










































































































































































































































































































































































































































































































































































































































































































f .1 " 
f .,, .. 

. . 
. 

-.14- XVl:l'-}41/2/71 E . 

,. . "':" - - -
. - ';_'; .. __ : __ 

of '"con?ept_s ·or i-iil·;l .. be superior to' .. ·· 

the other. : 

. - - . '. .--· __ .... ... -; .. - -, ' '·.- ..... 

The second the'· fue;l' 
. • . . :;; ... ·. r .· . . 

·.-!. s-yheme" the two' main' ·,· .· 
. . 

under_. _plug: .. t:ue.l anci;· . .. ' ·. ·. 
' "·. -·. ·.- • f.t' . .<.-_;.. : '•'• f.::; ft: f .. ;.', ;, - 'l .. --

hot·cell. 
·- ... .•., _.... . 1 

.·Again, many· subsyst·em·s !·exist in· 'particular in combin:ttion.- tbie 
.. 

arrangement (pooi or' looP,) chosen regard to cooling al'l'aJtg.e- .. 
' .. . . ' . 

.·_:i 

ments dt1:ring ht:"Jldling, and intermediate previsions. 
"L 

A number of othe_r·.design -.-•xist at this time· b\lt 
' - • ..... " ' ... ' • ' • ... • • • -

these are· dictc..ted by conaidera-iiiQ!fs. aluf·.ist is very likel1: · 
- - -... ; ': ·"!. ..,. 

. the choice 'VIill no longe·r exist On":.e Criteria (design 

_-i 

sn fe sunrds, etc ••• ) ·l'hese e..z:e design optioa.a ... 
.. -- , ....... 

.,.... 

- -choice qf>a. Cl_! 
a low lenknze ·conventional b.uildiflg-; .. 

:double. · 
. .:; _ ... - ' .... . - •. •, '• _ .. ,f.-: .. .. _··'! -:1· ...... :_ .. :---· 

.' ':.: .. .t . ,.- , 
' .C,' j._. ' } • ' • • ' ' • ' I, 

.. "t'. 

4. cC?re catcher.;_ 
: . --·- -

plug .,..·.- · ... .. . ..... . . . 

. . · -or planned will, 

p-lay a .. mnjor in, d&si{;n options and· .in· 

.. 
. ·. 

•, , t lo, I <' ' • ; • "" , _.' ' • .J ...... ,._ ' f • -

the an·ci · . 
"IF ... ;,:• ._ t'L.' -..l·,,.o::;,.• • •' "'j ...,_ : ·• ,tf' '!_ .. , "': '·',"':.o. .' .. .. ·, • ' • • o• • .-.. ... .. ,'"..:...: ........ 

:. ; _' :. p'rooi' J!1f·.''irib)trumetd;trtion :'Rl\d sa'feguards.. . · .. , .'P 

:_ 
: funct.:Lon. one 

tiiJc·. , . •' L 
r: .. . .... ·. ... ·: the .. 

'.' '·"' ··•·---.· .... '. ... .••. ... ..... " '. ', i· · ·.-r. ""! .. _ 4} '"" ... ( ""..., .> • • ·', • ' ',. 

· ·, .fn. · ..• 

.. ---· . 
....... .,( ., ' '. ' . •.• :;_' '······ ... :-... --.- •• .·"' ._: ,· .. 

>•""-- • .a. .... ... . .l.f&.L . .. .. •· ..,,- '·•-- ___ .,._._ .. _.., ___ ;t 
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\·,'hen the first experimental liquid metal cooled rer.ctors were 

designed it \,e.~ ni'Jt immcdi~tely cle.~r that e. \tlh-:>le new technology had 

to be mastered. Most of the early components \'w'ere designed and built 

on n. ,one-of-a-kind basis by adPpting ex~.sting designs ~nd techniques 

to the special needs and the requirements imposed by the use of sodium 

(or NaK). Socl.iur:-1 technology \'lac tl"entcd very sumr,it'.riJ:y, and in general 

