  form of cons t ruct ion .  

Steam-methane reforming was s e l e c t e d  by GA a s  a t y p i c a l  high-temperature 

process ;  and the  reformer was assumed t o  be located  within t h e  PCRV. 

The add i t ion  of a helium-heated steam-methane reformer i n  a wa l l  

c a v i t y  of  t h e  PCRV is  shown i n  Fig. 6. This reformer is  s i m i l a r  i n  s i z e  

t o  t h e  steam genera tors  of thc 30UU M W ( t )  r e a c t o r ,  and it can he i n s t a l l e d  

and removed i n  t h e  same manner a s  they are .  

The process h e a t  HTGR opera tes  a s  follows. Helium flows downward 

through t h e  core ,  where it i s  heated t o  a temperature about 200°F above 

t h e  r equ i red  process  temperature. The helium passes through one of  t h e  

r a d i a l  duc t s  going t o  t h e  reformer and then passes  upward through t h e  

reformer cavi ty .  Heat i s  t r a n s f e r r e d  through t h e  reformer tube wal ls  

t o  t h e  steam-methane mixture. The helium then flnws through t h e  circum- 

f e r e n t i a l  duct  (no t  shown i n  Fig. 6) t o  t h e  adjacent  steam genera tor  

udvi ty ,  whcro it psqses downward over t h e  s t e m  generator  c u i l s .  It  next  

passes  upward around t h e  steam genera tor  and i n t o  t h e  helium c i r c u l a t o r ,  

where it i s  compressed. It then passes through the  upper hor izon ta l  duct  

arid back i n t o  t h e  core. 

An o v ~ r a l l  process flow diagram i s  shorn i11 Fiy. 7 for a helirim nut- 

l e t  temperature of  1620°F. The steam-methane mixture is  preheated he to re  

it e n t e r s  t h e  reformer. I t  passes through t h e  reformer, where H 2 ,  CG, aid 

CO are formed i n  t h e  presence of a n icke l  c a t a l y s t  wiCh the  additinn of 2 
h e a t  from t h e  helium. Reformer o u t l e t  condi t ions  a r e  dpproximately 

1400°F. Downstream process ing of  t h i s  mixture w i l l  s h i f t  t h e  CO p lus  

H 2 0  t o  H and C02 and scrub out  t h e  C02 ,  leaving H t h e  remainder being 
2 2 ' 

CH4. The once-through steam genera tar  t akes  feedwater and produces 

2500-psig steam a t  955OF, t h e  same a s  i n  t h e  conventional HTGR. 

The GA s tudy was based on the  assumption t h a t  an intermediate hea t  ex- 

changer ( I H X )  would no t  be required.  I f  an I H X  i s  requi red ,  r e a c t o r  e x i t  
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helium temperatures would have t o  be increased well above 1620°F t o  reach 

1400°F maximum process temperature. 

In the standard HTGR, helium leaves the core a t  about 1400°F. An 
7 

Office of Coal Research study of the HTGR assumed temperatures s i m i l a r  t o  

those of Fig. 7. The VHTR study1 considered core out le t  temperatures of 

1400°F t o  2200°F t o  achieve the desired range of 1200 t o  2000°F maximum 

process temperature. 
B. General Electr ic  (GE) Pebble-Bed Reactor (PBR) - 

The Pebble-Bed Reactor, developed by Kernforschungsanlage (KFA) 

~ i i l i c h ,  l1 dif fers  from the HTGR primarily by having the fuel contained i n  

graphite moderator bal ls .  These ba l l s  are loaded in to  and withdrawn from 

the reactor during operation. The PBR concept was selected by GE for  

the i r  VHTR design. 2 

KFA has b u i l t  and is operating the Arbeitsgemeinschaft Versuchs- 

reaktor (AVR) [46 E I I W ( t )  , 15 MW(e) I , an experimental steam-generating PBR. 

The AVR has operated a t  a helium core out le t  temperature of 950°C (1742OF) 

since February 1974. A larger PBR, The High Temperature Reactor (THTR) 

[768 MW (tl , 300 MW(e) I , is under construction and scheduled fo r  1978 oper- 

ation. This steam generating reactor w i l l  have a helium outlet  tempera- 

ture  of 750°C, i n  the same range as commercial HTGRs. 

The GE PBR places a l l  primary system components in to  a PCRV (Fig. 8) .  

Primary helium coolant flows downward through the core and exi t s  in to  f ive 

loopa, each containing an intermediate heat exchanger ( IHX)  and a steam 

generator (SG). A secondary helium stream is heated i n  the I H f  and trans- 

ported out of the reactor vessel to  an external process heater, which GE 

assumes t o  be a methane steam reformer. The primary coolant, a f t e r  leav- 

ing the  I H X ,  is cooled d& t o  250°C i n  the SG and then compressed in to  

the core i n l e t  plenum. See. Fig. 9. 

C. Westinghouse (!) WTR 
3 - 

This concept contains a number of novel features. The reactor and 

its coolant loops are contained within a multi-cavity prestressed cas t  

iron reactor vessel (PCIV) , as shown i n  Fig. 10. The reactor core is 

located within the vessel 's  central cavity. The vessel walls contain 

twelve smaller ver t ica l  cavi t ies ,  or pods, i n  which are five high tapera- 

tu re  intermediakheat exchangers and circulators ,  f ive gas t u r b h e s  
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and low temperature intermediate hea t  exchangers, and two a u x i l i a r y  cool- 

ing  systems f o r  shutdown and emergency cooling of t h e  r eac to r .  Reactor 

helium coolant  e n t e r s  and discharges from t h e  pods through coaxia l  p ip ing 

a t  t h e  upper end of the  c a v i t y ,  while the  intermediate loop, o r  secondary, 

helium coolant  is  introduced and leaves through t h e  bottom of t h e  pod. 

The PCIV has a continuous i n t e r n a l  s t e e l  l i n e r  t o  a c t  a s  a. primary coolant  

boundary and l eak- t igh t  membrane. A thermal b a r r i e r  and i n s u l a t i o n  system 

is  used t o  l i m i t  t he  temperature of the  l i n e r  and minimize t h e  h e a t  l o s s  

t o  the  PCIV. A cooling system c i r c u l a t e s  water through the  wal ls  of t h e  

PCIV t o  remove t h e  hea t  deposi ted i n  t h e  vesse l .  The PCIV is  fabr i ca ted  

as a s e r i e s  of c a s t  i ron  blocks assembled together  around a welded s t e e l  

l i n e r .  P r e s t r e s s  cables  a r e  wound around the  ex te rna l  c y l i n d r i c a l  s u r f a c e ,  

imposing a high compressive s t r e s s  on t h e  vesse l  assembly i n  t h e  r a d i a l  

and t a n g e n t i a l  d i r e c t i o n s  and preventing t h e  cas t ings  from separa t ing  

under t h e  i n t e r n a l  gas pressure  forces .  S imi la r ly ,  a x i a l  cables  running 

longi tudinal ly  through p o r t s  provided i n  t h e  cas t ings  maintain a high com-' 

press ive  s t r e s s  i n  t h e  a x i a l  d i r e c t i o n  and ca r ry  the a x i a l  pressure  loads. 

The f u e l  i s  contained i n  extruded g raph i t e  elements i n  d i r e c t  contac t  with 

the  primary helium coolant  stream. 

A s  seen i n  Fig. 10,  t h e  cool helium i s  forced through t h e  upper por- 

t i o n  of t h e  r e a c t o r  cav i ty ,  then down t h e  annular  regions near  the  PCIV, 

up through the  core t o  the  gas tu rb ines  and I H X s ,  and f i n a l l y  t o  the  

compressor. Figure 11 shows a flow schematic. The process hea t  exchangers 

and t h e  gas turbine-generators  provide energy f o r  a thermochemical water- 

s p l i t t i n g  process based on t h e  s u l f u r  cycle.  

D. Discussion of  t h e  Three-Vendor Concepts 

A l l  three-vendor concepts appeared t o  have p o t e n t i a l  t o  achieve pro- 

cess temperatures i n  the  range 1400 t o  2000°F. The GE concept has the  

most appl icable  opera t ional  background i n  t h a t  t h e  AVR has been operated 

successful ly  a t  950°C f o r  cxtended per iods .  GA, on t h e  o the r  hand, has 

developed technology appl icable  t o  3000 M W ( t )  designs and has t h e  broadest  

technological  base. The Peadl Bottom o u t l e t  temperature was only 715OC; 

however, it appears l i k e l y  t h a t  t h e  HTGR technology would be appl icable  

t o  more e levated  temperatures as well .  The W concept does no t  have a - 



ORNL-DWG 76-21 1 1  

T 620 - T 1600 

High Temperature 
T 690 Pmcess HX T 1700 

L 

1572 M W  
I Ir 

W 1190 

A 

T 1700 

T 808 Interrnediotm HX (5) 

, P 976 1556 MW 

W 1141 

Low Temperature P 396 
T 263 Intermediate HX (5) 

1159 MW h 

W 1064 

T 253 T 1116 
L .-- 

T 175 
Process HX 

T 620 
1201 M W  * -. - 

0 T - Temperature - F P - Pressure - psio W - Flow Rate - Ib/sec 

FIGURE 11. Westinghouse Heat Transfer Loop 



commercial technological  base comparable t o  t h e  o the r  two concepts; more 

development would be required.  

The GA design was the  only one n o t  t o  use an I H X ,  bu t  s t a t e d  t h a t  t h e  

need f o r  an I H X  had not  been ru led  out .  GE included an I H X ,  with implica- 

t i o n s  of some hope t h a t  add i t iona l  s t u d i e s  would show t h a t  it could be 

el iminated.  W - made a case f o r  the  necess i ty  of t h e  I H X .  A s  t h e r e  does 

not  appear t o  be any bas ic  design f e a t u r e  o r  innovation which would allow 

one concept only t o  use the  d i r e c t  system, it i s  assumed t h a t  t h i s  d i f -  

ference a t  the  present  time is  one of vendor philosophy. Fur ther  ana lys i s  

of r e a c t o r  s a f e t y  and of r a d i o a c t i v i t y  t r a n s p o r t  is  requi red  t o  e s t a b l i s h  

whether t h e  I H X  can be el iminated f o r  some range of process choices;  the  

i s s u e  i s  discussed i n  more d e t a i l  i n  Sect ion  IVD.  - Fiss ion  Product Behavior 

Aspects. 

Table 3 presen t s  a tabula ted  comparison of  f ea tu res  of the  t h r e e  con- 

cep t s ,  The process temperature of each of  these  reference  concepts i s  

i n d i c a t i v e  of t h e  h i s t o r i c a l  development of t h e  concept. The HTGK has 

evolved from a very s t rong technology program focused on steam generat ion.  

The lowest temperature required f o r  a reasonable process e f f i c i e n c y ,  1400°F, 

has been chosen t o  take  minimum ext rapola t ion  of  e x i s t i n g  components and 

technology. The PBR concept i s  based on the  technology of t h e  AVR sca led  

up t o  commercial s i z e ;  the  process temperature s e l e c t i o n  of 1500°F i s  a log i -  

c a l  consequence of t h e  AVR helium o u t l e t  temperature of  950°C, assuming t h a t  

the  h e a t  t r anspor t  systems can be developed. The W - concept is  der ived from 

the very advanced Nerva technology, which operated f o r  s h o r t  t imes a t  ex- 

tremely high temperatures. The wa te r - sp l i t t ing  process coupled t o  the  f?l 
reference  design requ i res  a t  l e a s t  1600°F t o  proceed a t  reasonable e f f i c i e n c y .  



Table 3 

Comparisor. of the Three-Vendcr Concepts 

General Atomic Ger;eral E lec t r ic  Westinghouse 

Easis of very high temperature r.uclear Moeification of F'IGR cc.ncept Pebble bed concept based on G e m n  Prismatic fuel  concept based on 
' reactor  design technolow nuclear rocket technology 

Reactor core type 

Reactor coolant 

Reference thermal power 

Pressure vessel  concept 

Fuel composition 

Hexagons1 graphiae t l s c k s  con- Pebble bed core Eexagonal graphite blocks, 
ta ini3g separate coolant and Graphire sphere fue l  element hollow c y l i n i r i c a l  fue l  rcds 
f . ~ e l  ?assages, sol id  cylin- with central  coolant channel 
d r i c a l  fuel  rods 

Helium 3elium H?lium 

Pr-tressed c o x c e r e  =actor Prestressed concrete reactor  vesss:l Prestressed cast  iron reactor 
. ~ s s e l  vessel 

.Fully enriched U fsed (LC2) .Low enriched (9.01%) 2 3 5 ~  fue l  -Fully enriched U feed (UC j 
with thorium (ThD : f e r t i l e  -Uranium-thorium fue l  a l t e rna te  

2 
2 

with thorium (Tho2) f e r t i l e  
material ~ T r i s o  coated UO? fuel  par t i c les  material 

.'Iris0 coating f o r  both STriso coated f i s s i l e  p a r t i c l e s  
f i s s i l e  and f e r t i l e  par-  -Biso coated f e r t i l e  par t i c les  
t i c l e s  

Average fue l  residence time 3 pears 3.8 years 4 years 

Power density of core 3 .4  watts/cm 
3 

5 watts/cm 
3 

PO watts/cm 
3 

Reactor core AP 16 p s i  6 p s i  5 psi  

System pressure 725 p s i  600 p s i  1000 ps i  

Core i n l e t  temperature 773°F 432OF 807'F 

Reference maximun process tempera-ure 140lDF 15OO0F .l60O0F 

Core o u t l e t  temperature 1 3 0 ° F  1742OF 1850°F 

Maximum fue l  tern~erature 2475OF 2O3O0F 215E°F 

Type process Steam-hydrocarkn reformer Steam-hydrocarbon reformer Thermochemical water s p l i t t i n g  



I V .  GENERAL CAPABILITIES AND LIMITATIONS OF VHTRS 
I N  THE PROCESS TEMPERATURE RANGE 1400 TO 2000°F 

A. Core and Fuels - 
The unique c a p a b i l i t i e s  of t h e  VHTR a r e  b u i l t  around t h e  except ional  

high-temperature s t r eng th  of g raph i t e  and t h e  a b i l i t y  t o  encapsulate nuclear  

f u e l s  i n  near ly  impermeable g raph i t e  coatings.  A l l  the  design concepts 

b e n e f i t  from these  advantages. 

Two types of coated f u e l  kernels  a r e  i n  common use ,  BISO and TRISO. -. 
-\ 

BISO and TRISO a r e  acronyms denoting a type of-coating.  BISO conta ins  

two types of coat ing  l aye r s :  a  low dens i ty  p y r o l y t i c  carbon b u f f e r  and 

high dens i ty  i s o t r o p i c  p y r o l y t i c  carbon t o  r e t a i n  t h e  f i s s i o n  products .  

TRISO contains four coating l aye r s :  low dens i ty  p y r o l y t i c  carbon, high 

dens i ty  i s o t r o p i c  p y r o l y t i c  carbon, s i l i c o n  carbide  and a second l a y e r  of 

high-density pyro ly t i c  carbon. The TRISO kerne l s  maintain t h e i r  dimensions 

b e t t e r  during i r r a d i a t i o n  and contain t h e i r  f i s s i o n  products  more com- 

p l e t e l y  than do t h e  BISO type;  they a r e  the re fo re  genera l ly  p re fe r red  f o r  

these  very high temperatures. The S i  introduces a s l i g h t  amount of  neutron 

poison, increas ing f u e l  c o s t s  a  minor extent .  

Maximum f u e l  temperatures f o r  var ious  process temperatures a r e  given 

i n  Table 4 ,  a s  presented by the  vendors. I t  i s  our understanding t h a t  Los 

Alamos S c i e n t i f i c  Laboratory w i l l  soon publ ish  a v e r i f i c a t i o n  of  t h e  r e f -  

erence GA temperature ca lcu la t ion .  

Table 4 

Maximum Fuel Temperature, OF 

Process Temp., OF 

Maximum f u e l  temperature i n  t h e  commercial HTGR design is 2560°F. 

One might i n f e r  from Table 4 t h a t  p resen t  f u e l  technology would be ade- 

quate  f o r  IbUOUF process temperature f o r  a l l  designs and f o r  1800 and 

2000°F f o r  t h e  GE and W - designs. However, average f u e l  temperature i s  

genera l ly  higher i n  the  VHTR designs than i n  t h e  commercial HTGR. 



Therefore ,  improved f u e l s  (such as  Z r C  coated ke rne l s )  a r e  d e s i r a b l e  a t  

h igher  temperatures,  e s p e c i a l l y  f o r  t h e  GA design.  

The core designer has considerable f l e x i b i l i t y  i n  choosing temperature 

d i f f e r e n c e s  between f u e l  and coolant ,  i n  o t h e r  words, i n  c o n t r o l l i n g  maximum 

f u e l  temperature. Some of t h e  design choices which a r e  open t o  reduce f u e l  

temperature a r e  t h e  fol lowing : 

1. Power dens i ty .  Has disadvantage of  increas ing core  s i z e  

( c a p i t a l  c o s t )  with decreasing power dens i ty .  

2. Coolant ve loc i ty .  Has disadvantage of increas ing AP with 

iricreasi~ly ve luc i  Ly . 
3 .  Reducing heat-flow d i s t ance  i n  g raph i t e  moderator. Usually 

reduces s t r e n g t h  of  t h e  s t r u c t u r e  and/or increases  f a b r i -  

c a t i o n  cos t s .  For example, more f u e l  and coolant  passages 

a r e  f a b r i c a t e d ,  on c l o s e r  spacing,  

4. Control of  s tagnant  gaps between f u e l  and ~ouderator. For 

example, TRISO p a r t i c l e s  maintain narrow gaps b e t t e r  than 

BISO p a r t i c l e s .  The Nerva-type f u e l  e l imina tes  these  gaps 

a l t o g e t h e r  by having t h e  coolant  passages wi th in  t h e  ex- 

t ruded f u e l  element. 

5. Fuel  management s t r a t e g y .  During re fue l ing  it is  poss ib le  

t o  rear range f u e l  elements s o  t h a t  t h e  most r e a c t i v e  (new) 

f u e l  is  cooled most e f f i c i e n t l y .  The PBR core  couples a 

two-zone core f u e l i n g  system t o  t h e  once-through-then-out 

(OTTO) f u e l  cyc le  t o  minimize f u e l  element temperatures. 

With the  OTTO f u e l  cyc le ,  t h e  f u e l  makes a s i n g l e  downward 

pass through t h e  core  ( p a r a l l e l  t o  the  coolant  f low) ,  and 

t h e  decreasing power output  i n  t h e  lower h a l f  of t h e  core 

coupled t o  t h e  inc reas ing  gas temperature g ives  a f u e l  

temperature which is  very nea r ly  f l a t  through t h e  l a t t e r  

one-half t o  three-four ths  of i t s  l i f e .  