tha provision of .:'.n inert coverga.s (hcli um or a.reon) and the assurr.nce 
\ 

of rensonable purity were thought to suffice. EvP.n \·Ihen probler.ts with 

carbon trc.nefer ancl mc.ss trc.nsfer in generel became known, the be..sic 

knoulcdgc in sodium chemistry, metho~s. of e.nalysis t-'.nd on-line instrumen­

tp.tion t'l~s ina.rlequato to assure meaningful experimentation. Sodium chemi• 

otry and tho internctions oi' cladding nnd structurr-tl rnatcrinls with sodium 

ho."IC been studied ext~nsively in recent yer.rs and it should be possible 

to design t~e !'resent, p~OtOtj•:>eS and f~.cd li ties with :reasono.blo confi.-, 

dencq from. this point, of view. A~~lytic~l .methods are-well in hand end· 

in.3trumentation ~ .. nd pu.rif'ic;;tion -'.systems cen be expected to give the 

ncccsaE..r~, assurance to the opryrator for the r:1aintena.nce of qn adequate 

sodium purity. The sa~o is true in regard to the necc$sary inert gas 

Present efforts are concont:•a.tcd on the further development of on ... ... 
\ '. . ' 

line i~ritru~entation for rclicble l9hg-term service ia commercial systems. 
~-

'I'he bchavioUl" D.nd control of fission producto in sodi~tm e..nd a numbet- o! 

apocial effects such ~s rn~terial compatibility in sodfum envi~onment, 

Golf-ucleinc;, \-lear, frctti11g cor::.."'osion, sodiur.a wa.ter re~ction and the 

relc.tivc oquilibrin of impurities in both covergas and sodium need further 

"'ork. 'I'hc dcsisn of purifice-tion systems is ~till lacking the scientific 

basis :o~ R rationAl ~0eign of its components. 

'tlhilc most of the e_?.rly componcntr; opert;'..ted s~tisfactorily and. ·much 

\Jas lc~rnccl Zrnm their rnulfunctions, systematic dovelbpment techniques had 

to b~ n:>plicd v.'hon economic ~"nsi'dorP.~ti one gf'ined in importnnce. It becnme 

clQar thnt in order to develop s~fe, relinble ~~d eco~o~ic components .it 
t - f t 

would be nccos~~~y to provide mPjor test f~cilities and to involve the 

cornp~ncnt can~f~cturers. T~ble IV gives· a ·sum~~ry of facilities buil~ for 

~ tc~tin~ of 

; . 



': 
'-- .. ____ ... _.,..- ---·-... -·- ........... _...._. ···--·-- -······ ···---- .. -- ..... ________ ., -- ._ ...... ___ -' 

., ~;~ -- ... ... :·.,~ .,._ 

'. 

I '~ 

·o\.··:.:l~c,n.::at 'fc~tin~ of diffc:rC!!t r:tt·:-~i.l t_:c·n·· Na-t:a··!:tP<!N SJ'::lt·r..· 
i.;~:·t~·.llr•. ~iv~t e:rnto::.·s and intcrr~1cdi.i~t.e ht-t:~t l!v.: rr:ax £)0° 1Z('/<Y...>"C) 

c/:(''-~.r:r:·:r Stcl~r.-~::>(,(}('G/1~.·o ; ~·~ 

...... ~ .. ~~.-~- v:-~f . ~ 
·r 

\ .. 

1~~~ rr~~F~1~ti0n~l t 
1956 O::-:rution 

--- ____ ., _____ .... -- - # ....... ___ • ..,._. ________ .. _____________ -- -··----- ......... - ••• -~~--- - ....... -.. ....... " .... ____ • -- ------. -~-- .. 

~~--~,: L-.,._;~,_,. ~·-· i' l'~.:.;L fa.:·i_ .• 'i'C'.:;tiu[; of }>Ur;:ps 

1 i t.~· 
rurnp capncity up to 
1 ::.ooo r·• ~ hl 'tr·· ·n r· r, v ./ o.: I A , - ... .t· ··'-',. 

19~1 C0~struction 
19'(1 3 {)~_·'J l"i: t j Oll 

6:;ooc (tntially ·Oll1y 
~)000 ·n3/t ) --·--------l------·-·---~------ ----· -·----·-----··--, ..... --- . --· ___ ... ______ ------~--------- -------------·--------·-· ------------------'-

- ...... 3 ~-:·,-: sc:Jiu::.1 tczt loop 

h.. 

Inv :..:.:3 ti.[;u. t ion of s t c~~r.1 r.c:n~rn. tor 
and intcr:::c~~.inte heat (.:Xclw.nccr 

TcotinG of sodiuM pu~pn 

----------~-·-------------- --··----· ~-~------·-·-··-

·------------------·------·---·--------------------·----·~-----·-----· 

r.::·nce 5 ~~ Grand Qucvilly Inve:->t:i:gution of steam generator Hn-NaK-stc<:lr.i ~V!'3te:ril 
and intermediate hcnt exchnn~cr Na: n~x 600°C(~2~°C) 

1 .; I ., 
.4.. i,..w' 

models Stcn~~: 51t~°C(:iG5°C)/ 
' 130 r.. tr:\ ----------· ----·-------···..,.------------------------·----- ·-··-------··-----··------·---

Testing of stcaQ ccnerato~ 

-----·--·-·--··------------··----~-----------··------

Na-stcam systc·m 
Na • P"tY 6l-.(,"\.! ---·-··- .. :_" _______ _ 1967 Construction 

197~_?-~.:.:?.2:<:~~!.9I·-: _____ ·~ .-
I!1ve~;ti&,cd:f'on of spcci~l nGp.ects Na-fl.:1-ctc:~r.: r;ystc:~ 196.) (;~,J;.St!"llction 
of s ter::-it [.(:ncru torn . Na: r:ta>: :,;:_;OC>l,; 1%5 Ooera tion. for f~::1 

· ·· St·r.!".-.. , ·, . .t,.:-:..-••• r..It.u- QG, /?i)O ~ ~.... 1 of:-~ t~ .• :;:.·r:.--+-io~1 r(,.,. I~::· 
---···-···---·-------·-----·----------------------~-·--------· 

....... _--.:;:=.:.:: . .!._ .... _':__:' _ _:!_:_ .. __ _: .. :.:~~-_:::.=_···---:_~:.~- .. ' __ ..;.::.::::..:~-= ... - .. ~ ... ---:~ .. - . ...:...:.~ 

pUrdpS . Pump cap:.tci ty ~·000 tl3 /h 1957 Co:::struc.tio:::1 
: ~! ~ ~- J j_ ~,: ., -..,- ____ ,_--I---... -...-----·.----- · (15,000 m3/h) 19?0 Or.~:;-r~tion 

---------------·--------·---··- --.. •·· -·-·•••··•••....- r .,.. ___ .,._ .... ._..,. __ 

T~Gt ~ng of. ~0 K.·l _r;tc·ar.a genera tor Na-Na-ztcn~ sy5t~m - 195-3 Construe tion 
nnd l'J !-&\1 intr:rmcdiatc h!!at ex- tia: mnx 65()°C · . 197·1 0::'0ratio:t · pon~~t tezt facility 
chnn;-~Jr · Stc11rn: 6ooc;>C/21? at!'!l -------------.....------··- -·---"'·----------·---------------·--------

t~~t fo=ility Investieation of·various charac- Nn sy$lcm, ~ex 650°C 1969 O~eration 
teristics or sodium co~pon~n~s 

-------·---·----·--- . ____________________________________ _.,.. _______ -----·----------

-~·· -~- .! ... ·;.:_- ·:.:· ·- ....... ~-; .- ........ ~ .... - ... - -· ~-·--·-· • .• :.~-'..1.-·--~.· ,1.·~---- ~-... 
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tho principnl _ .. components c·f i:lai!l concer-n, i.e. the.·stea.m cenern'bor. 

an~ the ~um,s. Industry hRs be~~me.involved increRs~ngly as ~tis enJaging 

·in t:1e dc~ir:n Rnd ·construction of the prototype (de~onstration) pla-.nts and 

:.1 ler.rnin-3 to design :"t.nd fetbri-cc:-.te components to ti£;ht tolerances needed 
• ~ • • ' . ! 