B. Reactor Components - 
1. Reactor Vessels 

The GA and GE concepts use l a r g e  conventional p res t r e s sed  concre te  

r e a c t o r  vesse l s  which a r e  t y p i c a l  of those  cu r ren t ly  i n  use f o r  gas 



coo led . reac to r s .  These u n i t s  a r e  wi th in  cu r ren t  technology b u t  r equ i re  

completion of  p resen t  R&D, p a r t i c u l a r l y  on pene t ra t ions  and head c losures ,  

and a s c a l e  model t e s t  t o  prove t h e  f i n a l  design.  

The - W concept spec i f i ed  a p res t r e s sed  c a s t  i r o n  v e s s e l  (PCIV). 

The recommended design i s  t h a t  of gray c a s t  i r o n  s e c t i o n s  (of 60-65 tons  

each) mechanically assembled around a welded s t e e l  l i n e r .  The vesse l  

is  p res t re s sed  c i rcumferent ia l ly  and a x i a l l y  i n  the  same manner a s  the  

p res t r e s sed  concrete r eac to r  vesse l  (PCRV) with which t h e  P C I V  is  com- 

pared i n  t h i s  study. The primary advantages s i t e d  f o r  choosing c a s t  

i r o n  over concrete a r e  t h a t  c a s t  i r o n  has a compressive s t r e n g t h  20 

times t h a t  of  concrete while i t s  dens i ty  and Young's Modulus a r e  t h r e e  

times t h a t  of concrete.  I t  i s  a l s o  s t a t e d  t h a t  t h e  use of c a s t  i r o n  w i l l  

r e s u l t  i n  a super io r  s t r u c t u r e  with reduced weight and s i z e  and reduced 

s e n s i t i v i t y  t o  overtemperature inc iden t s .  The design i s  based on t h e  

work of a German f i rm,  Siempelkamp. 
12 

It is  f e l t  t h a t  t h e  PCIV concept o f f e r s  some p o t e n t i a l  advantages 

and mer i t s  f u r t h e r  study, b u t  would requ i re  considerable R&D. 

2. Ducting and Insu la t ion  

An insu la t ion  system i s  required t o  p r o t e c t  t h e  p ressure  v e s s e l  from 

t h e  ho t  coolant  gas and t o  minimize t h e  h e a t  losses  from the  primary 

coolant  and thus  t h e  hea t  load on t h e  p ressure  vesse l  cool ing  system. There 

a r e  two b a s i c  approaches t o  t h e  problem. The f i r s t  i s  t o  use a high t e m -  

pe ra tu re  insu la t ion  a t tached t o  t h e  i n s i d e  of  t h e  ducts  and c a v i t i e s  which 

i s  exposed t o  t h e  maximum coolant  temperatures. The second method, which 

reduces t h e  i n s u l a t i o n  requirements, i s  t o  use concentr ic  duct ing  with t h e  

h o t  helium i n  the  inner  duct  and t h e  cooler  r e t u r n  helium i n  t h e  o u t e r  

annulus. 

Attaching the  i n s u l a t i o n  t o  t h e  inner  su r face  of t h e  r e a c t o r  vesse l  

l i n e r  i s  t h e  method cur ren t ly  used with gas-cooled r e a c t o r s  i n  t h e  U.S. 

The duct ing  i n s u l a t i o n  c o n s i s t s  of a b lanket  of a lumina-s i l ica  o r  a com- 

b i n a t i o n  of alumina-si l ica and pure s i l i c a  f i b e r s  he ld  t o  t h e  l i n e r  by 

metal cover p l a t e s  and i s  l imi ted  t o  a continuous average opera t ing  tem- 

p e r a t u r e  of  1500°F and l o c a l  h o t  spo t s  o r  s t r e a k s  of  about 1700°F. Addi- 

t i o n a l  i n s u l a t i o n  i n  t h e  form of s i l i c a  blocks capable o f  wi ths tanding.  



h igher  l o c a l i z e d  temperature i s  used on t h e  bottom of t h e  r eac to r  cav i ty  

below t h e  core .  Thus, t h e  cu r ren t ly  used i n s u l a t i o n  mate r i a l s  and tech- 

niques a r e  l imi ted  t o  a r e a c t o r  o u t l e t  temperature of  about 1500°F o r  a 

process  temperature of about 1300°F. 

I n  add i t ion  t o  t h e  temperature and thermal conductivi ty requirements, 

t h e  i n s u l a t i o n  must be  capable of withstanding a system depressur iza t ion  

acc iden t  without  damage t o  the  i n s u l a t i o n  t h a t  would i n t e r f e r e  with t h e  

a u x i l i a r y  cooling system; i . e . ,  t he  i n s u l a t i o n  must not  be displaced i n  

such a manner a s  t o  block flow passages e s s e n t i a l  t o  the  removal of  t h e  

decay h e a t  fol lowing a l l  pos tu la ted  aceidents. 

The problem assoc ia ted  with the  i n s u l a t i o n  of  t h e  duct ing  and c a v i t i e s  

is p r imar i ly  one of  developing an adequate mechanical design using cur- 

r e n t l y  a v a i l a b l e  i n s u l a t i n g  mate r i a l s .  The development program w i l l  

r e q u i r e  tests t o  prove t h e  adequacy of t h e  design i n  regard t o  hea t  losses  

i n  a flowing system, no i se  and v ib ra t ion  e f f e c t s ,  and system depressuriza-  

t i o n  accidents .  

3. Heat Exchangers 

The high temperature intermediate h e a t  exchangers a r e  the  major items 

a f f e c t i n g  t h e  near-term f e a s i b i l i t y  of t h e  VHTR and w i l l  be t h e  key item 

i n  t h e  development of  t h e  concept. For process temperatures i n  t h e  range 

o f  1400 t o  1600°F, t h e  temperature requirements f o r  t h e  I H X  a r e  i n  the  

range of 1600 t o  1850°P, which i s  border l ine  f o r  t h e  ava i l ab le  supera l loys .  

Although t h e r e  a r e  a number of  candidate ma te r i a l s  f o r  t h i s  temperature 

range,  a major development program w i l l  be required t o  prove t h e i r  compati- 

b i l i t y  with the  primary coolant  and t o  ob ta in  s u f f i c i e n t  physica l  d a t a  t o  

q u a l i f y  t h e  ma te r i a l s  t o  some form of ASME, NRC o r  o t h e r  codes o r  s tandards.  

These prohlems a r e  discussed i n  Section IVC. 

The mechanical design problems w i l l  depend on t h e  ma te r i a l  p r o p e r t i e s  

and t h e  opera t ing  condi t ions  imposed on t h e  u n i t s .  The requirements f o r  

t h e  GE and GA concept should be  s imi la r .  However, the  W - system may be 

sub jec ted  t o  g r e a t e r  p ressu re  d i f f e r e n t i a l  and t r a n s i e n t  because of con- 

t r o l  o r  s a f e t y  ac t ions  r equ i red  f o r  t h e  turbomachinery. 

The - W concept a l s o  has a lower temperature h e a t  exchanger which 

s e r v e s  a s  t h e  compressor precooler .  Under normal opera t ion  ( f o r  t h e  

1600°F process temperature c a s e ) ,  t h e  helium condi t ions  t o  t h e  precooler  



a r e  1200°F and 396 p s i a .  This u n i t  could be subjec ted  t o  severe pressure  

and temperature t r a n s i e n t s  from con t ro l  o r  s a f e t y  requirements. 

The steam generator  f o r  t h e  GA and GE systems uses opera t ing  condi t ions  

no more severe  than u n i t s  f o r  commercial HTGR steam p l a n t s .  

4. Valves 

The cur ren t  U.S. gas-cooled reac to r s  use i s o l a t i o n  valves f o r  t h e  

containment system and the  main steam l i n e s ,  s p l i t  bu t t e r f ly - type  valves 

f o r  the  core a u x i l i a r y  cooling system, and shutoff  valves t o  prevent  flow 

r e v e r s a l  through the  primary coolant  loops. These valves o r  adaptat ions 

should be adequate f o r  t h e  VHTR. The VHTR would a l s o  requ i re  i s o l a t i o n  

valves f o r  an intermediate helium loop. The GE concept f o r  these  valves 

i s  a r o t a t i n g  b a l l  type of design with a c los ing  time of t h e  order  of 

15-30 seconds. A combination of Inconel ,  carbon and g raph i t e  a r e  used as  

ma te r i a l s  of cons t ruct ion .  Some cooling of  the  va lve  body might be 

required which could be  done by a low temperature helium stream; i n t e r n a l  

i n s u l a t i o n  would a l s o  be used. A development and proof t e s t i n g  program 

would be requi red  f o r  these  valves.  

The 2 system using gas tu rb ines  w i l l  r equ i re  add i t iona l  primary 

systems valves f o r  con t ro l  and overspeed p ro tec t ion  of t h e  turbomachinery. 

Large, quick opening valves w i l l  probably be requi red  t o  p r o t e c t  the  t u r -  

b ine  from excess speed i n  the  event  of a loss -o f -e lec t r i ca l  load on t h e  

u n i t .  Smaller valves f o r  speed con t ro l  w i l l  probably a l s o  be required.  

The opera t ing  requirements f o r  these  valves w i l l  be more s 'evere ' than f o r  t h e  

intermediate loop i s o l a t i o n  valves and w i l l  r equ i re  an extens ive  develop- 

ment and proof t e s t i n g  program. 

C. Mater ia ls  - 

Maximum opera t ing  temperatures of components o f  proposed VHTR-coal con- 

vers ion  systems may range from lGO0 t o  2200°Y. For many components t h a t  

w i l l  opera te  below 1000°F, we l l  e s t ab l i shed  commercial a l l o y s  a r e  s u i t a b l e  

f o r  use. For temperatures of 1000 t o  1600°F,much of  t h e  technology of conven- 

t i o n a l  gas-cooled reac to r s  t h a t  has been and is  being developed is  appl i -  

cable  t o  many of  t he  components. Temperatures &ove 1600eE' p lace  s t r i n g e n t  



l i m i t a t i o n s  on t h e  s e l e c t i o n  o f  ma te r i a l s .  S t rength  p r o p e r t i e s  of Fe- 

and Ni-base a l l o y s  decrease  r ap id ly  above 1500°F and r e a c t i v i t y  with cor- 

ros ive  environments increases .  In add i t ion ,  some o f  t h e  components i n  t h e  

VHTR systems a re  unique -- i n  p a r t i c u l a r ,  t h e  proce'ss h e a t  exchanger where 

a m a t e r i a l  w i l l  s imultaneously be exposed t o  both high temperature helium 

and process  environments. It is  t h e  purpose of t h i s  s e c t i o n  t o  summarize 

t h e  s i t u a t i o n  r e l a t i v e  t o  t h e  evaluat ion and s e l e c t i o n  of ma te r i a l s  f o r  

t h i s  app l i ca t ion .  

and Mater ia ls  P roper t i e s .  The most important f a c t o r s  

t h a t  must be considered i n  t h e  selection o t  macerials f u i  Lhis nppi ios t ion  

a r e  temperature,  s t r e s s ,  environment, and exposure time. The s t r e s s  on a 

p a r t i c u l a r  component w i l l  depend upon the  design condi t ions  se lec ted .  For 

example, it i s  assumed t h a t  t h e  process f l u i d  i n  t h e  PHX w i l l  operate a t  

a  p ressu re  c lose  t o  t h e  primary coolant  He pressure  t o  keep tube s t r e s s e s  

and creep low i n  t h e  high temperature por t ion  of t h e  system. The environ- 

ments t o  which m a t e r i a l s  w i l l  be exposed a r e  impure helium, hydrogen, 

steam, and var ious  hydrocarbons. It is expected t h a t  ma te r i a l s  should be 

a b l e  t o  withstand t h e  above condi t ions  f o r  a s  long a s  300,000 h r .  

The c r i t i c a l  f a c t o r s  UlaL mus t  be lcnown and evaluat.ed before a 

m a t e r i a l  can be recommended f o r  use a r e :  

a .  Mechanical p r o p e r t i e s  

(1) Environmerital e f f e c t s  

(2)  Pressure  vessel code requirements 

b. Compatibi l i ty 

(1) Impure helium 

( 2 )  Process gases 

(3) Steam/Water 

c.  S t r u c t u r a l  s t a b i l i t y  

d. F a b r i c a b i l i t y  

(1) Formabil i ty 

( 2 )  Weldabil i ty 

(3) A v a i l a b i l i t y  and cos t .  



Mechanical p r o p e r t i e s ,  compat ib i l i ty ,  and s t r u c t u r a l  s t a b i l i t y  a r e  i n t e r -  

ac t ing  p r o p e r t i e s ,  i . e . ,  lack  of  compat ib i l i ty  o r  s t r u c t u r a l  i n s t a b i l i t y  

can a f f e c t  a  m a t e r i a l ' s  mechanical p roper t i e s .  Although f l u x  l e v e l s  out- 

s i d e  t h e  core a r e  low, the  e f f e c t  of r a d i a t i o n  on mate r i a l  p r o p e r t i e s  should 

be known. For c e r t a i n  app l i ca t ions ,  p r o p e r t i e s  such a s  r e s i s t a n c e  t o  

g a l l i n g  and wear a r e  a l s o  important.  

Pressure Vessel Code Requirements. The design r u l e s  governing t h e  

construct ion of nuclear  power p l a n t  components such a s  v e s s e l s ,  s torage  

tanks ,  p ip ing,  pumps, va lves ,  and core support s t r u c t u r e s  a r e  covered 

under Section 111, Division 1 of t h e  ASME Bo i l e r  and Pressure Vessel Code 

(ASME BPVC). Addit ionally,  Sect ion I11 provides ma te r i a l s  and inspect ion  

requirements f o r  nuclear  power p l a n t  cons t ruct ion .  The code does n o t ,  how- 

eve r ,  "cover d e t e r i o r a t i o n  which may occur i n  se rv ice  a s  a  r e s u l t  of radia-  

t i o n  e f f e c t s ,  corros ion,  e ros ion,  o r  i r is tabi l i ty of t h e  ma te r i a l , "  I t  is 

the  r e s p o n s i b i l i t y  of the  designer t o  properly account f o r  these  e f f e c t s  

t o  ensure t h e  f u n c t i o n a b i l i t y ,  i n t e g r i t y ,  and s a f e t y  of  t h e  s t r u c t u r e .  

In  terms of design,  ma te r i a l s ,  and allowable s t r e s s e s ,  t h e r e  a r e  four  

ca tegor ies  which a r e  p resen t ly  considered. These are: 

1. Class 1 (highes t  q u a l i t y  l e v e l )  components opera t ing  a t  temper- 

a tu res  t o  700 and 800°F, r e spec t ive ly ,  f o r  f e r r i t i c  and aus- 

t e n i t i c  ma te r i a l s  (Section 111, Division 1) ; 

2. Class 1 components a t  temperatures above those  l i s t e d  

b u t  below 1500°F (Code Case 1582, Sect ion  111); 

3 .  Class 2 ( in tcrmedia tc  q u d l i t y  l e v e l )  and Class 3 (moderate 

q u a l i t y  l e v e l )  components a t  temperatures a s  i n  1 above 

(Section 111, Division 1) ; and 

4.  Class 2 and 3 components a t  temperatures above those i n  1 b u t  

l e s s  than 1500°F (Section V I I I ,  Division 1). 

By t h e  c l a s s e s  above, t h e  ASME Code recognizes t h e  d i f f e r e n t  l e v e l s  

of J.mportance ascocia ted  with the funct ion  of each component of  the  nuclear  

power p l a n t  and allows a choice of r u l e s  t o  assure  i n t e g r i t y  and q u a l i t y  

commensurate with importance. I f  ma te r i a l s  a r e  t o  be q u a l i f i e d  f o r  use 

above 1500°F, add i t iona l  ca tegor ies  w i l l  have t o  be es t ab l i shed .  

Class 1 components, constructed i n  accordance w i t 3 1  t h e  r u l e s  of Sub- 

sec t ion  NB of  Sect ion  111, must -- i n  addi t ion  t o  s a t i s f y i n g  s t r e s s  l i m i t s  



and design r u l e s  under NB-3112 -- be evaluated f o r  add i t iona l  condi t ions  a s  

fol lows : 

1. Normal cond i t ions ;  

2 .  Upset condi t ions  ( inc iden t s  of  moderate frequency);  

3. Emergency condi t ions  ( inf requent  i n c i d e n t s ) ;  

4. Faulted condi t ions  ( l i m i t i n g  f a u l t s )  ; and 

5. Tes t ing  condi t ions .  

Class  2 (Subsection NC) and Class 3 (Subsection ND) components a r e  evalu- 

ated' by c r i t e r i a  which du ~1o.1: e x p l i c i t l y  recognize the s p e c i f i c  loadinq 

oondif ions r j . i ~ r ~ n  above. (See NC-3112 and ND-3112 of  Section I11 f o r  

s p e c i f i c  component design r u l e s . )  

Se lec t ion  of al lowable s t r e s s  values f o r  ma te r i a l s  used i n  t h e  con- 

s t r u c t i o n  of  Class 2 and '3  components i s  guided, i n s o f a r  a s  poss ib le ,  by 

in - se rv ice  experience. The mechanical p r o p e r t i e s  considered and s a f e t y  

f a c t o r s  appl ied  t o  provide maximum allowable s t r e s s e s  f o r  design a t  tem- 

p e r a t u r e s  below t h e  creep range ( i . e . ,  700°F f o r  ferr iLic a l l o y s  and 8 0 Q 0 ~  

f o r  a u s t e n i t i c  a l l o y s )  a r e :  

1. 1/4 of t h e  s p e c i f i e d  minimum t e n s i l e  s t r eng th  a t  room tem- 

p e r a l u i e ;  

2.  1/4 o f  t e n s i l e  s t r e n g t h  a t  s e r v i c e  temperature; 

3 .  5/8 o f  t h e  s p e c i f i e d  minimum y i e l d  s t r eng th  a t  ruuln Lemperaturc 1 

4.  5/8 of  t h e  y i e l d  s t r eng th  a t  s e r v i c e  temperature ( f e r r i t i c  a l l o y s  

only) ; and 

5. 90% of t h e  y i e l d  s t r e n g t h  a t  s e r v i c e  temperature b u t  no t  t o  exceed 

5 / 5  nf the s p e c i f i e d  minimm y i e l d  s t r e r~ l j lh  at room tmperatl.lrp 

( a u s t e n i t i c  a l l o y s  only) . 
The maximum allowable stress is always the lowest ul: Llluse given above. 

When Class 2 o r  3 components a r e  t o  opera te  i n  t h e  creep range, t h e  maxi- 

mum allowahlt! s t r e s s e s  are giver1 Ly the lnwcst o f :  

1. 100% of the .ave rage  s t r e s s  f o r  a  second s t age  (minimum) 

creep r a t e  which, when mul t ip l i ed  by t h e  design l i f e t i m e ,  

y i e l d s  a  s t r a i n  value o f  1%; 

2. 67% of t h e  average s t r e s s  f o r  a  rupture  l i f e  equal  t o  t h e  

design l i f e t i m e  ; and 

3. 80% of t h e  minimum s t r e s s  f o r  a  rupture  l i f e  equal  t o  t h e  

design l i f e t i m e ,  

When c y c l i c  loading i s  a n t i c i p a t e d ,  f a t i g u e  p r o p e r t i e s  must a l s o  be taken 

i n t o  account i n  design.  