nnd to npply the rigid ~u~lity ~ssur?nca requested by the designer. The 

p~ototype re~ctors under construction or presently ~lnnned ~ill ~llor 

the. firGt 7 e.r.:;e GcaJ.e :--.pp:..ic~tion ·o·r thi3 i 1dustri?.l_ knov1-how. It is_ to 

be expected thut minor _difficult.ies \~ill. ar'ise for most of these plr-.ntzs, 

eGpecially in ~re~s where first-6f-e-~~nd in~us~rie~ activities are ~n-­

vol Vl'?d, such ..... s ~ · · 

the ra~ctor roof required in the pot denigns; the difficul~i~s 

cxryericncel at PFR-nre ~good ex~mple Of thi~; 

- the 1 ::.;ge di.:-:.meter thin-t·r~l:ed pi ping needed for the loop designs; 

- th8 rot::·.ting. p~ug reqni:;;:·ed for mo.st des'igne. 

Mcch~nical fre~ zurf~ce pumps us~~ in the.main sodium circuits as 
• • t ~ 

e.s i:1 te:-mcc~ir-.to'· he~:·t· ezchr.lngers., tnnks ~nd most of the m_inor equip-

.. ·· . 
I I, 

r ··-

t ~ .f... . 1 . ~.,.,- b., t th . t d f th t men T.~nu com:.>on~n ~e pose l'l. ~~-Le pr:o .J~cms. n ls s _age a.r:t .. .:.. or e ~reae or •. : . 

'. 
• !, •• 

.. 
Tnc component of :!!rinci:?al conce.rn over the ;years· has· been nnd still. 

is the .sterm gcne;rator du~ to. the ·exoth:e·r.mic "and· ~i:oient s~diuin/wnter ro-
. • f 

::-.ction phenomenon. ·.:hich \!OUld OCcCUr ih case of" a J.eak. There iS little 
) . 

doubt th~.t single ~-ral:-1. solutions ::.re impo~ed fo.r eco11,omic' reasons.. Wh;i.le 

allof tho demonstr~tion pl~nts ~ill be provided with such single wall 

solutions, none of thc~e proposals is truly repreaen~ntive of commer6til 

designs cnvisa .. gcd for larger pl~nts. Probably' tho· -st~am generators. of tho 

protot·y~c rc.~ctor;; \·.rill opcr.:?.tc ~ee>.son . .,blf -v:el~, but :.may be subjecte.~}:~to . 

f~ec:uent rc~)~.irc which \'Jould r.~duce· the. ~yc-.i'Jn bili ty of the plant. : Th-; . 
extent of t~c ~~r~ remaininc to .reach a.commcrcinl design.will not·bc.clear 

until th~~c ,r~totypds ~rc opera~ed •. 
I ,0 • 

'\ 

... 

• ,t~ 

i -· 
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I.;o c a t :i. on 

. .._ ... 

lP~t!' 

fi r[;t 

','<:-
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-·-·· ··---··-·----------.- .. ~·--··---- ... -·-- -··----··-··· _______ .,..._ ·-·-~----- . ..--....... ---· ---·---- ------

Short description Fissile materi~l 
. 'l'ypi'6al core 
size, liters (fo~.-

critical RVc~age reflector 
.... ------------·----· ~·· ___ ---------·······--·. ----------·--- ------------- -------·- -----·-:------ --------------------------.------~--------------· ___ _:_ __________ t}_l_~-~kn_~-~:;) . 

A tor:d. cs In tcr!l::t ion::tl, 
·cn.i i'for!l :!.a , 

Ald~rme1ston tK 

BFS Obnin~k, US~R 

ZEB~A Winfrith,, UK 

ZFH:..5 Are9nne ,· Ill. i no is 
Z!)E-9 Arconn_c, Illinois 

FRO Stud~vik, Sweden 
\ 

"!·!'!~r>r_;:-~CA C\a~3!'rtchr.:!, ?'rnnc~ 

.ZP?R ... 

STt~i'.: 

K:'1rlsruh9~ F.?.. of Gcr­
r.lany 

Ar gon:i~, ... Id::.ho 

Pettcn~ the N~therlandn 

1955 

_1960 

1961 

1961 

1962 

1963 

196!1-

1964 
1966 ~ 

1966 

1967 

1-968 

1969 

Horiz.0nt~!l, split-tnble 
machine 

Horizontal, ~plit-t~blc­
t'hermal dri vcr 

VcrticaJ., f;p.li t-tnblc 

Vertical, fixed 

Vertical, fixed 

Horizont~l, split-table 

H~riz~ntal, ~plit-table 

Vertical, split-table 

Vertfcal·~- fixed 

Vcrticril, fix(:d 

Horizontal, split-tRble 

- Hori-zo·Rta-1, split-tabl-e 

Vertical, fixod, thermal 
driver · 

U235, Pu?39 (600 !~) 6~)0 

U235, 25 kc of U233 100 (teet zo.ne.) 
\-;ere used in S:):-:10 as-
scmblics 

U235, Pu239 ( LrO kc) 400 

U235 1800 

U235, Pu239 ( lt00 kg) 3000 

U235, Pu239 3000. 

U235, Pu239 3000 

U235 65 

U2"35, Pu239 (20J kt;) 3000 

U235, Pu239 (200 ke) 3000 

U235, Pu239 planned 3000 

·..U235, abou·t 3000<k~ of .. 3000 
Pu'239 planned 

U239 250· 
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Fast reactor snfety has been rn import~nt su~~~~~-~-~r;tion 

fr:om the very beginning. _,: .. :lginally it w·as -tlte ·short neutron lifetim3 that 

c~used concern until it became ~lear thu~ it is actu~lly an advantege 
. . . 

provided that the prompt po,.,cr coefficient is ·negative~ 

The second concern for fc:.st rc~_ctor safety stemmed from the EBR I 

melt--down due to the thermal bo\.,rina- effeet -of resulting 
--------------

~n a positive partial ~nd instantaneous yower c0ei:icient. The problem 

is v1ell understood no"' and, using support and re.stra~nt meche:.nisms, cores 

arc now designad sue~ as to makq these bqwing effect~ neg~tive. 

HO\>/CVer the ceramic fuelled fast re~ctors Ct-\D,_nQi.:..:r·ely "ori the ~her­

mal fuel exp~nsion as· inhe:i:·ent s~-n~~~~tli~-~: ~;~~~h leed .·to' the Doppler 
-----.::----

coefficient becomin-tf'thc_-_ccntcr of :-:tt<:ntion. In f~.ct the role of the 

Doppler effect is twofol~ it tcrmin~tcs the first ,o¥er penk of a fnst 
. ' 

excursion end decrc~ses the total energy relc~sed thus providing the 

necessary time for shut-off systems to rec.ct; by the same tol<en it helps 

to cst~blish inherent operational stability. Second ~t strongly influences 

tho energ1 release figures of ~'~heT~it calcui~tions~ 

By now the theory is well· u~derstood and theoretical values· ~groe 

l.~el-1 with those determined by Doppler measureinents in critical f~cili ties 

.~.n~ SEFOR, usi-ns an entirely different approP-ch ·to rnoasure tho Doppler 

cocffici~nt by use of power excursions. 

The sodiu;n void coefficie~t, negat~ve in the f:irst reactors wit;h 

me:tal fuels c.nd smcoll c.oros, became of ma~or concern 'when it W.!\'8 discovered 

thn.t it night be positive in ~-~lJ:,.rgc ·re2.c~or with UO~/Puo2 fuel. Both 

theorctic~f and cxpox;iment~.l trop.t~h~nt \-J.'=t~ part-iculartly-·drffi~ult :as the 

~effect is governed by diffcranc~~ of major effects Gbsorptio~, spectrum 

h.:.rdcning, t'r..d l.::al-;:ngc::) involvin!j both space and energy depend•.noy. ~The J 

f7\st · critical f<'.cili ty is th~- ·_P::-~nci pal t9ol f~- ~he .expcriment~l investi­

g;"·.t.ion of the soc::.um void c·ovf'ficicnt (Tnbl~ v).; .\¥i th ·recent cdvanoes in 
, L -:-.-: :· p ;;!.: ·~ <. :· . 

tho area. of microccopic crc~s.-se-c-ti/brfs, thq·-~4ct'ot,mination of group coa-
(; . ' ;; 

st;:-n~s ~~nd in· parti culnr calc.tii6.tion:-tl: methods permit-ting three di~ensional 