Design s t r e s s  i n t e n s i t y  values f o r  Class 1 components a t  tempera- 

tubes below t h e  creep range a r e  t h e  lowest of  t h e  following: 

1. 1/3 of t h e  spec i f i ed  minimum t e n s i l e  s t r e n g t h  a t  room 

temperature; 

2. 1/3 of  the  t e n s i l e  s t r eng th  a t  temperature; 

3. 2/3 of  t h e  spec i f i ed  minimum y i e l d  s t r eng th  a t  room tem- 

pe ra tu re  ; 

4. 2/3 of t h e  y i e l d  s t r eng th  a t  temperature ( f e r r i t i c  a l l o y s  o n l y ) ;  

and 

5. 90% of t h e  y i e l d  s t r eng th  a t  temperature, b u t  not  t o  exceed 

2/3 of t h e  spec i f i ed  minimum y i e l d  s t r eng th  a t  room t e m -  

pe ra tu re  ( a u s t e n i t i c s  only) . 
The design s t r e s s  i n t e n s i t i e s  f o r  f a t i g u e  a r e  obtained from the  b e s t  f i t  

curve of experimental d a t a  -- adjusted where necessary t o  include t h e  

e f f e c t  of mean s t r e s s  o r  a  f a c t o r  of twenty on cyc les ,  whichever is more 

conservative a t  each point .  

Code Case 1592 t o  Section 111, Division 1 provides s t r e s s  l i m i t s  and 

revised  design r u l e s  f o r  t h e  use of  ma te r i a l s  f o r  Class 1 components a t  

temperatures i n  t h e  creep range. (Only four  a l l o y s  -- 304 and 316 s t a i n -  

l e s s  s t e e l s ,  2 1/4 C r - 1  Mo s t e e l ,  and Incoloy 800H -- a r e  cu r ren t ly  approved 

i n  Case 1592.) The following s t r u c t u r a l  f a i l u r e  modes have been considered 

i n  determining s t r e s s  l i m i t s  and design r u l e s :  

1. t e n s i l e  i n s t a b i l i t y ;  

2 .  rjross d i c t o r t i o n  by y i e l d i l ~ y ;  

3 .  e l a s t i c ,  p l a s t i c ,  and creep buckling; 

4. creep rupture ;  

5. f a t igue ;  

6. creep f a t i g u e ;  

7.  gross d i s t o r t i o n  by creep;  and 

8. grocs d i s t o r t i o n  by p l a s t i c  and/or creep racheting.  

The f a i l u r e  modes above and the  design r u l e s  r e s u l t i n g  from t h e i r  consider- 

a t i o n  lead  t o  t h e  following requirements f o r  ma te r i a l s  p r o p e r t i e s  informa- 

t ion .  

1. M i n i m u m  y ie ld  s t r eng th  a t  room temperature. 

2. Yield s t r eng th  versus temperature. 



3. Minimum u l t i m a t e  t e n s i l e  s t r eng th  a t  room temperature. 

4. Ultimate t e n s i l e  s t r e n g t h  versus  temperature. 

5. Minimum creep-rupture s t r eng th  versus temperature. 

6. Isochronous s t r e s s - s t r a i n  curves versus temperature. 

7.  A design f a t i g u e  curve based on rap id  continuous cycl ing .  

8. A design fa tugue curve which inc ludes  de ra t ing  f o r  s t r e s s  

r e l a x a t i o n  and slow cycl ing  r a t e s .  

9.  Mean and ins tantaneous  c o e f f i c i e n t s  of thermal expansion. 

10. Modulus of e l a s t i c i t y  versus temperature. 

Time-independent, 'm 
and time-dependent, St ,  primary s t r e s s  l i m i t s  

f o r  m a t e r i a l s  i n  Code Case 1592 a r e  determined a s  described below. Sm, the  

time-independent va lue ,  i s  t h e  lowest o f :  

1. 1/3 minimum u l t i m a t e  t e n s i l e  s t r eng th  a t  room temperature; 

2. 0.367 times minimum u l t ima te  t e n s i l e  s t r eng th  a t  e levated  

temperature ; 

3. 2/3 minimum y i e l d  s t r e n g t h  a t  room temperature; 

4. 2/3 minimum y i e l d  s t r e n g t h  a t  e levated  temperature ( f e r r i t i c ) ;  

and 

5. 0.90 minimum y i e l d  s t r e n g t h  a t  e levated  temperature ( a u s t e n i t i c ) .  

t h e  time-dependent va lue ,  i s  t h e  l e a s t  of t h e  f a c t o r s :  

1. 2/3 minimum s t ress- to- rupture  a t  e levated  temperature; 

2. 80% minimum s t r e s s  t o  cause t e r t i a r y  creep a t  e levated  

temperature,  and 

3 .  100% minimum s t r e s s  t o  a s t r a i n  of 1% a t  e levated  tempera- 

t u r e  f o r  a given t ime,  t ( t h e  design r i f e t i m e ) .  

F i n a l l y ,  t h e  c o n t r o l l i n g  primary stress l i m i t  tor a given l i f e t l m e  dl. a 

given temperature is  S t h e  lower of  Sm and S under these  condit ions.  
m t l  t 

Appexldix I V  t o  Sec t ion  111, Division 1 dsscr?..hes khe groaedure for  

ob ta in ing  ASME Code approval f o r  ma te r i a l s .  Some excerpts  from t h i s  appen- 

d i x  a r e  given below: 

.... t h e  inqnixer  s h a l l  f u r n i s h  t h e  Committee wi th  adequate 

da ta  on which t o  base allowable s t r e s s  value. . . .  (and these )  

s h a l l  inc lude  values  of  u l t ima te  s t r e n g t h ,  y i e l d  s t r e n g t h ,  

reduction i n  a r e a ,  e longat ion ,  s t r a i n  f a t i g u e ,  creep s t r e n g t h ,  



and s t r e s s  rup tu re  s t r eng th  of base metal and welded j o i n t s  

over the  range of temperatures a t  which t h e  ma te r i a l s  i s  t o  

be used..... 

The i n q u i r e r  s h a l l  furnish  complete d a t a  on the  we ldab i l i ty  

of  ma te r i a l  intended f o r  welding ..... 
It i s  important t o  know t h e  s t r u c t u r a l  s t a b i l i t y  charac ter -  

i s t i c s  and t h e  degree of r e t e n t i o n  of p r o p e r t i e s  with ex- 

posure a t  temperature o r  neutron i r r a d i a t i o n  ....." 
I t  i s  no t  d i f f i c u l t ,  based on t h e  foregoing d i scuss ion ,  t o  deduce t h a t  

the  Code approval o r  q u a l i f i c a t i o n  of a ma te r i a l  is  a complicated, c o s t l y ,  

and time-consuming process -- e s p e c i a l l y  f o r  Class 1 app l i ca t ions  a t  e l e -  

vated (creep range) temperatures. Some cur ren t  es t imates  o f  d a t a  acqu i s i t ion  

and associa ted  cos t s  f o r  Code approval of  a "commercial" ma te r i a l  under 

Code Case 1592 run as  high a s  $3,000,000 over a per iod  of  s e v e r a l  years .  

Qua l i f i ca t ion  of "new" mate r i a l s  would c e r t a i n l y  involve considerably higher 

c o s t s  and longer times. 

Compatibility Requirements. Mater ia ls  i n  a VHTR-coal conversion 

system w i l l  be exposed t o  one o r  more of  a t  l e a s t  t h r e e  d i f f e r e n t  corros ive  

environments: helium, water/steam and process r e a c t a n t s  and products.  The 

e f f e c t  of temperature on a given corros ion process can normally be expressed 

i n  terms o f  the  Arrhenius equation: 

k = Ae -Q/RT 

where k is  t h e  r eac t ion  r a t e ,  Q is  t h e  a c t i v a t i o n  energy requi red ,  A is a 

cons tant  f o r  t h e  p a r t i c u l a r  r eac t ion  (bu t  does depend upon t h e  a c t i v i t y  of 

t h e  r eac tan t s )  and T i s  t h e  temperature. Thus, i f  t h e  supply of  r e a c t a n t s  

is  no t  l imi ted  and t h e  process i s  not  a l t e r e d ,  such a s  by the  formation of 

adl iere~~t  surface  f i lms,  r eac t ion  r a t e  should vary exponent ia l ly  with t e m -  

pera ture .  

Oxidation r e s i s t a n t  a l l o y s  such as  s t a i n l e s s  s t e e l s  and N i - C r  a l l o y s  

genera l ly  form p r o t e c t i v e  oxide coat ings  i n  a i r  t h a t  serve  a s  b a r r i e r s  t o  

f u r t h e r  reac t ion .  In  s i t u a t i o n s  where t h e  oxidiz ing p o t e n t i a l  is low and 

t h e  temperature is s u f f i c i e n t l y  high,  t h e  oxide f i l m  may not  be  prot .ect ive,  

e i t h e r  because of  l imi ted  su r face  coverage, i n s t a b i l i t y  o f  t h e  coat ing  o r  



diffusion ra tes  through the  film are high. Such s i tuat ions could r e su l t  

i n  loca l  and/or intermit tent  accelerations i n  reaction r a t e  or breakaway. 

These conditions can a lso  be conducive t o  internal  oxidation. 

Refractory metals do not generally form protective oxide films. A t  low 

p a r t i a l  pressures of oxidizing gases,they w i l l  in ternal ly  oxidize u n t i l  they 

are  saturated. A t  higher pressures or  a f t e r  longer times,oxide scales form, 

but they are  not generally protective,  as they tend t o  spa11 or vola t i l ize .  

Most refractory metals tend t o  form carbides when exposed t o  carburizing 

environments a t  high temperatures. Carbon pickup can aeeur with o r  without 

the formation of surface films, depending upon the alloy syst&n, pressure 

of the carburizing specie and temperature. Unlike oxide filii~s, carbide 

layers on refractory metals can be protective under cer tain environmental 

conditions. 

The mechanical behavior of s t ruc tura l  materials can be affected by 

reactions with these environments. However, it is  not possible t o  predict  

the e f f ec t s  on materials i n  general, because both strengthening and weaken- 

ing have been reported a f t e r  exposure t o  various environments. Also, it 

has been observed t h a t  the elevated creep strength of some alloys i s  l e s s  

when contamination occurs during t e s t s  as compared with alloys t h a t  are 
1.3 

doped with ident ica l  impurity levels pr ior  t o  creep test ing.  Alloys ex- 

h ib i t ing  t h i s  charac ter i s t ic  can undergo accelerated creep rates  for  short  

periods. I n  general, these alloys do not form a surface film and t h i s  

phenomenon i s  thought t o  be related t o  dissolution of the impurity and 

subseqbent precipi ta t ion as a grain bouridaw phase. Gas-metal reac,tior.ls 

resul t ing in  the formation of a continuous surface film usually strengthen 

the material provided the film remains in tac t .  

The VHTR primary coolant is helium and it w i l l  contain reactive impuri- 

t i e s  such as H O2 (very low) , N2, CO and CHx. ' M I ~ s  kind of envir@'nineisr 
2 ' x I 

can be oxidizing o r  reducing and carburizing or  decarburizing with respect to  

canponents i n  an alloy. To determine what materials are  compatibli with an 

environment, it is necessary t o  evaluate the e f f ec t s  of a range of contami- 

nants on each material and then define a t  what level  the alloy becomes un- 

su i tab le  for  a par t icu lar  application. 

Several investigators have attempted t o  determine the e f f ec t  of environ- 

ment on the mechanical properties of materials t ha t  a re  of in t e re s t  here. 



M C C O ~ ' ~  measured t h e  creep-rupture behavior  o f  type  304 s t a i n l e s s  s t e e l  i n  

CO, C 0 2 ,  N 2 ,  a i r ,  argon,  H z ,  and O2 a t  1500°F and 1700°F and found t h a t  

s t r a i n  r a t e  increased  i n  t h e . o r d e r  l i s t e d  f o r  t h e s e  environments. Exposure 

t o  CO-CO environments r e s u l t e d  i n  c a r b u r i z a t i o n  of type 304 s t a i n l e s s  2  
s t e e l  and increased  i t s  c reep  s t r e n g t h .  Wood, Farrow, and I3urkel5 s t u d i e d  

t h e  e f f e c t  of a i r  and helium (two impur i ty  l e v e l s :  H 2 ,  CO, H 0, and N on 
2 2  

t h e  c reep  and r u p t u r e  behavior  of  316 s t a i n l e s s  s t e e l  a t  1470°F). Rupture 

t imes were s h o r t e r  and creep  r a t e s  h ighe r  i n  helium when compared wi th  a i r .  

Specimens t e s t e d  i n  a i r  showed t h i c k ,  r e l a t i v e l y  uniform s c a l e s ,  while  t hose  

t e s t e d  i n  helium showed non-uniform oxide  l a y e r s ,  and s e l e c t i v e  g r a i n  boun- 

dary pene t r a t ion .  Other  i n v e s t i g a t o r s ,  16'17 however, have i n d i c a t e d  l i t t l e  

d i f f e r e n c e s  between a i r  and helium environments on t h e  mechanical proper- 
. . 

t i e s  of  s t a i n l e s s  s t e e l s .  

Corrosion r a t e s  have a l s o  been r epor t ed la  f o r  Incoloy 800, Inconel  

600, Inconel  617, Has te l loy  X I  Haste l loy  S , ' a n d  304 s t a i n l e s s  s t e e l  a f t e r  

exposure t o  helium conta in ing  i m p u r i t i e s  a t  p a r t i a l  p r e s s u r e s  s i m i l a r  t o  

t hose  expected t o  occur  i n  t h e  primary coo lan t  of .  an ope ra t ing  HTGR. Tes t  

cond i t i ons  were 1200, 1400, and 1600°F f o r  t imes up t o  10,000 h r .  Under 

t h e s e  cond i t i ons  t h e  m a t e r i a l s  were oxid ized  t o  depths  o f  l e s s  than  0.002 

i n .  Rate 05 a t t a c k  increased  wi th  temperature,  b u t  t h e  i n c r e a s e  from 

1400 t o  1600°F was always l e s s  than a  f a c t o r  o f  two. There was no evidence 

of c a r b u r i z a t i o n  nor  deca rbu r i za t ion  of  t h e s e  a l l o y s .  

McCoy and ~ o u g l a s ~ ~  c reep  t e s t e d  niobium a t  1700°F and 1850°F i n  

atmospheres o f  A r ,  Ar p l u s  a i r ,  wet A r  H and N They found t h a t  02 in -  2  ' 2 ' 
creased  t h e  c reep  s t r e n g t h ' b u t  t e s t i n g  i n  H and H 0  g r e a t l y  reduced t h e  

2  2 
c reep  s t r e n g t h .  The c reep  d u c t i l i t i e s  o f  t h e  specimen were n o t  apprec iab ly  

impaired even a f t e r  a  pickup o f  5100 pp'm 02. Nitrogen,  however, was found 

t o  have a  s i g n i f i c a n t  s t r eng then ing  e f f e c t .  A N concen t r a t ion  o f  1000 ppm 2  
s e r i o u s l y  e m b r i t t l e d  N b  and 2000 ppm doubled i t s  room temperature pro- 

p o r t i o n a l  l i m i t  b u t  reduced i t s  d u c t i l i t y  t o  e s s e n t i a l l y  zero .  A t  1800°F 

s t r a i n s  a t  rup tu re  were 9-18% a f t e r  t h e  a d d i t i o n  of  2000-3000 ppm N t o  Nb. 
2  

C o n t r a r i l y ,  Stoop and shahinianaO found no in f luence  of  n i t rogen  up t o  4600 

ppm on t h e  d u c t i l i t y  of niobium a t  1900°F. 



Liu and 1nouye2' determined t h e  t e n s i l e  p r o p e r t i e s  of TZM (Mo-0.5% 

Ti-0.08% Zr-0.03% C) a f t e r  exposure t o  low pressure  0 , CO, and H 2 0  a t  
2 5 

1520°F and 1832OF. Specimens exposed t o  0 a t  1 x 10 t o r r  f o r  2000 h r  2 
a t  1520°F showed smal l  inc reases  i n  s t r eng th  and decreases i n  d u c t i l i t y  

i n  room temperature t e n s i l e  t e s t s .  However, room temperature d u c t i l i t y  

decreased rap id ly  when the  exposure temperature was r a i s e d  t o  1832OF, 

and complete embri t t lement occurred when t h e  samples contained 300 ppm 0 2 ' 
This embri t t lement was f e l t  t o  be t h e  r e s u l t  of i n t e r n a l  oxidat ion  o f  Ti 

and. ZT: i.n the a l l  oy. 

Based on r e a c t i v i t y  wlch oxygen, it lniyhl: Le expected that moiybdcnum 

would be less s u s c e p t i b l e  t o  high temperature gaseous corrosion than Nb o r  

Ta. A f t e r  500 h r  a t  2100°F i n  300 p s i  helium containing l e s s  than 1 ppm 

( p r i n c i p a l l y  H no oxygen d e t e c t e d ) ,  Nb and Ta were s i g n i f i c a n t l y  contam- 2 ' 
i n a t e d  by oxygen and carbon while M o  and W were unaffected.  22 ~t tempera- 

t u r e s  below 1400°F,H2 can s i g n i f i c a n t l y  embr i t t l e  Nb and Ta. Molybdenum 

and W ,  however, do no t  appreciably i n t e r a c t  with H2. Chandler and Walter 
2 3 

have published a comprehensive review of the  e f f e c t s  of hydrogen on re f rac -  

t o r y  mctalc.  

Oxide ceramics genera l ly  have good r e s i s t a n c e  t o  s t rongly  oxidiz ing 

environments such as a i r .  S i l i c a ,  l~owever., C ~ J I I I U L  be used uilder seducing 

condi t ions  a t  h igh  temperatures because it forms a v o l a t i l e  lower oxide,  

SiO. Be0 r e a d i l y  v o l a t i l i z e s  when exposed t o  water vapor above 3000°F 

and,when.heated i n  t h e  atmospheres of  gas- f i red  furnaces , loses  a con- 

s i d e r a b l e  amount of weight. 24'25 Alumina i s  chemically one of the  most 

s t a b l e  and mechanically one of the  s t r o n g e s t  r e f r a c t o r y  oxides a t  moder- 

a t e  temperatures. I t  i s  r e s i s t a n t  t o  a l l  gases except F a t  temperatures 
26 2 

i n  excess of 3000°F, and i s  s t a b l e  i n  both  oxidiz ing and reducing 

atmospheres. 

S i l i c o n  carbide  i s  s t a b l e  i n  a i r  below 1800°F and above 2150°F bu t  

ox id izes  r ap id ly  between these  temperatures. 
2 7 

s i l i c o n  n i t r i d e ,  S i  N 
3 4'  

i s  very s t a b l e  i n  a i r ,  bu t  tends t o  corrode rap id ly  i n  l i g h t l y  oxidiz ing 

environments due t o  the  formation of v o l a t i l e  SiO. 

The condi t ions  expected i n  the  PHX of a WTR-coal conversion system 

severe ly  r e s t r i c t s  t h e  choice of cons t ruct ion  mate r i a l s .  Corrosion reac- 

t i o n s  involving impure helium have already been discussed.  Process atmos- 

pheres w i l l  contain H 0, H 2 ,  CO, C02, N 2 ,  H S ,  numerous hydrocarbons, and 
2 2 



o the r  types of corrodants  such as  chlor ide  s a l t s .  Hydrogen embri t t lement,  

carbur iza t ion ,  s u l f i d a t i o n ,  s t r e s s  corrosion and p i t t i n g  a r e  some of t h e  

corrosion processes t h a t  can occur. In add i t ion ,  t h e  presence of s o l i d  

p a r t i c l e s  i n  t h e  gaseous stream can lead  t o  d e t e r i o r a t i o n  by eros ion.  Pro- 

grams a r e  cu r ren t ly  underway t o  a s sess  the  compat ib i l i ty  o f  ma te r i a l s  with 

process environments, b u t  d a t a  a r e  sparse  thus  f a r .  Experiments a r e  a l s o  

underway t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of coat ing  a conventional m a t e r i a l  

s u b s t r a t e  with a corrosion r e s i s t a n t  ma te r i a l .  Meta l l i c ,  ceramic, cermet 

and mixed oxide-cermet coat ings  a r e  being inves t iga ted .  Oxide ceramic 

coatings appear s t a b l e  with respect  t o  oxidiz ing environments, bu t  t h e r e  

a r e  some d a t a  t o  suggest t h a t  S-- r ap id ly  pene t ra te s  these  coat ings  and 

a t t acks  t h e  subs t ra t e s .  Nickel-base m e t a l l i c  coat ings  appear t o  r e s i s t  

oxidat ion b e t t e r  than cobalt-base coat ings ,  bu.t t he  l a t t e r  a r e  more r e s i s -  

t a n t  t o  a t t ack  from s u l f i d a t i o n .  

Water/steam compat ib i l i ty  with ma te r i a l s  being considered f o r  HTGR 

steam generators  has r ecen t ly  been reported.  28 For app l i ca t ions  above 

800°F, Incoloy 800 and 2 1/4 C r - 1  Mo s t e e l  a r e  being considered. Data 

on steam corrosion of 2 1/4 C r - 1  Mo s t e e l  was previously reviewed by 

C h a k r a b ~ r t ~ ~ ~  i n  1972. For cons t ruct ion  of a 950°F steam genera tor  f o r  

the  LMFBR,corrosion allowance of 0.010 t o  0.027 i n .  have been recommended 

t o  account f o r  general  corrosion and pe r iod ic  descal ing .  The cur ren t  HTGR 

design includes a 0.030 i n .  allowance f o r  a 40-year design l i f e .  A number 
30-33 

of inves t iga to r s  have s tudied  the  corrosion behavior of Incoloy 800 

from 1050°F t o  1380°F i n  superheated steam with a v a r i e t y  of oxygen and 

o the r  contaminants. The h ighes t  r a t e  reported was 0.001 in. /yr  for a 

th ree  year  t e s t  a t  1300°F i n  steam containing 20 ppm 02,  2-3 ppm H 2  a d  

0.5 ppm chlor ide .  Some d a t a  have been reported34 which suggest  t h a t  gen- 

e r a l  corros ion r a t e s  may increase  under h e a t  f l u x  condit ions.  Recent work 

i n  ~ e n n a n ~ ~ ~  showed no such e f f e c t  i n  t e s t s  a t  840°F t o  1300°F and 2200 

ps ig .  Tests  a r e  cu r ren t ly  being c a r r i e d  ou t  a t  o R N L ~ ~  t o  evaluate  the 

e f f e c t  of hea t  f l u x  on t h e  genera l  corrosion r a t e  of 2 1/4 C r - 1  Mo 

s t e e l .  

The a l loy  2 1/4 C r - 1  Mo has been found t o  r e s i s t  s t r e s s  corrosion 
3 7 

cracking i n  steam environments containing up t o  10 ppm ~ 1 - .  S t ress -  

corrosion s u s c e p t i b i l i t y  of a u s t e n i t i c  a l l o y s  has received extensive study 

a t  General ~ t o m i c . ~ ~  Tests  performed on a l l o y s  such a s  Incoloy 800 have 



ranged from acce le ra ted  condi t ions  (bo i l ing  magnesium c h l o r i d e ,  oxygen/ 

c h l o r i d e  contaminated steam, e t c . )  t o  exposure under more r e a l i s t i c  con- 

d i t i o n s .  Specimens t h a t  were f u l l y  s e n s i t i z e d ,  unsens i t ived,  with 

r e s i d u a l  s t r e s s e s  from a  bend, and with s t r e s s e s  near  y i e l d  from a  clamped 

bend,were t e s t e d .  Incoloy 800 proved t o  be extremely r e s i s t a n t  t o  s t r e s s  

co r ros ion  i n  these  t e s t s .  

I n  one s e r i e s  of autoclave  t e s t s ,  tube-to-tubesheet j o i n t  mockups 

werc exposed i n t e r m i t t e n t l y  t o  wet steam a t  316OC containing 2 ppm ch lo r ide  

and s e v e r a l  ppm oxygen. To inc rease  t h e  s e v e r i t y  o f  some t e s t s ,  the s t e m  

was s a t u r a t e d  with a i x .  I n  a l l  of these  t e s t s ,  X ~ C U ~ Q ~  800 tubes survived 

wi th  no evidence of stress corrosion cracking while type 304 s t a i n l e s s  s t e e l  

tubes  su f fe red  s t r e s s  corros ion cracking when exposed to  t h e  oxygen-h~aring 

environment. 

I n  another  s e r i e s  o f  autoclave t e s t s ,  bend specimens of  Incoloy 800 

and Incoloy 800-to-2 1/4 Cr-1 Mo s t e e l  b i m e t a l l i c  welds w e r e  exposed a t  

316OC t o  w e t  steam conta in ing 2 ppm chlor ide  and 5 ppm oxygen. Af ter  

1000-hr n e i t h e r  specimen showed evidence of s t r e s s  corros ion cracking. 

S t r u c t u r a l  S t a b i l i t y  of Materials .  Alloys heated t o  high temperature - 
o f t e n  undergo mic ros t ruc tu ra l  changes which genera l ly  a t t e c t  t h e i ~  prapcr- 

t imes.  This i s  a  very s e r i o u s  concern f o r  long time high temperature com- 

ponents , s ince  it can r e s u l t  i n  a  l o s s  of mechanical s t r e n g t h  ctnd d u c t i l i t y  

dur ing  opera t ion .  I n s t a b i l i t i e s  can take  t h e  form o f :  

1. R e c r y s t a l l i z a t i o n  

2.  Grain Cxob~tb 

3. Phase Changes 

a.  Dissolu t ion  

b. P r e c i p i t a t i o n  

c. Maw P~IP.w?.s 

4. Phase Agglomeration 

F e r r i t i c  a l l o y s  undergo g ra in  growth above 1650°F which lowers t h e i r  

impact s t r e n g t h  a t  room temperature. S t e e l s  containing Mo a r e  p a r t i c u l a r l y  

s u s c e p t i b l e  t o  r e c r y s t a l l i z a t i o n  and g ra in  growth above 1400°F. Unalloyed 

molybdenum has been observed t o  r e c r y s t a l l i z e  a s  low as 1650°F depending 

upon p r i o r  h i s t o r y .  Molybdenum i s  a p a r t i c u l a r l y  s t r u c t u r e  s e n s i t i v e  

m a t e r i a l  which has i t s  b e s t  p r o p e r t i e s  i n  t h e  f ine-grained condit ion.  



Chromium s t e e l s  containing l e s s  than 13% C r  a r e  sub jec t  t o  temper 

embrittlement when heated t o  750-1000°F, bu t  p roper t i e s  can be re s to red  by 

heat ing  t o  more than llOO°F. Nickel-base a l l o y s ,  p a r t i c u l a r l y  those  t h a t  

a r e  y' strengthened,  a r e  prone t o  y' agglomeration which reduces t h e i r  

creep s t r e n g t h  and d u c t i l i t y  .39 The formation of sigma phase (FeCr) i n  

high chromium s t e e l s  a t  1020-1470°F g r e a t l y  lowers impact s t r eng th  of 

these  a l loys .  

Liu, e t  a1. , l3 found t h a t  Ta-8% W-2% Hf could t o l e r a t e  oxygen l e v e l s  

a s  high as 4200 ppm before completely los ing  its d u c t i l i t y  i f  t h e  a l l o y  

was annealed a t  3100°F a f t e r  being doped a t  1832OF. However, without  t h e  

annealing treatment the  specimens were completely embr i t t l ed  a t  800 ppm 

oxygen. 

Many Fe- and Ni-base a l l o y s  depend upon carbide  p r e c i p i t a t e s  f o r  

t h e i r  high temperature s t r eng th  and corros ion res i s t ance .  When these  a l l o y s  

a r e  heated t o  high t e m p e r a t u r e s ~ t h e  carbides  may agglomerate o r  change 

morphology. These changes can r e s u l t  i n  l o s s e s  i n  s t r e n g t h  and/or d u c t i l i t y  

of the  a l loy .  

Some oxide ceramics such a s  ha fn ia ,  z i r con ia ,  and s i l i c a  undergo phase 

transformations t h a t  l i m i t  t h e i r  use. Ceramics such a s  alumina, b e r y l l i a ,  

s i l i c o n  carbide and s i l i c o n  n i t r i d e  a r e  s t r u c t u r a l l y  s t a b l e  a t  t h e  tem- 

pe ra tu res  o f  i n t e r e s t  t o  VHTRs. 

Fabricat ion.  The f a b r i c a b i l i t y  of  p o t e n t i a l  ma te r i a l s  f o r  t h i s  appl i -  

ca t ion  v a r i e s  widely. In genera l ,  a l l o y s  with inc reas ing  s t r e n g t h  a r e  more 

d i f f i c u l t  to fabricate. .  Superalloys siich a s  Renel-80, U-700, and IN-738 a r e  

n e i t h e r  f ab r i cab le  nor weldable. High s t r e n g t h  a l l o y s  such a s  Waspalloy 

and U-500 a r e  f ab r i cab le  i n t o  primary shapes, b u t  would be d i f f i c u l t  t o  make 

i n t o  thin-walled tubing and a r e  crack s e n s i t i v e  when welded. Molybdenum 

, can be fab r i ca ted  i n t o  t h e  required shapes,  b u t  i s  crack s e n s i t i v e  when 

welded. Molybdenum welds have d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures of 

500°F or  higher. 

Many of t h e  s t a i n l e s s  s t e e l s ,  Inconels ,  Has te l loys ,  and Incoloys a r e  

r ead i ly  f ab r i cab le  and weldable. Techniques a r e  we l l  e s t a b l i s h e d ,  and t h e r e  

has been considerable i n d u s t r i a l  experience with these  ma te r i a l s .  Niobium 

and tant.alum metal and a l l o y s  are a l s o  r e a d i l y  f ab r i cab le  and weldable. 



HoweverIan i n e r t  p r o t e c t i v e  atmosphere i s  requi red  dur ing high temperature 

me ta l  working t o  prevent  embr i t t l ing .  I n  add i t ion ,  tantalum i s  q u i t e  expen- 

s i v e  r e l a t i v e  t o  conventional  a l loys .  

Ceramic mate r i a l s  a r e  d i f f i c u l t  t o  f a b r i c a t e  and jo in  and e x h i b i t  poor 

toughness,  e s p e c i a l l y  i n  t ens ion .  I f  used, designs w i l l  have t o  keep these  

m a t e r i a l s  under compression. Severa l  techiques a r e  a v a i l a b l e  f o r  f a b r i c a t -  

i n g  ceramics i n t o  shapes. These inc lude:  r eac t ion-s in te r ing ,  h o t  p ress ing ,  

chemical vapor depos i t ion ,  and ion p l a t i n g .  Methods of jo in ing include 

(1) merhan i cal., ( 2 )  brazinq,  aiid ( 3 )  high Lex~lperature d i f  fucion bondinr~, 

An a l t e r n a t i v e  t o  cons t ruc t ing  the PHX of a c e r a ~ ~ i c  ma te r i a l  i 3  t o  

c o a t  a conventional  m a t e r i a l  ~ W s t r a L e  with a ceramic. Tochn iq~es  i n c l  i ~ d e  

(1) plasma spraying,  (2)  d i f f u s i o n  bonding, ( 3 )  ion p l a t i n g ,  (4) CVD, 

and (5)  PVD. Most such methods a r e  expensive and considerable development 

would be  requi red  before  complfcated shapes could be s a t i s f a c t o r i l y  

coated.  

2 .  Candidate Mater ia ls  f o r  Nuclear Power P l a n t  Construct ion 

Temperature C l a s s i f i c a t i o n .  This s e c t i o n  w i l l  descr ibe  the  c l a s s e s  

of  m a t e r i a l s  which a r e  a v a i l a b l e  f o r  t h e  cons t ruct ion  o f  components and 

s t r u c t u r e s  o f  nuclear  power p lan t s .  Whenever poss ib le ,  emp11as.i~ has been 

placed on those m a t e r i a l s  which a r e  cu r ren t ly  acceptable under SecLion I11 

of t h e  ASME BPVC f o r  use i n  Class 1, 2 ,  and 3 components. C l a s s i f i c a t i o n  

o f  m a t e r i a l s  i s  based p r imar i ly  on t h e i r  p o t e n t i a l  s e r v i c e  temperature cap- 

a b i l i t i e s .  

Component temperatures l e s s  than 700°F. A l l  of the  many carbon s t e e l s ,  

low-alloy s t e e l s ,  f e r r i t l c  s t a i n l e s s  sLeels ,  a u s t e n i t i o  ~ t a i n l e o o  stc~ls, 

and Ni-base a l l o y s  given i n  Appendix I t o  Section 111, Division 1 of the  

ASME BPVD a r e  a v a i l a b l e  f o r  use i n  Class 1-3 components a t  temperatures 

t o  700°F. Examples of design s t r e s s e s  f o r  t y p i c a l  ma te r i a l s  a r e  given 

i n  Tables 5 through 9. A t  700°F environmental e f f e c t s  i n  helium and i n  

most process  appl.i.cations should no t  s i g n i f i c a n t l y  a f f e c t  mechanical proper- 



Table 5 

Design Stresses for SA-387, Grade 2 
1 / 2  Cr-1/2 Mo Steel Plate 

Temperature 
OF 

Allowable Stresses (ksi)  

Class 1; Sect. I11 Class 2 ,  3; Sect. I11 Class 2 ,  3; Sect. V I I I  



Design Stresses for SA-213, T-22 2 1/4 Cr-1 Mc 
Steel. Seanless Tubing 

Temperature Allowable Stresses (ksi) 

OF Class 1; Sect. I11 Class 2, 3; Sect. I11 Class 1; Case 1532* Class 2, 3; Sect. VIII 

100 20.0 15.0 15.0 

200 18.5 , 15.0 15.0 

300 18.0 15.0 15.0 

400 17.9 15.0 15.0 

500 17.9 115.0 15.0 

600 17.9 15.0 15.0 

700 17.9 15.0 17.9 (17.9) 15.0 

800 16.1 (17.9) 15.0 

900 9.6 (111.9) 13.1 

1000 5.2 (6.3) 7.8 

1100 2.7 (3.3) 4.2 

1200 1.4 (1.7) 1.6 

* 
'mt 

, t = 300,000 hr; (t = 100,003 hr) . 



Table 7 

Design Stresses for SA-240, Grade 405 1 2  C r - A 1  Fe r r i t i c  
Stainless Steel Plate 

Temperature 
Allowable Stresses (ksi)  

OF Class 1 ;  Sect. I11 Class 2 ,  3; Sect. I11 Class 2 ,  3; Sect. V I I I  



Table 8 

Design Stresses for SA-240, Grade 304 18 Cr-E Ni 
Austenitic Stainless Steel Plate 

Allowable Stresses (ksi) 
Temperature 

OF Class 1; Sect. I11 Class 2, 3; Sect. I11 Class 1; Czse 1592" Class 2,3; Sect. VIII 

* 
Smt 

t = 300,000 hr; (t = 100,300 hr). 



Table  9 

Desigr. S t r e s s e s  f o r  SB-163, Ni-Fe-Cr Al loy 800H 
Seamless Tubing ( I n c o l o y  8 0 0 ~ )  

Tenper a t u r e  
Allowable S t r e s s e s  ( k s i )  

OF C l a s s  1; S e c t .  I11 Class 2 ,  3 ;  S e c t .  I11 C l a s s  1; Case 1592" C l a s s  2 ,  3 ;  S e c t .  VIII 

* 
S . t = 300,000 h r ;  ( t  = 100,000 h r ) .  

rn t  



Component temperatures of  700 t o  llOO°F. For temperatures up t o  llOO°F, 

Class  2 and 3 components can be cons t ructed  from most of  a l loys  l i s t e d  i n  

Appendix I t o  Sec t ion  111, Division 1 of t h e  Code. However, t h e r e  a r e  some 

except ions  a s  shown i n  Tables 5 and 7.  For example, SA-387, Grade 2 1/2 C r -  

1/2 Mo s t e e l  p l a t e  has a maximum acceptance temperature of 1050°F,and SA-240, 

Grade 405 s t a i n l e s s  s t e e l  p l a t e  is  l imi ted  t o  use a t  1 0 0 0 ° ~ .  Class 1 compon- 

e n t s  opera t ing  up t o  800°F can u t i l i z e  t h e  many a u s t e n i t i c  a l l o y s  i n  

Appendix I ,  bu t  f o r  Class  1 s e r v i c e  above 800°F,only those ma te r i a l s  covered 

i n  Code Case 1592 ( i . e . ,  2 1/4 C r - 1  Mo, 304 s t a i n l e s s  s t e e l ,  316 s t a i n l e s s  

s t e e l ,  and Incoloy 800H) have been approved. I t  i s  important t o  note 

t h a t  environmental e f f e c t s  may become a cons idera t ion  f o r  some a l l o y s  i n  

t h i s  temperature range. 

Component temperatures of 1100 t o  1500°F. Components of Class 2 

and 3 can u t i l i z e  some of t h e  a u s t e n i t i c  a l l o y s  up t o  1500°F ( see  Tables 

8 and 9 ) ;  however, only  304 and 316 s t a i n l e s s  s t e e l  a r e  q u a l i f i e d  f o r  use 

wi th  Class  1 components. Incoloy 800H and 2 1/4 C r - 1  Mo s t e e l  can a l s o  be 

used f o r  Class 1 components t o  temperatures of 1400°F and 1200°F, respec- 

t i v e l y .  We cannot ,  however, endorse t h e  use of t h i s  l a t t e r  a l l o y  ( i . e . ,  

2 1/4 C r - 1  Mo s t e e l )  o r  o t h e r  f e r r i t i c  ma te r i a l s  f o r  use i n  t h i s  tempera- 

t u r e  range because of r e l a t i v e l y  low s t r eng th  (see  Fable 6 ) .  Other al loys,  

no t  cu r ren t ly  covered i n  t h e  ASME Code, a r e  a l s o  p o t e n t i a l  candidates f o r  

s e r v i c e  i n  t h e  1100 t o  1500°F temperature range. These include s t a i n l e s s  

s t e e l s  of the 25 Cr-20 N i  type (with s t ress- to- rupture  i n  100,000 h r  a t  

1500°F about 50% g r e a t e r  than f o r  Incoloy 800H) and Ni-base a l l o y s  such 

as  Hastel loy X (100,000-hr rup tu re  s t r e s s  a t  1500°F approximately Lwice 

t h a t  f o r  Incoloy 800H) and Inconel 617 (with s t i l l  h igher  creep resistmcc). 

Environmental e f f e c t s  (primary coolant  helium, steam/water, and process gas 

environineilts) and therrr~al s t a b i l i t y  w i l l  have t o  be concidered c a r e f u l l y  

f o r  whatever m a t e r i a l s  a r e  se lec ted .  

Component temperatures of 1500 t o  1800°F. There a r e  no mate r i a l s  

c u r r e n t l y  q u a l i f i e d  by t h e  ASME Code f o r  use i n  t h e  cons t ruct ion  o f  nuclear  

power p l a n t  components a t  temperatures above 1500°F. A number of N i -  and 

Co-base a l l o y s  have been developed f o r  use i n  t h i s  temperature range, p r i -  

mar i ly  i n  j e t  engines and gas tu rb ine  app l i ca t ions .  Commercial Co-base 

a l l o y s ,  although r e l a t i v e l y  s t rong  i n  t h e  1500 t o  1800°F range, cannot be  



considered f o r  nuc lear  a p p l i c a t i o n  because of  r a d i o a c t i v e  Co contaminat ion 

problems. (Even Ni-base a l l o y s  conta in ing  s u b s t a n t i a l  Co - i nc lud ing  

Inconel  617 mentioned e a r l i e r  - a r e  suspec t  i n  t h i s  regard.)  The Ni-base 

a l l o y s  a r e ,  i n  gene ra l ,  q u i t e  s t r o n g  a t  1500°F b u t  t h e i r  s t r e n g t h  decreases  

s i g n i f i c a n t l y  between 1500 and 1800°F (by f a c t o r s  of 3 t o  51, and 1000-hr 

rup tu re  s t r e n g t h s  f a l l  t o  4000 p s i  and l e s s .  Examples o f  such a l l o y s  a r e  

Has te l loy  X ,  Inconel  617, and Inconel  X-750. Alloys which main ta in  reason- 

a b l e  s t r e n g t h s  t o  1800°F a r e  of  t h e  cas? type  ( e .g . ,  Alloy 713LC and Inconel  

MA-753). These, of course ,  have only l i m i t e d  a p p l i c a b i l i t y  i n  nuc lea r  

component cons t ruc t ion  because of f a b r i c a t i o n  and jo in ing  d i f f i c u l t i e s .  

.Development of o t h e r  Ni-base a l l o y s ,  bo th  s o l i d  s o l u t i o n  s t rengthened  and 

d i spe r s ion  s t rengthened  wi th  improved f a b r i c a b i l i t y  and s t r e n g t h ,  i s  of 

course ,  p o s s i b l e  b u t  by no means a c e r t a i n t y .  

Ref rac tory  meta ls  and t h e i r  a l l o y s  c e r t a i n l y  posses s  adequate  s t r e n g t h s  

f o r  use  i n  t h i s  temperature range,  b u t  they  a r e ,  i n  g e n e r a l ,  s u s c e p t i b l e  

t o  i n t e r s t i t i a l  ernbrit t lement.  A t  p r e s e n t ,  only a l l o y s  based on Mo could 

be considered a s  s e r i o u s  candida tes  f o r  t h i s  s e r v i c e  and, t hen ,  only i n  

connect ion wi th  t h e  helium coolant .  S t r eng ths  a r e  e x c e l l e n t  wi th  t h e  

s t r e s s  f o r  rup tu re  i n  100,000 h r  a t  1800°F exceeding 15,000 p s i  f o r  Mo-TZM. . 

This  i s  more than  a f a c t o r  o f  10 g r e a t e r  than t h e  s t r e n g t h s  o f  most Ni-base 

a1  loys  . 
Ceramics may a l s o  be considered f o r  some a p p l i c a t i o n s  i n  t h i s  tempera- 

t u r e  range b u t  t h e i r  use  i n  c r i t i c a l  s t r u c t u r a l  suppor t  and p re s su re  r e t a i n -  

ing  components i s  almost c e r t a i n l y  o u t s i d e  t h e  c u r r e n t  s t a t u s  of technology. 

Ser ious  f a b r i c a t i o n  problems w i l l  be encountered with inany o f  t h e  

m a t e r i a l s  mentioned a s  candida tes  f o r  u se  i n  t h i s  temperature r,ange. L i t -  

t l e  o r  no th ing  i s  known with r e s p e c t  t o  t h e i r  long-term thermal  s t a b i l i t y  

and/or i n t e r a c t i o n s  wi th  the environment. None a r e  ASME Code approved and 

such approval  w i l l  be  achieved only  wi th  c o s t s  and e f f o r t s  g r e a t e r  t han  

those  o u t l i n e d  i n  t h e  s e c t i o n  on P res su re  Vessel  Code Cons idera t ions .  

Component temperatures  above 1800°F. Conventional Ni-base a l l o y s  a r e  

almost  c e r t a i n l y  o u t  of cons ide ra t ion  a t  t h e s e  temperatures .  Mo o r  MO- 

base  a l l o y s  have s u f f i c i e n t .  s t r e n g t h  f o r  use  a t  temperatures  s i g n i f i c a n t l y  

g r c a t e r  t han  2000°F; however, f a b r i c a b i l i t y  and compa t ib i l i t y  wi th  process  

environments a r e  major a r eas  o f  concern. Ceramics must be more s e r i o u s l y  



considered a t  these  temperatures,  and t h i s  involves t h e  development of  

innovat ive  designs and f a b r i c a t i o n  and joining technology. A l l  of the  

problems mentioned f o r  1500 t o  1800°F mate r i a l s  w i l l  l i k e l y  be magnified. 

Assessment of  Mater ia l  Candidates a s  a Function of Temperature. The 

p r i n c i p a l  high temperature components of a VHTR-coal conversion system a r e  

t h e  h o t  duc t s ,  i n s u l a t i o n  covers,  process h e a t  exchangers (PHX), op t iona l  

in te rmedia te  h e a t  exchangers ( I H X ) ,  steam genera tors  and var ious  valves and 

s e a l s .  Some t y p i c a l  m a t e r i a l s  t h a t  might be used i n  cons t ruc t ing  these  

components a r e  presented  i n  Tables 10 through 13. Based on t h e  previous 

d i scuss ions  of m a t e r i a l s  requirements, we have a l s o  attempted t o  evaluate  

t h e  p r o b a b i l i t y  t h a t  the  m a t e r i a l s  suggested w i l l  be s a t i s f a c t o r y  i n  these  

a p p l i c a t i o n s .  

Table 10 l i s t s  the  ma te r i a l s  candidates f o r  a system t h a t  provides 

h e a t  f o r  a 1400°F process temperature. For t h i s  a p p l i c a t i o n ,  s e v e r a l  can- 

d i d a t e  m a t e r i a l s  a r e  a v a i l a b l e  f o r  a l l  of  the components. The major prob- 

lem a reas  a r e  t h e  h o t  duc t s  and PHX s i n c e  none of t h e  candidate m a t e r i a l s  

have been Code approved. I n  add i t ion ,  ma te r i a l s  compat ib i l i ty  with t h e  

process  environment is unknown i n  most cases.  Nonetheless, considering ex- 

pe r i ence  with petrochemical  processes ,  we f e e l  t h a t  t h e r e  is a high proba- 

b i l i t y  t h a t  s u i t a b l e  m a t e r i a l s  can be obtained arld q u a l i f i e d  f o r  components 

t o  be used i n  a 1400°F process  system. 

I f  t h e  process temperature inc reases  t o  1500°F, t h e  hot  duct  w i l l  oper- 

a t e  a t  1650-1850°F depending on t h e  design.  PHX and I H X  components w i l l  

a l s o  opera te  i n  t h i s  same range,  and the  p r o b a b i l i t y  of f ind ing  s a t i s f a c t o r y  

m a t e r i a l s  decreases markedly r e l a t i v e  t o  t h e  1 4 0 0 b ~  process ,  p r imar i ly  

because important m a t e r i a l  p r o p e r t i e s  a r e  unknown. 

A t  process temperatures of 1600°F and higher,Mo o r  Mo-base a l l o y s ,  

ceramics,  and/or ceramic coated m a t e r i a l s  w i l l  undoubtedly Le ~ e q u i r c d  for 

t h e  h o t  ducts  and t h e  I H X ,  and i n  some cases f o r  t h e  PHX. Each of  these  

m a t e r i a l s  pose d i f f i c u l t  f a b r i c a t i o n  and jo in ing problems. In  add i t ion ,  the  

p r o b a b i l i t y  of compa t ib i l i ty  problems inc reases  a s  temperature i s  increased.  

Since we can n o t  a s  y e t  i d e n t i f y  s p e c i f i c  candidate ma te r i a l s  f o r  these  

h igher  temperatures,  t h e  chances of  cons t ruc t ing  such a system cannot be 

assured  . 



Table 10 
Mate r i a l  Candidates f o r  C r i t i c a l  Components of t he  

1400°F Process  Temperature VHTR 

Probab i l i t y  
Maximum 0 f 

Operating Ultimate 
Component Temp. Range Typical Candidate Mater ia ls  P o t e n t i a l  Problem Areas App l i cab i l i t y  

(OF) 

Without I H X  

Hot Duct 1550-1650 So l id  so lu t ion  s t rengthsned Thermal s t a b i l i t y .  E f fec t s  of He Good. 
I n s u l a t i o n  Ni-base a l l o y s  such a s  3 a s t e l l o y  environment. Not ASME code approved. 
Covers X ,  Haste l loy S,  and Inconel 617. Co contamination ( Inconel  617).  

PHX 1550-1650 Same as  above. 

Steam 1050-1250 
Generatcr 

Valves and 1350-1450 
Sea l s  

Hot Duct 
I n s u l a t i o n  
Covers 

I H X  1650-1750 

PHE 1500-1600 

Steam 1050-1253 
Generator 

Valves and 1500-1600 
Seals  

Same a s  above. E f fec t s  c f  process  P o t e n t i a l l y  good, bu t  
environment. e f f e c t  of  process  

environment l a r g e l y  
unknown. 

Incoloy 800H, 304 SS, s t a b i l i z e d  Ef fec t s  c f  He and steam environments. Excel lent .  
high-alloy f e r r i t i c s .  Code approval of  high a l l o y  f e r r i t i c s .  

Ni-base a l l o y s  and a u s t e n i t i c  E f fec t s  of  environment. Thermal Good 
s t e e l s  such a s  Inconel  718 and s t a b i l i t y .  Code approval.  Wear and 
347 SS. g a l l i n g  problems. 

With I H X  

1. Same as  without I H X .  1. Sane ss without I H X ,  s t r enq th .  1. F a i r .  
2 .  Mo-base a l loy .  2. F a b r i t a b i l i t y ,  environmental 2. P o t e n t i a l l y  good, b u t  

e f f e c t s ,  Code approval.  unknown. 
3. Advanced super  a l loys .  3. A l l  aspects  from a l l o y  develop- 3. Unknown. 

ment =hrough Code approval. 
4. Ceramics. 4 .  F a b r i c a b i l i t y ,  shock r e s i s t a n c e ,  4. Unknown. 

environmental e f f e c t s ,  Code 
approval.  

Same a s  above. 

Same as  PHX without I H X .  

Sane a s  steam generator  
without I H X .  

Ni-base a l l o y s ,  a u s t e n i t i c  
s t a i n l e s s  s t e e l s .  

A s  above. A s  above. 

A s  PHX without IHX. P o t e n t i a l l y  good bu t  e f f e c t  
of  process  environment l a r g e l y  
unknown. 

A s  s t e m  generator  without I H X .  Excel lent  

E f fec t s  of  environment. Thermal s t a -  Fair-to-good. 
b i l i t y  Code approval of  ma te r i a l s .  
Wear and g a l l i n g  problems. 



Table 11 

Material  Candidates f o r  C r i t i c a l  Components ,>f a  
153CI0F Process Temperature VHTR 

P r o b a b i l i t y  
Maximum o  f  

Operat ing Ultimate 
Component Temp. Range Typical  Candidate Mater ia l s  P o t e n t i a l  Problem Areas .4ppplicability 

(OF: 

Wizt.out IHX 

Hot Duct 1650-1750 1. S c l i d  s d u z i ~ n  strengthened 1. Thermal s t a b i l i t y ,  e f f e c t s  of  1. F a i r .  
I n s u l a t i o n  Ni-base a l l o y s .  envirorment,  ASME Code approval ,  
Covers s t r e n g t h .  

2. Mc-base a l l o y s .  2. F a b r i c a b i l i t y ,  environments: 2 .  P o t e n t i a l l y  good but  
e f f e c t s ,  Code appr.>val. many unknowns. 

I.  Ad;anceJ s ~ p r a l l o y s .  3. A 1 1  aspec ts  from a l l > ?  deve-opmen: 3. Unknown. 
through Code apprcval  . 

4 .  Cetamics. 4. ' a b r i c a b i l i t y ,  shcck r e s i s t s n c e ,  4 .  Unknown. 
environmental e f f e c t s ,  Code 
spproval . 

PHX 1650-1750 $ ,me as a b m e  except  omit 
No-base a l l z y s .  

Same a s  above p l u s  e f f e c t s  of p-ocess A s  above. 
environment. 

Steam 1125-1325 Alloy E.OOH, 3C4 SS, s t a b i l i z e d  E f f e c x  of  He and steam e n v i r o n ~ e n t .  Geed-to-excellent. 
Generator  high-al loy f e n i t i c s .  &de approval of h i q h - a l l . 3 ~  f e r c i t i c s .  

Valves and 1450-1550 Mi-base a l h y s ,  a u s t e n i t i c  
s t a i n l e s s  s t e e l s .  

WiC? IHX 

E f f e c t s  of environm=nt, thermal s t a -  G o d  
t i l i t y ,  Code approv.al f c r  >150W'? 
zppli .zat ions (Class  2.3) and a l l  C l a s  1 
c s e s ,  wear and g a l l i n c .  

Hot Duct 1750-1650 Same a s  ho t  d ~ c t  without  IHX Eame a s  h o t  duc t  without  I H X .  
I n s u l a t i o n  except  s o l i d  s o l u t i o n  N i -  
Covers a l l o y s .  

.Same a s  h o t  duc t  without  IHX. 

I H X  1750-1850 Same i; do-JE.  Same a s  above. S,ane a s  d,ove. 

PHX 1600-1700 Same a; PHX wrthout  IHX. Same a s  PKX without  IEX. Fasr-to-good hut  a p p l i c a b i l i t y  
of  ceramics an8 advanced super-  
a l l o y s  unknown. 

Steam 1125-1325 Same a; s t e m  genera tor  w i t h o r t  I H X .  Same a s  steam genera tor  without  I H X .  Good-to-excellen=. 
Generator  

Valves and 1630-1700 1. Sane a s  v a l l e s  a d  s e a l s  r..ith- 1. Vffectr. of cnviro?nent ,  t ? -emal  1. Fair-to-good. 
S e a l s  out-. IHX h q t  more r e s t r i c z i v z .  s t a > i k i t v ,  Code aoproval ,  =ear and 

q a l l i n g ,  s t r e n g t h .  
2. C ~ 6 t  NL-bass a l l o y s .  1 .  Same a s  above b u t  perhaps nore 2 .  F a i r .  

s e r i o u s  s t a b i l i t y  problems and 
f a b r i c a b i l i t y  ques t ions .  



Table 12 
Material Candidates for Critical Compments of a 

1600°F Process Temserature KiTR 

Probability 
Maximum o f 
Operating Ultimate 

Component Temp. Range Typical Candidate Materials Potential Problem Areas Applicability 
:OF) 

Without IHX 

Hot Duct 1750-1850 (1) Adva?ced superalloys. 
Insulation 
Covers (2) Mo-base alloys. 

(3) Ceranics. 

(1) All aspects from alloy develop- (1) Unknown. . 
ment through ASME Code approval. 

(2) Fabricability, environmental (2) Potentially good bus 
effects, Code approval. unknown. 

(3) Same as (2) plus shock resistance'. (3) Unknown. 

PHX 1750-1850 Advanced superalloys an3 ceramics. Same as above plus process environment. Unknown. 

Steam 1400-1500 Austenitics. 
Generator 

Effects of He and steam environment, Good 
Code approval. 

Valves and 1500-1650 Ni-base and high alloy austenitic Effects of environment, thermal Fair-to-good. 
Seals steels. stability, strength, Code approval, 

wear and galling. 

With IHX 

Hot Duct 1850-1950 (1) Mo-base alloys. (1) Fabricability, environmental (1) Potentially good but 
Insulation effects, Code approval. unknown. 
Covers ( 2 )  Ceramics. (2) As above plus shock resistance. (2) Unknown. 

IHX 1850-1950 Same as above. Same as above. Same as above. 

PHX 1700-1900 (1) Advanced superalloys. (1) Alloy development through Code (1) Unknown. 
approval. 

( 2 )  Ceramics. (2) Fabricability, environmental (2) Unknown. 
effects, Code approvzl, shock 
resistance. 

Steam 1400-1500 ~ustenitics 
Generator 

Valves and 1700-1800 (1) Advanced superalloys . 
Seals 

( 2 )  Cast superalloys. 

( 3 )  Ceramics. 

Effects of He and steam environment, Good. 
Code approval. 

(1) Alloy development thraugh Code (1) Unknown. 
approval. 

(2) Environment, stability, fabrica- (2) Fair. 
bility, wear and galling. Code 
approval. 

(3) As (2) above plus shock resistance. (3) Unknown. 



Table 13 
:.laterial Candidates f o r  C r i t i c a l  Components of 

1800°F and 2000°? Process Temperature VHTR 

Probabil i ty  
Adximum of 

Operating Ultimate 
Component Tenp. Range Typical Candidate Materials Porent ial  Problen Areas Applicabi l i ty  

-(OF) 

Without I H X  (1300°F) 

Hot Duct 1950-2050 (1) Mc-base ~ l l o y s .  (1) Fabr icab i l i ty ,  er.viromenta1 (1) Poten t ia l ly  good, but 
Insulat ion e f f e c t s ,  Code approval. unknown. 
Covers (2) Caamics. (2) Sm.e a s  (1) above plus shock (2) Unknown. 

resis tance.  

PHX 1950-2050 Ceramics. 

Valves and 1750-1850 (1) ALvanced superalloys . 
Seals 

(2) Cast superalloys. 

13) Ceramics 
14) blc-base al loys.  

Hot Duct 2350-2150 
Insulat ion Covers 
I H X  2050-2150 

PHX 1900-2000 

Valves and 1900-2000 
Seals  

Hot Duct 2250-2350 
Insu la t ion  Covers 

I H X  3250-2350 

PHX 

Valves and 2100-2200 
Seals  (1950-2050) 

Same as  (2) above plus p r o e s s  er.vjron- Unknown. 
ment compatibi l i ty .  

(1) Alloy development thr~plgh Code (1) Unknown. 
approval. 

(2) Environment, s t a b i l i t y , - ,  fabrica-  (2) Fair .  
b i l i t y ,  wear and g a l l i r g ,  Code 
approval. 

(3) A s  (2) above p lus  shock resis tance.  (3) Unknown. 
(1) A s  (2) above. (4) Poor-to-unknown 

Zi th  I H X  :1800°F) 

Same a; hot  3cc t  without M K .  Same as  hot duct without IHZ. Same as  hot  duct without I H X .  

Same as above. Same as  above. Same a s  above. 

Ceramics. Same a s  PHX without I H X .  Unknown. 

'(1) Cast sugeral loys.  

(2) M-bise al loys.  
(3) C.eramics. 

(1) Same as  valves and sesks w i e o u t  (1) Poor-to-fair.  
I H X  p lus  s t rength.  

(2) As without I H X .  (2) Poor-to-unknown. 
(3) As without I R X .  ( 3 )  Unknown. 

W i t h  and Without I H X  (2000°F) 

Ceramj.cs znd Ma-base al loys.  A l l  problem areas apply, streng-A oE Unknown. 
No-base suspect a t  upper ~ r ? d .  

Same a s  above. Same a s  above. Unknown. 

Ceramics. A l l  problem areas apply. Unknown. 

Same as valvzs and s e a l s  £or 1800°F process temperature with IBX. 



D. F iss ion  Product Behavior AsDects 

Fiss ion  products e n t e r  t h e  coolant  c i r c u i t  of  an opera t ing  HTGR by one 

of th ree  general  mechanisms. The most d i r e c t  of these  concerns v o l a t i l e  

f i s s i o n  products which a r e  born a s  a r e s u l t  of  uranium contamination o f  su r -  

faces ;  these  species  e n t e r  t h e  coolant  c i r c u i t  with v i r t u a l l y  no a t t enua t ion .  

A second mechanism involves r e l e a s e  from coated f u e l  p a r t i c l e s  i n  which t h e  

e f fec t iveness  of t h e  p ro tec t ive  coat ings  has i n  some manner been compromised. 

Such a l o s s  i n  coated p a r t i c l e  i n t e g r i t y  may r e s u l t  i n  t h e  f ab r i ca t ion  pro- 

cess ,  o r  t o  the  combined inf luence  of  thermal and mechanical s t r e s s e s  on 

otherwise sound coat ings  o r  on coatings t h a t  have been weakened as  t h e  

r e s u l t  of i r r a d i a t i o n  o r  chemical e f f e c t s .  The t h i r d  mechanism f o r  r e l e a s e  

involves t r anspor t  through physica l ly  i n t a c t  p a r t i c l e  coatings.  Obviously, 

not  a l l  t h ree  general ized mechanisms a r e  s i g n i f i c a n t  i n  a p r a c t i c a l  sense 

f o r  a l l  f i s s i o n  products of  i n t e r e s t . .  For example, t r a n s p o r t  of krypton o r  

xenon through i n t a c t  coat ings does no t  t ake  p lace  and can be s a f e l y  ignored 

as an inf luence  on coolant  c i r c u i t  inven to r i e s  of  these  f i s s i o n  products ,  

y e t  d i f fus ion  through coatings can dominate con t ro l  of cesium inventor ies .  \ 

In  a s i m i l a r  ve in ,  the  s ign i f i cance  of r e l e a s e  of a p a r t i c u l a r  f i s -  

s ion  product need not  d i r e c t l y  involve rad io log ica l  cons idera t ions .  The 

s t a b l e  f i s s i o n  product barium nucl ides ,  f o r  example, can appreciably 

inf luence  e f f e c t s  of steam ingresses .  S imi la r ly ,  f i s s i o n  product t e l lu r ium 

o f f e r s  the  p o t e n t i a l  f o r  a t t a c k  of m e t a l l i c  components, r ega rd less  of radio-  

l o g i c a l  f a c t o r s .  Addit ionally,  r a r e  e a r t h  f i s s i o n  products a re  known t o  

a t t ack  S i c  coatings of TRISO f u e l  p a r t i c l e s  and thus  become s i g n i f i c a n t  i n  

terms of providing a mechanism f o r  f u e l  f a i l u r e .  

F iss ion  products e n t e r  t h e  coolant  c i r c u i t  a s  v o l a t i l e  species  and 

as species  a t tached t o  otherwise i n e r t  debr i s .  The r e l a t i v e  magnitudes of 

these  two types o f  d i s t r i b u t i o n  a r e  i n  genera l  unknown, and probably vary 

widely from reac to r  system t o  r eac to r  system. I t  is  a l s o  s i g n i f i c a n t  t o  

note t h a t  species  a t tached t o  mobile debr i s  provide a mechanism f o r  d i s -  

p e r s a l  of nonna1l.y very s t a b l e  chemical forms (which may possess high 

rad io log ica l  t o x i c i t y ) .  The manner by which t h e  f i s s i o n  products  e n t e r  

t h e  coolant  c i r c u i t  w i l l  l ikewise determine t h e i r  d i s t r i b u t i o n  i n  and 

removal from t h e  c i r c u i t ,  and t h i s  can be a major concern r e l a t i v e  t o  main- 

tenance. 



Transpor t  of f i s s i o n  products  along t h e  r e l e a s e  pathway i n t o  t h e  

coo lan t  c i r c u i t ,  and i n  a l a r g e  measure t h e  d i s t r i b u t i o n  along t h e  coolant  

c i r c u i t ,  i s  p r imar i ly  a temperature-dependent process.  Fuel f a i l u r e  

mechanisms, on the  o t h e r  hand, e x h i b i t  a complex i n t e r r e l a t i o n s h i p  between 

tempera ture ,  temperature g r a d i e n t ,  i r r a d i a t i o n  h i s t o r y ,  chemical coiiiposi- 

t i o n ,  and poss ib ly ,  time. 

A l l  designs at tempt t o  maintain f i s s i o n  product t r a n s p o r t  a t  an accep- 

t a b l e  l e v e l  by l i m i t i n g  f u e l  temperature and by providing gas cleanup 

systems. The GA and GE des igns  provide an unfueled g raph i t e  b a r r i e r  between 

f u e l  k e r n e l s  and coolant .  I r r a d i a t i o n  experience i n  t h e  AVR, i n  t h e  Peach 

Bottom HTGR, and i n  t e s t  loops i n d i c a t e s  t h a t  t h e  f i s s i o n  product  content  

of t h e  coolant  is low. Nevertheless,  t h e  des igner  must c a r e f u l l y  consider  

p o t e n t i a l  f i s s i o n  product  r e l e a s e  p a t h s ,  both during normal opera t ion  and 

fo l lowing f a i l u r e s ,  

Tr i t ium i s  another  r ad ioac t ive  species  formed i n  gas-cooled reac to r s .  

Tr i t ium i s  formed i n  t h e  HTGR system i n  t h r e e  ways: by t e rna ry  f i s s i o n  i n  

t h e  c o r e ,  by neutron r e a c t i o n  with l i th ium impur i t ies  i n  core m a t e r i a l s ,  

and by neutron r e a c t i o n  wi th  He-3 i n  t h e  helium coolant .  T r i t i u m  from t h e  

f i r s t  two sources is  l a r g e l y  re t a ined  wi th in  t h e  coated f u e l  p a r t i c l e s ,  s o  

t h a t  t h e  He-3 reac t ion  becomes t h e  p r i n c i p a l  source of t r i t i u m  i n  t h e  

coolant .  Tri t ium can d i f f u s e  through t h e  tubes of a methane-steam reformer,  

posing a t h r e a t  of  contaminating the  process stream. I f  t h e  tubes contain 

an adherent  oxide f i l m ,  t h e  tritium permeation r a t e  would be  very low. 

Some of t h e  r e a c t o r  des igners  be l i eve  t h a t  an oxide f i lm can be maintained 

and t h a t  a methane reformer i n  the  primary helium c i r c u i t  i s  f e a s i b l e .  

Others ,  such a s  t h e  Japanese, have assumed t h a t  an in termedia te  hea t  ex- 

changer w i l l  be necessary.  The I H X  should e l iminate  the  tritium uncer ta in ty  

s i n c e  a d d i t i o n a l  b a r r i e r s  would be placed between the primary helium and 

t h e  p rocess ,  and t h e  secondary coolant  chemistry could be con t ro l l ed .  Con- 

s i d e r a b l y  more a n a l y s i s  of  t h i s  problem is  required.  



E .  Safetv and Environmental Considerat ions 

1. Licensing Process 

P r i o r  t o  t h e  l i cens ing  of a  r e a c t o r  f o r  cons t ruct ion ,  it i s  necessary 

f o r  t h e  appl icant  t o  submit a prel iminary sa fe ty  ana lys i s  r e p o r t  (PSAR) and 

an environmental r epor t  (ER). These r e p o r t s  must prove the  f e a s i b i l i t y  o f  

t h e  proposed nuclear  sys tem. to  operate wi th in  l e g a l  and regula tory  con- 

s t r a i n t s  a t  the  proposed s i t e .  P r i o r  t o  the  g ran t ing  o f  an opera t ing  

l i c e n s e ,  a  f i n a l  s a f e t y  ana lys i s  r e p o r t  (FSAR) and f i n a l  environmental 

impact s tatement (EIS) a r e  issued and approved. The nuclear  coa l  conversion 

system w i l l  have t o  go through t h i s  regula tory  process.  Emphasis i n  t h e  

PSAR and t h e  FSAR w i l l  be on t h e  nuclear  r e a c t o r ,  b u t  it w i l l  be necessary 

t o  show t h a t  the  coa l  process does no t  reduce nuclear  s a f e t y  f a c t o r s .  The 

ER and t h e  EIS w i l l  have t o  dea l  with a l l  impacts of t h e  nuclear  coa l  con- 

version system, w i l l  have t o  demonstrate t h e r e  i s  a demand f o r  t h e  products  

of t h e  system t h a t  can b e s t  be supplied by t h e  proposed f a c i l i t y ,  and , t h a t  

the  b e n e f i t s  of the  system exceed t h e  cos t s .  

Gas-cooled reac to r s  a r e  inherent ly  s a f e  because: 

1. Fa i lu re  of t h e  PCRV containing t h e  r e a c t o r  is  no t  c red ib le .  An 

overpressure (from no c red ib le  cause) would r e l e a s e  gas pressure  and then 

the  crack would "heal" v i a  continued tens ion i n  t h e  tendons. Fuel  would b e  

contained. 

2 .  The core i s  l a rge  and all-ceramic. Several  hours a r e  a v a i l a b l e  

following an accident  t o  e s t a b l i s h  c i r c u l a t i o n  wi th in  t h e  r e a c t o r  f o r  

removal of a f t e r h e a t .  

3 .  Some designs remove a f t e r h e a t  by n a t u r a l  c i r c u l a t i o n .  

4 .  The reac to r  has a  s t rong  negative temperature c o e f f i c i e n t  of 

r e a c t i v i t y  and is  the re fo re  very s t a b l e .  

wliile the  VHTR w i l l  opera te  a t  a  higher temperature than t h e  steam- 

generat ing gas-cooled r e a c t o r ,  s a f e t y  cons idera t ions  a r e  expected t o  be  

s imi la r .  Development of the  HTGR f o r  power production should assure  resolu-  

t i o n  of most o f  the  s a f e t y  and environmental ques t ions  p e r t a i n i n g  t o  the  

VHTR. Addit ional  s a f e t y  ana lys i s  w i l l  be requi red  during t h e  development 

process and f o r  l i cens ing ,  however. 



2. Types of Accidents which Must be Considered 

a .  Design Basis  Depressurizat ion Accident. The ca tas t roph ic  f a i l u r e  

of t h e  primary coolant  boundary i s  considered i n c r e d i b l e ,  s ince  n e i t h e r  the  

p r e s t r e s s e d  concre te  r e a c t o r  v e s s e l  (PCRV) pene t ra t ion  c losures  nor the  

PCRV i t s e l f  i s  s u s c e p t i b l e  t o  ca tas t roph ic  f a i l u r e .  However, t h e  design 

b a s i s  depressur i za t ion  acc iden t  (DBDA) i s  assumed t o  be the  depressur iza t ion  

of t h e  primary coo lan t  system through a 100-in.2 flow a r e a  a t  any of t h e  

p o s s i b l e  loca t ions .  An i n v e s t i g a t i o n  of t h e  consequences of  depressur iza t ion  

o r i g i n a t i n g  a t  var lous  l o c a t i o n s  fo r  the sle&i~-generat ing IITGR i n d i o a t ~ s  

t h a t  f a i l u r e  a t  t h e  h o t  p o r t i o n  of  t h e  cyc le  r e s u l t s  i n  t h e  h ighes t  contain- 

ment p r e s s u r e s ,  containment temperatures,  a c t i v i l y  r e l e a s e  from the PCRV, 

and hence l a r g e s t  o f f s i t e  doses. For t h i s  reason,  the  process hea t  r e a c t o r  

DBDA might b e  assumed t o  occur from a break where t h e  r e a c t o r  o u t l e t  gas can 

be  discharged t o  t h e  containment. 

The ana lys i s  developed by GA was based on t h e i r  s tandard  process hea t  

p l a n t  wi th  1600°F r e a c t o r  o u t l e t  temperature (%1400°F process temperature) .  

The expected mode of opera t ion  during a DBDA is  f o r  continued r e a c t o r  

core  cool ing  using t h e  main loop c i r c u l a t o r s  dr iven i n i t i a l l y  by nuclear  

steam. In  an HTGR steam p l a n t ,  complete flood-out of the  stearn genera tors  

occurs  i n  t h e  f i r s t  few minutes of the  t r a n s i e n t .  S t e m  from t h e  [lash 

tanks  can be  used t o  d r i v e  t h e  c i r c u l a t o r s  f o r  s e v e r a l  more minutes. A t  

t h i s  p o i n t ,  a u x i l i a r y  steam i s  required  t o  continue with main loop cooling.  

A l t e r n a t i v e l y ,  t h e  core a u x i l i a r y  cooling system (CACS) i s  i n i t i a t e d  t o  

supply core  cooling. A s i m i l a r  scenario i s  expecCed IUL Lhe process heat 

HTGR. 

The GA ana lys i s  of  t h e  DBDA i n d i c a t e s  t h a t  r ad ioac t ive  r e l eases  t o  t h e  

environment r e s u l t s  i n  doses a t  t h e  exclusion area  boundary and t h e  low 

popula t ion  zone boundary t h a t  a r e  s i g n i f i c a n t l y  l e s s  than t h e  guidel ines  of 

25-rem whole body and 300-rem thyroid  given i n  100 CPR The ana lys i s  

a l s o  i n d i c a t e s  t h a t  t h e  temperatures and pressures  i n  t h e  r e a c t o r  contain- 

ment dur ing  and a f t e r  t h e  acc ident  do n o t  exceed t h e  design values.  These 

analyses  must be r e f ined  and reviewed a s  p a r t  of  t h e  r e a c t o r  design e f f o r t .  



Adequate forced c i r c u l a t i o n  core cooling i s  maintained following t h e  

depressur iza t ion  by use of main loops o r  t h e  a u x i l i a r y  loops opera t ing  

with reduced primary coolant  dens i ty .  No damage t o  e i t h e r  main o r  aux- 

i l i a r y  c i r c u l a t o r s  occurs during t h e  depressur iza t ion .  

b. Loss of Main Loop Cooling. In  t h e  unl ike ly  event  t h a t  primary 

loop cooling is l o s t ,  GA provides a CACS. The CACS u t i l i z e d  f o r  t h e  

process hea t  HTGR is  s i m i l a r  t o  the  design developed f o r  t h e  steam-gen- 

e r a t i n g  HTGR. The CACS c o n s i s t s  of  mul t ip le  p a r a l l e l  loops,  each contain- 

ing  an a u x i l i a r y  h e a t  exchanger, an a u x i l i a r y  c i r c u l a t o r  ( e l e c t r i c  motor 

d r i v e n ) ,  and appropr ia te  helium duct ing  and valves.  The water s i d e  of t h e  

hea t  exchanger includes pumps, r e j e c t  h e a t  exchangers, and var ious  i n s t r u -  

mentation and water q u a l i t y  equipment. Onsi te  a u x i l i a r y  power systems a r e  

provided t o  ensure an adequate supply of  e l e c t r i c a l  power. For a  3000 M W ( t )  

r e a c t o r ,  t h r e e  50% capaci ty  loops a r e  supplied.  S a t i s f a c t o r y  cooldown is  

obtained using any two of the  t h r e e  loops. The average core o u t l e t  temper- 

a t u r e  peaks a t  about 1700°F, well  below any hazardous condit ion.  

The PBR has comparable s a f e t y  systems t o  l i m i t  core  temperature. I n  

the  event  of f a i l u r e  of a l l  s a f e t y  systems, core temperature w i l l  r i s e  t o  

about 2000°C i n  6 hours and h e a t  w i l l  be removed by n a t u r a l  c i r c u l a t i o n  

t o  t h e  cooled p ressure  v e s s e l  l i n e r .  

c.  Product Contamination. I n  the  case of systems where the  process 

h e a t  axchanger i s  i n  the  primary v e s s e l ,  one must a n t i c i p a t e  t h e  sudden 

f a i l u r e  of a  tube. I n  t h a t  event ,  an increase  of r a d i o a c t i v i t y  would be 

detec ted  and valves would c lose  t o  i s o l a t e  t h e  a f fec ted  h e a t  exchanger. 

The contaminated gases would be discarded through t h e  radwaste system. 

d. Process Leak t o  Containment. The process gas conta ins  methane 

a113 hydrogen. It a reformer i n l e t  o r  o u t l e t  l i n e  f a i l s  i n  an uninerted 

containment, t h e r e  could be an explosive mixture i n  t h e  conta inment . i f  

proper precaut ions  a r e  not  taken. The s imples t  precaut ion  is t o  ensure 



t h a t  adequate steam i s  always present  i n  t h e  process stream t o  prevent  

t h e  formation of an explos ive  mixture. A f u r t h e r  p o s s i b i l i t y  i s  t o  use  

only double-walled p ipes  i n  t h e  containment. Then, i f  one pipe f a i l e d ,  

t h e  backup pipe would conta in  the  gas and v i a  pressure  s i g n a l s  inform 

the p l a n t  opera tor  o r  p l a n t  p ro tec t ion  system t o  shu t  down and/or add ex- 

p los ion  r e t a r d e n t s  t o  t h e  loop feed l i n e s .  A s  a f i n a l  a l t e r n a t i v e ,  t h e  

containment could be i n e r t e d  with n i t rogen.  However, t h i s  so lu t ion  has 

s i g n i f i c a n t  disadvantages i n  terms of maintenance procedures. Nonethe- 

l e s s ,  it is important t o  note  t h a t  the  p o t e n t i a l  hazard of having com- 

buotj..hl.e material i n  the containment can be safely conCrollcd by var ious  

methods. 

e .  Steam Ingress  Considerations. Steam ingress  i n t o  t h e  primary 

coo lan t  c i r c u i t  of  a VHTR must be viewed i n  terms of two time frames. 

E f f e c t s  o f  sudden l a r g e  inleakages a r e  genera l ly  of  a short-term nature .  

These inc lude  p o s s i b l e ' i n t e r a c t i o n s  with exposed f u e l ,  f i s s i o n  products ,  

and coo lan t  c i r c u i t  s u r f a c e s ,  which could increase  gas-borne f i s s i o n  

product  inventory;  r eac t ions  with g raph i t e  moderator and s t r u c t u r a l  

m a t e r i a l s ,  which could r e s u l t  i n  t h e  generat ion of explosive concentra- 

t i o n s  of hydrogen and carbon n~u~~ux ide  and/or r c o u l t  i n  t h e  Inss  nf stmc- 

t u r a l  i n t e g r i t y ;  and reac t ions  w i h  neutron poisons,  such as hnfon carbide 

o r  t r i f l u o r i d e ,  which could negate the  intended shutdown funct ions  of 

systems us ing t h e s e  poisons.  

E f f e c t s  of smal l ,  continuous inleakages,  on che other. l ld11~1,  I W S ~  be 

regarded nver a time per iod  t h a t  spans t h e  l i f e  of the  r eac to r .  Two areas  

o f  primary concern i n  t h i s  regard have been i d e n t i f i e d ;  one involves the  

g radua l ,  uniform eros ion of s t r u c t u r a l  graphi te  which car1 r e s u l t  i n  t h c  

sudden co l l apse  o f  a s t r e s s e d  number, whereas t h e  second concerns weakening 

of  m e t a l l i c  members through ca rbur iza t ion  involving reac t ion  product CO, 

and consequent l a r g e  steam ingresses  i n  those cases  i n  which t h e  carburized 

members i s o l a t e  t h e  primary coolant  from steam. 



The steam-graphite r eac t ion  i s  endothermic, hence removal of the  ' 

source of  hea t  is  a most e f f e c t i v e  technique t o  l i m i t  e f f e c t s  of  l a rge  

steam ingresses .  A i r  oxidat ion  of  g raph i t e ,  on the  o the r  hand, is  exo- 

thermic; a s  a r e s u l t ,  t h i s  type of  oxidat ion  mechanism i s  more d i f f i c u l t  

t o  cont ro l .  With re spec t  t o  t h e  VHTR system, however, a i r  ing ress  is  much 

l e s s  l i k e l y  than steam inleakage,  and f o r  those cases i n  which a i r  ing ress  

is  poss ib le  ( a l l  of  which involve primary coolant  system d e p r e s s u r i z a t i o n ) ,  

t h e  e f f e c t s  a r e  predominantly determined by t h e  r a t e  of  a i r  inleakage r a t h e r  

than reac t ion  k i n e t i c s .  

The high temperatures of  the  VHTR g r e a t l y  inc rease  the  r a t e  of  these  

reac t ions .  While t h e  t o t a l  amount of g raph i t e  reac ted  may no t  be g r e a t l y  

a f fec ted  by t h e  temperature l e v e l  (it i s  con t ro l l ed  more by t h e  amount of 

water i n g r e s s ) ,  t h e  VHTR reac t ion  may be  more loca l i zed  a t  the  po in t  of 

steam ent ry .  

The - W concept e l iminates  the  steam ingress  problem by e l iminat ing  

steam generators  i n  t h e  primary system. 

3 .  Types of Environmental Impacts Which Must Be Considered 

a .  Radioactivi ty Emission t o  Environment. The VHTR must contain t h e  

r ad ioac t ive  spec ies  t o  an ex ten t  which s a t i s f i e s  regula tory  requirements. 

Experience gained with HTGR containment should be d i r e c t l y  appl icable .  

While t h e  f i s s i o n  product content  of  t h e  VHTR coolant  w i l l  probably be 

higher than t h a t  of  gas-cooled power r e a c t o r s ,  t h e  emissions from proper ly  

designed VHTRs should be comparable., 

b. Radioactivi ty i n  Product. Steady s t a t e  leakage of  r e a c t o r  coolant  

and/or tritium leakage and d i f f u s i o n  w i l l  r e s u l t  i n  a very small  l e v e l  of  

r a d i o a c t i v i t y  i n  t h e  product.  The vendor s t u d i e s  and German r e p o r t s  ind i -  

c a t e  t h a t  s teady s t a t e  r a d i a t i o n  doses t o  t h e  genera l  pub l i c  r e s u l t i n g  from 

a nuclear  coa l  g a s i f i c a t i o n  p l a i t  would be w e l l  wi th in  a l l  e x i s t i n g  NRC 

regu la t ions  and gu ide l ines ,  and would i n  f a c t  be neg l ig ib le .  

c .  Impacts of  t h e  Nuclear Fuel Cycle. These impacts r e s u l t  from 

uranium mining, processing,  enrichment, f u e l  t r a n s p o r t ,  f u e l  f a b r i c a t i o n ,  

f u e l  reprocessing,  f u e l  r ecyc le  and u l t ima te  waste s torage .  The impacts 

o f  nuclear  coa l  conversion w i l l  be t o  somewhat increase  t h e  number and/or 

t h e  s i z e  of  nuclear  f u e l  cycle  f a c i l i t i e s .  A secondary e f f e c t  w i l l  be much 



g r e a t e r  emphasis on f u e l  cyc le  opera t ions  c h a r a c t e r i s t i c  o f  gas-graphite 

r e a c t o r s ,  e .g. ,  t h e  thorium-U cycle.  
2 3 3  

Perhaps the  g r e a t e s t  long-term impact of  t h e  VHTR would be  a continu- 

i n g  s t r o n g  demand f o r  enriched uranium f u e l  a f t e r  breeders dominate t h e  

e l e c t r i c  power indust ry .  This  demand could be s a t i s f i e d  by a higher r a t e  

o f  uranium mining and/or from f u e l  bred i n  the  breeder r eac to r s .  

d.  General Impacts of  Nuclear Coal Conversion Systems. The nuclear 

c o a l  conversion system has cumulative impacts on land,  water ,  a i r  and 

s o c i e t y  which must be compared t o  t h e  .impacts o f  a l t e r n a t i v e s .  There are 

c l e a r l y  advantages with r e s p e c t  t o  t h e  amount of  coa l  mining and t r anspor t  

d i s tu rbance ,  and from l e s s  a i r  po l lu t ion .  Disadvantages accrue from the  

impact of  a l a r g e r  n a t i o n a l  nuclear  f u e l  cycle  and from t h e  l o c a l  nuclear  

s a f e t y  r i s k s .  

F. C o u ~ l i n u  of Reactor and Process:, P o t e n t i a l  Need 
f o r  an Intermediate Heat Exchanger ( I H x )  

The dec i s ion  on whether t o  use an I H X  has important repercussions on 

f e a s i b i l i t y ,  c o s t ,  and safety/environmental e f f e c t s .  These quest ions a r e  

s u f f i c i e n t l y  complex t h a t  a good d e a l  u1 Lime, and pasgibly come actual 

l i c e n s i n g  a c t i o n s ,  w i l l  be required f o r  complete r e so lu t ion .  

Proponents of t h e  methane-steam reformer type of coupling have concluded 

t h a t  t h i s  process can be  c a r r i e d  ou t  without an I H X .  l t5   heir ana lys i s  shows 

t h a t  t h e  r a d i o a c t i v i t y  i n  t h e  product gas i s  n e g l i g i b l e  and t h a t  t h e  r eac to r  

s a f e t y  problems can be  resolved.  

The o t h e r  nuclear  coa l  process couplings,  steam-coal g a s i f i e r s  and 

thermochemical hydrogen process ,  a r e  bel ieved by a l l  t o  r equ i re  I H X s .  The 

f a i l u r e  of process h e a t  exchangers i n  these  systems could s i g n i f i c a n t l y  

damage t h e  r e a c t o r .  

The advantages o f  having an I H X  a r e  t h e  following: 

1. Reduce o r  e l imina te  t h e  t r a n s p o r t  of  r a d i o a c t i v i t y  i n t o  t h e  

product.  

2. Reduce o r  e l imina te  t h e  ingress  .of water and hydroye11 illto 

t h e  r eac to r .  

3 .  Improve main ta inab i l i ty  o f  t h e  process h e a t  exchanger. 

4. Reduce r e l i a b i l i t y  demanded o f  PHX. 



5. Reduce poss ib le  hazardous i n t e r a c t i o n s  of process and nuclear  

p l a n t ,  such as  explosions which could damage r e a c t o r  equipment. 

6. Reduce s i z e  of  t h e  PCRV and poss ib ly  of  PCRV pene t ra t ions .  

Disadvantages include:  

1. The cos t .  Process h e a t  c o s t s  may be increased by 20%. 

2. Need t o  develop higher-temperature ma te r i a l s  Cby 50°C-100°C) 

f o r  t h e  primary system, t o  achieve t h e  same process temperature. 

3. Need t o  develop t h e  I H X  and high-temperature containment valves 

opera t ing  i n  t h e  secondary helium. 

4. More opera t ing  components, increas ing p r o b a b i l i t y  of p l a n t  

outages. 

5. Lower e f f i c i ency .  

The ana lys i s  of I H X  i s  f u r t h e r  complicated by t h e  spectrum of choices 

between a "pure" primary process HX and a "pure" I H X .  This.spectrum in -  

cludes a t  l e a s t  t h e  following: 

1. Primary PHX ins ide  t h e  r e a c t o r  vesse l .  

2. Primary PHX ins ide  t h e  containment bu i ld ing  bu t  ou t s ide  t h e  

r eac to r  vesse l .  This would improve main ta inab i l i ty .  

3 .  IHX-PHX i n s i d e  the  r eac to r  v e s s e l  cons i s t ing  of double-walled 

tubes with helium pressure  i n  between. 41 This would reduce 

s teady-s ta te  ma te r i a l  t r anspor t  between process and nuclear  

systems, b u t  may n o t  improve s a f e t y  scenar ios .  

4. I H X  f o r  process ,  bu t  steam genera tor  s t i l l  i n s i d e  the  r e a c t o r  

v e s s e l  and d i r e c t l y  coupled. 

5. I H X  i n s i d e  PCRV, and PHX i n s i d e  containment vesse l .  

6.  I H X  i n s i d e  PCRV, PHX and steam genera tor  ou t s ide  containment 

vesse l  ("pure" I H X  system) . 
V. ECONOMICS 

A.  Process Heat Cost - 
Oak Ridge National Laboratory, with a s s i s t a n c e  from United Engineers 

and Constructors ,  has estimated VHTR process h e a t  cos t .  Figures 12 and 13 

g ive  t h e  range of est imated c o s t s  of nuclear  process h e a t  when suppl ied  

from a 3000 MW(t) VHTR, considering t h e  presence o r  absence of  an inter- 

mediate h e a t  exchanger a s  a parameter. The economic ground r u l e s  used i n  

obta in ing these  es t imates  a r e  given i n  Table 14. 
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FIGURE 12. Process Heat Cost from a VHTR vs 
Maximum Process Temperature, Utility Financing 
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FIGURE 13. Process Heat Cost from a VHTR vs 
Maximum Process Temperature, I n d u s t r i a l  Financing 
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Table 14 

Economic Ground Rules Employed i n  VHTR Evaluat ion 

Reference P l a n t  S i z e ,  M W ( t )  - 3000. 

Process Heat Cost i s  evaluated assuming a l l  energy from t h e  
r e a c t o r  has  t h e  same value independent of t h e  form of t h e  
energy o r  how it is  used. 

J u l y  1974 Dol lars  - No ~ s c a l a t i o n .  

15% and 25% Fixed Charge Rate. 

C a p i t a l  Costs Include:  Direc t  Costs 
I n d i r e c t  Costs 
I n t e r e s t  During Construct ion - 8%/yr. 

Fuel Cycle c o s t  Bas is :  U308, S/lb 3 o 
Enrichment, $/SWU 75. 

6 
O&M Costs - 9 x 10 $/yr. 

These cos t s  a r e  based on pre l iminary ,  conceptual des igns ,  and r e l y  

heav i ly  on vendor information. The c o s t s  which a r e  presented may change 

a s  a r e s u l t  of f u r t h e r  research  and development and of more d e t a i l e d  design.  

The genera l  t r e n d  o f  inc reas ing  h e a t  c o s t  with inc reas ing  temperature 

r e s u l t s  from increased c o s t s  of m a t e r i a l s  and components, and more e l a b o r a t e  

systems t o  maintain t h e  f u e l  a t  acceptable temperatures. The d i s c o n t i n u i t y  

i n  c o s t  above 1600°F process  temperature stems from t h e  need t o  introduce 

e x o t i c  high temperature a l l o y s  and/or ceramics i n t o  t h e  high temperature 

comgonents . 
While process h e a t  c o s t s  inc rease  with temperature,  t h e  usefulness  of  

t h e  process  hea t  is a l s o  increased.  Table 15  i l l u s t r a t e s  t h e  e f f e c t  of  

maximum process temperature on the  e f f i c i e n c y  of a t y p i c a l  nuclear  coa l  

conversion process (production of hydrogen v i a  the  General Atomic/Stone and 

Webster p rocess ) .  E f f i c i ency  is  expected t o  increase  from 52% a t  1200°F 

maximum process temperature t o  69% a t  2000°F. 



Table 15 

Estimate of t h e  Eff ic iency of  Hydrogen Production P lan t s  
Using t h e  General Atomic/Stone and Webster Process ('from 
~ e f . 4 1  ) 

Maximum Process Temperature, OF 

Heat Inputs ,  lo9  B t u h r ,  

Nuclear 

Coal 

Hydrogen Production Rate, 

Mscfd (a) 

Liquid Fuels Production, 
109 Btu/hr 

Export E l e c t r i c  Power , MW 

Ef f i c i ency ,  % (b) 

( a )  A t  32OF, 1 atmosphere. 

(b) Defined a s  f u e l  and e l e c t r i c i t y  o u t p u t s h e a t  inputs .  

The e f f e c t  of s i z e  on energy c o s t  is given i n  Fig. 14. A r ecen t  

design study by GE of  a 500 M W ( t )  PBR hea t  source ind ica ted  h e a t  c o s t s  
4 2 

i n  the  range o f  $4 t o  $6/106 Btu. There is  c l e a r l y  a s i g n i f i c a n t  

advantage of scale i n  VHTR process h e a t  cos t .  

The foregoing es t imates  may be compared with es t imates  o f  process 

hea t  c o s t  using o i l  and coal shown i n  Figs.  15 and 16, r e spec t ive ly .  The 

process hea t  c o s t s  displayed i n  Figs.  1 2  t o  16 do n o t  take  i n t o  account 

t h e  r e l a t i v e  usefulness of t h e  process hea t  de l ivered  from t h e  re spec t ive  

sources.  Generally, nuclear  process h e a t  is expected t o  be competi t ive 

with o i l ,  and competitive with coa l  i n  many loca t ions .  

Another important aspect  of VHTR economics is  t h a t  t h e  c a p i t a l  c o s t  

predominates i n  r e l a t i o n  t o  f u e l  c o s t ,  ac ind ica ted  i n  t h e  following break- 

down of cos t s  of  a 3000 M W ( t )  p l a n t  (with IHX, 1600°F p rocess ) :  

15% FCR 25% FCR 

Cap i t a l  Cost 167 74.5 2 78 80.5 

Fuel Cycle 44 - 19.5 -- 5 4 - 15.5 

To ta l  224 100 345 100 
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FIGURE 14. Effec t  of Size on Energy Costs 
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FIGURE 15. Cost of Process Heat from an Oil-Fired Process Heater 
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FIGURE 16. Cost of Process Heat from a Coal-Fired Process Heater 



B. Fuel Cycle Considerations - 

1. The Thorium-Uranium Fuel Cycle 

The gas-graphite r eac to r  is  an e f f i c i e n t  converter  r eac to r  and is  ex- 

tremely f l e x i b l e  with regard t o  use of a l t e r n a t i v e  nuclear  f u e l s .  The 

f u e l  cycle most commonly proposed by GA and by t h e  German developers of 

these  r eac to r s  is  t h e  thorium-uranium cycle (Fig. 1 7 ) .  This f u e l  cycle  

has the  advantages of lowest cos t  and of  higher conversion r a t i o  of f e r -  

t i l e  Th t o  U233 f u e l  i n  comparison t o  the  conversion of  f e r t i l e  U238 t o  

plutonium, based on a developed f u e l  recycle  technology. This i s  due t o  

t h e  super ior  nuclear  c h a r a c t e r i s t i c s  of U233 r e l a t i v e  t o  e i t h e r  U235 o r  

plutonium i n  the  neutron energies  t y p i c a l  of gas-graphite r e a c t o r s .  

The problems of  f u e l  element prepara t ion  and design have been thor-  

oughly addressed. Fuel elements have been fabr i ca ted  by commercial vendors 

f o r  both HTGR and PBR designs.  These elements perform well  i n  r eac to r s .  

The fab r i ca t ion  of g raph i t e  f u e l s  a t  c o s t s  assumed i n  the  economic ana lys i s  

w i l l  requi re  the  establishment of la rge-sca le  manufacturing f a c i l i t i e s .  

The reprocessing of s p e n t g r a p h i t e  f u e l s  r equ i res  a s p e c i a l  head-end 

process t o  e x t r a c t  f u e l  ma te r i a l s  and f i s s i o n  products q u a n t i t a t i v e l y  and 

t o  pu t  them i n t o  aqueous so lu t ion .  This i s  followed by a r e l a t i v e l y  con- 

vent ional  so lvent  ex t rac t ion  process t o  separa te  uranium, thorium and 

f i s s i o n  product wastes. 

The f u e l  recycle  s t e p  is  a d i f f i c u l t  one i n  t h a t  t h e  bred U i s  con- 
233 

taminated with U whose daughters a r e  highly rad ioac t ive ,  r equ i r ing  
333  ' 

remote handling behind shie ld ing.  ERDA has b u i l t  some a p p l i c a b l e  labora-  

to ry  f a c i l i t i e s  a t  Oak Ridge, and i s  considering a proposal  f o r  the  con- 

s t r u c t i o n  of a p i l o t  p lan t .  

Ultimate waste d isposal  from t h e  uranium-thorium cycle  would be s i m i -  

l a r  t o  t h a t  from l ight-water  r eac to r  f u e l  cycles .  There would probably be 

fewer long-lived a c t i n i d e  i so topes  t o  s t o r e .  ERDA cur ren t ly  i s  speeding 

up the  development of waste d i sposa l  f a c i l i t i e s  f o r  a l l  nuclear  f u e l s .  

2.  Al ternate  Fuel Cycles 

Another f u e l  cycle  f o r  t h e  VHTR would involve. use of  s l i g h t l y  enriched 

uranium f u e l  a s  proposed by GE.2 This f u e l  cycle  produces some plutonium 

i n  t h e  spent  f u e l .  This approach could make use of some l ight-water  
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FIGURE 17. Thorium-Uranium Fuel Cycle 
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r e a c t o r  f u e l  cyc le  f a c i l i t i e s ,  b u t  f u e l  f a b r i c a t i o n  and spent  f u e l  d i s so lu -  

t i o n  f a c i l i t i e s  would be s i m i l a r  t o  those  of  t h e  thorium-uranium cyc le .  

Another opt ion  would be i n d e f i n i t e  s t o r a g e  of t h e  spen t  f u e l .  

A higher  conversion r a t i o  thorium-uranium cyc le  is  p o s s i b l e  by inc reas -  

i n g  t h e  thorium-uranium loading i n  t h e  co re ,  o r  by a combination of  i nc reas -  

i ng  t h e  r e f u e l i n g  frequency, decreas ing  t h e  f u e l ' s  f i n a l  burnup and some 

inc rease  i n  t h e  thorium loading.  These systems would have h ighe r  f u e l  inven- 

t o r y  b u t  lower n e t  f u e l  dep le t ion .  The g r e a t e r  throughput r a t e s  caused by 

t h e  decrease  i n  f u e l  res idence  t ime w i l l  cause i n c r e a s e s  i n  t h e  f a b r i c a t i o n  

and reprocess ing  c o s t s .  The h ighe r  conversion r a t i o  systems may become t h e  

most economic approach when uranium is  more va luab le  t han  a t  p re sen t , and  

a f t e r  t h e  uranium recyc le  s t e p  i s  f u l l y  commercialized, b u t  t h i s  i s  depen- 

den t  upon inventory charge r a t e .  

Gas-graphite r e a c t o r s  can a l s o  accept  plutonium f u e l s ,  p a r t i c u l a r l y  a s  

mixed wi th  thorium. 

3. Fue l  Cycle Parameters and Economics - 
The gas-graphi te  r e a c t o r s  a r e  i n t e rmed ia t e  i n  f u e l  economy between 

l igh t -water  r e a c t o r s  and t h e  LME'BR a s  shown i n  Table 16.  

Uranium is c u r r e n t l y  be ing  p r i c e d  i n  t h e  range of  $20 t o  $40/lb U308. 

There i s  cons iderable  unce r t a in ty  i n  t h e  e x t e n t  of  U.S. uranium resources .  

The exp lo ra t ion  f o r  a d d i t i o n a l  n a t u r a l  uranium o r e  i n  t h e  United S t a t e s ,  a 

coopera t ive  e f f o r t  between indus t ry  and ERDA s t a f f  and l a b o r a t o r i e s ,  has  

been speeded up. The National  Uranium Resource Evalua t ion  (NUFE)  program 

i s  w e l l  e s t a b l i s h e d  and pre l iminary  reassessments  o f  uranium re sources  i n  

about 30 o f  t h e  43 uranium d i s t r i c t s  have been completed us ing  knowledge 

of t h e  geology of uranium, previous  evidence o f  uranium occurrences ,  and 

evidence o t h e r  than t h a t  ob ta ined  from d r i l l i n g .  This  p re l imina ry  phase 

w i l l  b e  completed f o r  t h e  United S t a t e s  i n  1976. By 1980, t h e  pre l iminary  

information w i l l  be p a r t i a l l y  confirmed by d r i l l i n g .  



Table 16 

Typical Reactor Fueling Requirements and Costs 
. 

Reactor Spec i f i c  Conversion Typical Fuel 

"m" Inventory Ratio Cycle Cost* 
Icg Pi33ilc,'P.W (t) t,/MBtu 

Light-Water Reactor 0.85 0.6 . 4 0 
HTGR-U233 Recycle 0.6 0.65 4 2 
HTGR-NO Recycle 0.7 0.6 4 4 
HTGR-~igh conversion" 0.7-1.0 0.8 40-51 
LMFBR 0.80 1.15 15 

*Based on U308 a t  $30/lb, Enrichment a t  $75/Separate Work Units (sWU) 

~ 2 3 3  a t  $38/gr, Pu239 241 a t  $27/gr 
Fuel Fa.brication - L W ~  - $75/kg 

HTGR - $300/kg 
LMl?BR - $250/kg 

Fuel ~ e ~ r o c e s s i n ~ ~  - $120/kg 
U t i l i t y  Finance Basis 

aThe lower values a r e  est imated i f  r e f u e l i n g  frequency can be in-  
creased without s i g n i f i c a n t  downtime penal ty .  The higher values 
a r e  est imated f o r  systems i n  which t h e  conversion r a t i o  is  increased 
by inc reas ing  the  thorium loading. 

b ~ h e r e  is considerable uncer ta in ty  regarding f u e l  reprocessing cos t s .  
The value  of $120/kq was a ground r u l e . i n  t h e  vendor s t u d i e s .  
Real c o s t s  w i l l  almost c e r t a i n l y  be higher than t h i s .  



A recent  es t imate  of the  U.S. uranium resources i s  shown i n  Table 1 7 .  
4 3 

In addi t ion  t o  the  uranium shown i n  Table 1 7 ,  the re  . is about 5 mi l l ion  t o n s  

of U 0 ava i l ab le  from Chattanooga sha le  a t  a c o s t  of about $100/lb. It  i s  3 8 

Table 17 
3 

U.S. Uranium Resources (10 tons  U 0 3 8 

Estimated Addit ional  Resources 
($ / lb  U308) Reserves Probable Poss ib le  Speculat ive Tota l  

8 200 300 2 00 3 0 730 

expected t h a t  about 2 mi l l ion  tons  of  uranium w i l l  be needed by t h e  year  

2000, br inging the  p r i c e  range dur ing VHTR deployment t o  perhaps.$30 t o  

$100/lb U308 ( i n  cu r ren t  d o l l a r s ) .  The uranium p r i c e  would tend t o  be i n  

the  lower p a r t  of  t h i s  range i f  breeders were widely used f o r  e l e c t r i c i t y  

generat ion.  

The s e n s i t i v i t y  of VHTR f u e l  c o s t  t o  uranium c o s t  i s  shown i n  Fig. 18. 

V I .  CONCLUSIONS AND RECOMMENDATIONS - R&D NEEDS 

Conclusions 

1. Process temperatures up t o  the  1400 t o  1500°F range a r e  achievable 

with near-term technology. The major development cons idera t ions  a r e  high 

temperature m a t e r i a l s ,  t h e  s a f e t y  ques t ions  ( i n  p a r t i c u l a r  regarding t h e  

i s o l a t i o n  loop) and t h e  reformer o r  process h e a t  exchanger. 

2. Process temperatures of 1600°F a r e  somewhat more d i f f i c u l t  and w i l l  

demand an expanded mate r i a l s  program and probably more time. 

3 .  Process temperatures i n  the  range of  1600°F t o  2000°F a r e  poten- 

t i a l l y  achievable b u t  would requ i re  a much l a r g e r  development program over 

a longer per iod  of  time. Some major u n c e r t a i n t i e s  i n  t h i s  h igher  tempera- 

t u r e  range include hea t  exchanger design and mate r i a l s  (poss ib ly  ceramics) , 
ducting and v e s s e l  i n s u l a t i o n ,  f i s s i o n  product  r e l e a s e  and t r a n s p o r t ,  s a f e t y  

and poss ib ly  advanced f u e l  p a r t i c l e  design. 



ORE COST ($/lb - U,O,) 

FIGURE 18. VHTR Fuel C o s t ,  ~ h o r i u r n - U r a n i u m  Cycle 



4 .  Certain unique f e a t u r e s  of  t h e  VHTR concepts appear t o  requi re  

s p e c i f i c  comment: 

a .  An i s o l a t i o n  loop appears t o  be d e s i r a b l e  from t h e  stand- 

po in t  of  s a f e t y  and very l i k e l y  w i l l  be requi red  f o r  most process 

hea t  app l i ca t ions .  The t y p i c a l  process f l u i d s  appear t o  have the  

p o t e n t i a l  f o r  c rea t ing  hazardous and damaging reac t ions  i n  t h e  p r i -  

mary reac to r  loop. An i s o l a t i o n  loop would. provide an opportunity 

t o  clean up contaminants from both the  process and t h e  r e a c t o r  

and avoid t h e  in t roduc t ion  of process f l u i d s  i n t o  t h e  r e a c t o r  

system and l ikewise avoid the  p o t e n t i a l  r e l ease  of r ad ioac t ive  con- 

taminants.  A p u r i f i c a t i o n  system must be assumed as  a p a r t  of the  

i s o l a t i o n  loop. 

Addit ional  work t o  look a t  a l t e r n a t e  design approaches f o r  the  

i s o l a t i o n  loop t o .  reduce c o s t s  appears worthwhile. 

b. The GA f u e l  concept appears adequate f o r  the  1400 t o .  

1600°F maximum process temperature range bu t  a t  some small  penal- 

t i e s ' i n  f u e l  cycle  c o s t  and/or pumping power a s  temperatures a r e  

increased.  Beyond t h i s  temperature range,  advanced f u e l  p a r t i c l e  

development i s  required.  

The pebble bed f u e l  concept presented by GE appears capable of 

h igher  process temperatures than the  GA pr ismat ic  f u e l  concept. 

The OTTO (Once through then ou t )  cycle has not  been demonstrated, 

however . 
The Westinghouse f u e l  system would requ i re  more development 

than the  o t h e r  concepts. 

c.  The p res t re s sed  c a s t  i r o n  vesse l  ( P C I V )  proposed by Westing- 

house could be  very worthwhile and is  recommended f o r  add i t iona l  

study. This concept could save considerable c o s t  and on-s i te  con- 

s t r u c t i o n  time i f  remotely f ab r i ca ted  i n  a f ac to ry  and assembled 

on s i t e ,  The app l i ca t ion  of t h e  PCIV is  not  l imi ted  t o  the  VHTR 

concept; the re fo re ,  it is  recommended t h a t  t h e  PCIV be evaluated 

a s  a p a r t  of t h e  o v e r a l l  Gas-Cooled Reactor Program. 

d. The use of gas tu rb ines  i n  the  VHTR concept a s  proposed by 

Westinghouse is  not  recommended: This item alone would appreciably 

increase  the  c o s t  and time requi red  f o r  the  R&D program. 



e .  I f  an i s o l a t i o n  loop i s  requi red ,  s i g n i f i c a n t  cos t  savings 

i n  PCRV ( o r  PCIV) and containment bu i ld ing  c o s t s  can be rea l i zed  

i f  steam genera tors  a r e  located  only i n  t h e  intermediate loop out- 

s i d e  t h e  PCRV. Also, t h i s  would e l iminate  t h e  p o t e n t i a l  f o r  steam 

i n g r e s s  i f  t h e  a u x i l i a r y  coolant  system and o t h e r  miscellaneous 

a p p l i c a t i o n s  of water  (steam) were revised .  In  view of t h e  higher 

temperature of  the  g raph i t e  moderator, inherent  i n  higher o u t l e t  

coo lan t  temperature concepts ,  the  e l iminat ion  of p o t e n t i a l  steam 

i n g r e s s  could be an important advantage i n  r eac to r  s a f e t y .  

5. The c o s t s  f o r  nuclear  process hea t  a r e  expected t o  be comparable 

t o  process hea t  c o s t s  from o i l  a t  $8 t o  $12 /ba r re l ,  o r  from coal  a t  $1  t o  

$2 p e r  mi l l ion  Btu. P r e c i s e  comparisons a r e  premature and should await 

f u r t h e r  development of complete process systems. A r e l a t e d  f a c t o r  is  

timing. The VHTR cannot be  commercially deployed u n t i l  t h e  1990s; a t  t h a t  

t ime f o s s i l  f u e l  c o s t s  a r e  expected t o  be much higher than today 's  c o s t s ,  

improving t h e  competi t iveness of t h e  VHTR. 

6 .  The VHTR appears t o  have s i g n i f i c a n t  environmental advantages f o r  

coa l  conversion, p a r t i c u l a r l y  i n  reducing atmospheric p o l l u t i o n ,  bu t  these  

have n o t  been evaluated here .  

B ,  Discussion s f  R&D Progr-F - 

The gas-graphite  r e a c t o r  concept has had t h r e e  h ighly  successful  ex- 

per imenta l  r eac to r  demonstrations: t h e  Dragon Reactor,  t h e  AVR Reactor,  and 

t h e  Peach Bottom HTGK. Fur the r ,  power operat ion of the  Por t  S t .  Vrain HTGR 

is  planned the  f i r s t  p a r t  o t  lY ' t6 ,  and the THTK is scheduled IVL power oper- 

a t i o n  i n  1978. A s t rong  research and development program is being c a r r i e d  

ou t  i n  HTGR technoloqy,including a reas  such a s  f u e l s  and m a t e r i a l s ,  f u e l  

r e c y c l e ,  chemistry and f i s s i o n  product behavior ,  g raph i t e ,  PCRVs, reac- 

t o r  s u r v e i l l a n c e ,  and components t e s t i n g .  Primary USA p a r t i e s  engaged i n  

t h i s  a c t i v i t y  a r e  General Atomic Company, Oak Ridge National Laboratory, 

and Idaho National Engineering Laboratory. The United Kingdom has a l s o  been 

ca r ry ing  o u t  a s t r o n g  program on HTGR technology and design development, 

and Germany has a s t r o n g  program, although development emphasis has been 

on t h e  HTGR-GT and on nuclear  process heat .  France i s  a l s o  becoming s ig -  

n i f i c a n t l y  involved i n  HTGR technology development; f u r t h e r ,  a number of 



nat ions  p a r t i c i p a t e  through the  Dragon Pro jec t .  Development has proceeded 

t o  the  point  where HTGRs appear t o  be commercially v iab le  i f  a s t rong  

research and development program is  continued i n  various a r e a s .  The HTGR 

f u e l  recycle  a rea  is one of concern, inasmuch a s  the  technology has not  

y e t  been completely developed; t h e  l a r g e s t  e f f o r t  i s  being c a r r i e d  out  i n  

the  USA where p lans  a r e  being made f o r  demonstrating f u e l  recycle  technology 

i n  a demonstration p l a n t .  Germany i s  a l s o  car ry ing ou t  s i g n i f i c a n t  work 

i n  f u e l  recycle  technology, and p lans  a more extens ive  program i n  t h e  

fu ture .  

Table 18 i s  a summary of worldwide development p e r t i n e n t  t o  the  VHTR. 

The U . S .  VHTR program is  s t i l l  i n  t h e  formative s tage .  Each vendor 

study considered an R&D program t o  develop t h e  concept. Table 19 p resen t s  

a very prel iminary es t imate  of the  R&D program c o s t s  t o  achieve a process 

temperature of 1400 t o  1600°F based on a review of t h e  vendor es t imates .  

Such a program could be completed i n  6 t o  10 years .  

A s  pointed out  previous ly ,  it is  premature a t  t h i s  time t o  draw con- 

c lus ions  about the  cos t -benef i t  of t h e  VHTR concept. Likewise, it i s  pre- 

mature t o  recommend an o v e r a l l  R&D e f f o r t .  However, t h e r e  a r e  two i n t e r -  

r e l a t e d  areas  of development work which a r e  recommended a t  t h i s  time. The 

f i r s t  a rea  of development work i s  t h e  I H X  o r  in termedia te  loop and t h e  

second a rea  i s  mate r i a l s  development. 

Additional work i s  needed t o  determine i n  a d e f i n i t i v e  manner whether 

o r  not  the  I H X  i s  required,and i f  s o  t o  look i n t o  a l t e r n a t i v e  design 

approaches t o  reduce cos t .  

The materials 'development program discussed i n  Section IVC is  a c r i t i -  

c a l  need. 

It  would a l s o  be appropriate t o  i n i t i a t e  some sa fe ty - re la t ed  s tud ies .  

VHTR s a f e t y  and sa fe ty - re la t ed  technology should be assessed promptly i n  

order  t o  i d e n t i f y  and hopefully resolve  key concerns of importance t o  

. publ ic  sa fe ty .  Background information presented i n  the  vendor r e p o r t s  pro- 

v ides  a s t a r t i n g  po in t .  Preliminary r e s u l t s  i n d i c a t e  t h a t  f i s s i o n  product ,  

primary coolant ,  and primary system mate r i a l s  technology a r e  areas  i n  which 

s a f e t y  s t u d i e s  should be i n i t i a t e d  f i r s t .  

Later  i n  the  R&D groqram,major t e s t  f a c i l i t i e s  w i l l  be required t o  

develop process design parameters and t o  prove t h e  f e a s i b i l i t y  and dur- 

a b i l i t y  of  high temperature components. 



Table 18 

Worldwide VHTR Development A c t i v i t i e s  

USA Germany UK Japan France - 
VHTR Concept Development 

Commercial Reactor Supply 

C~mponent Development 

Nuclear Fuel Cycle F a c i l i t i e s  

Mate r i a l s  

Methane Reformer 

Matching Coal Conversion 

Nuclear Steelmaking 

+Some research  and development reported.  
++Major program. 

Table 19 

Prel iminary Estimate of R&D Program Costs 

IHX 2 5 

Steam Reformer 2 S 

Mater ia ls  30 

Components and Systems Layout 3 5' 

Fuel and Core Components 

Pressure  Vessel 

Component Developmeri l: 

Safe ty  

Contingency, 25% 



A demonstration reactor in the size range of 1000 MW(t) to 3000 MW(t) 

will be required. Such a plant would cost approximately $1 billion (in 

1974 dollars) according to recent projections, and might be authorized 

about 1981 to 1985 for operation in the 1990s. 

The German program currently is based on the target of a demonstration 

pebble-bed VHTR demonstrating coal conversion, to be started up in the late 

1980s. The plant would be sized at 750 MW(t). 
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