-- calc~l:-Jtions ( t\·ro [)p~co ~ne! one f)nergy dimension) the. theoretical and ex-

~:~ ... ;· pcrimcnte..l tre~.tment of the N~-void coefficicn t is no\~ rensonably well in 
;:}:-

~:-:!~~ ... _. h:ind, 
r"·' ···; 
A 

;.;,::. .. ; .di:~L 

- -::,J 
. <~~~ 

.. ·~_;1 

_:;· 

.. ,..... 
' . 
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F·~·0m the c~fcty :point of vie~·.' the ·?artial positive void coeffi-
.. 

cicllt plr.ys a r.1a.jcJr :;.~ole in the sequenc~ of eventi:.l :f'ollo1oTing local 

i:1ci<lents inv.olving tho voidina; of zone~ having a positive contribu~. 

ti.un. The most likely incident ·leadinG to such voiding is the block~e 

of a cub ..... sscmbJ.y follov1cd by Nn-uoilin::; (superheat) and Na-ejection. · 

Fuel f~iJ.ure und the possi.bili ty of su;bse'!.uent prop:".lgntion of such fuol 

r~.iln.ce have bec'">me of major conce:-n .:tnd ha,;:; leE!d in recent years to the 

cxtcaeive study of all hyclr~ulic, mech~nical, thermal and chemical pheno­

mi3nr. .. involved in this sequence of events. \-;bile it is probably ·not possible 

to prove that such~ sequence of events.will under no circumst~nces,lead 

to a r.~ajor ~;ccidcrit, the Gi tur:ttion is furthllr :complicated by the diff:icul­

ty.i~ predicting witi1 ~onildcnce the total energy release of a Bet~,-Tait 

c;"er.~.t anci ta :!rove the rei:1ov~bi1i t~,· o: the c..fter r.1eltd-:>\~'%l decay hen:~ of 

a l~rGe core following such R hypotheticAl ~ccidcnt. This _leads to the 

conc~rt of ensicee~ed cnfccuard measure~ which ·in the ca~e of such local 

incir~er~+.s ~re r.i:-r.cd at ~.voiding Na-cjcction: instrui;lontution of each assern- ::,. 

bl~r, indC:l)endent .s!lut-off sy;.,tern, .~voidance of superheat and ~voidance of 

dnm~~e prop~gction by proper ~esign. In such a context it is likely that 
- t ., t . , . ·, ~· 

wnn~ on po2 ~cc~aen pnonomcna suca as aeroso~s, soa1um fireo, equ~tion 
l ~ .• 

of ct~tc, etc. will pley ~ sec9ndary ro~e in ftitur~ R~D. 

Con.si.ste:..1t \Ji th this npproucl1 :-:>f cngincar·,·~e Dafcguards 'is ·the 

n0~ trend to use reli~bility data (f~ilure rates) for t~e establishment 

of f~u:t trees Gnd nttti~tic~l rnethodn to ev~luate the probabiliti of a 

~ivcn .... cc:\.Ci.c!'lt. ~.-n.tilc the m::-thcmatic~l r:~cthodo for· hc.ndling the fault 

troe nrc well adv~nced thG collection of input ·d~te is a major problem. 

The pr::.nc.:.po.i difficulty .:in this ap:n~o~ch to sc.fcty r.".nd in particular 

f~st roQc~or spfuty io the ~ua~tificction of the risk in the tr•mewo~k 

O r " 
.L ·~. cyr.:tem r-tn~1ysis oppro ach. · . 
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In the renctor physics area future \'lork 11Till be directed townrds 

improving Rnd st~nd~rdizing both d~ta librnirics nnd calculational 

m.::thods. In p~~·ticulr-.r fission product crosf-i scctionn will be neede;c1 

in view of tho soft spectrum ~nd hich burnups of futuro ronctors. As 

th~ present c::tcnt of phycics C"\lcul:ttion.s in p:.:.rticul:"tr the NG-void 

c0 c ffi ci c:1 t ju:::t fits the c.::tp.qbil i ty of tod."'.ys com1Ju tcrs, ncu ::tnc im-

p~c,v-:.:cl n:...:thod.s 'diJ 1 be d9velopp0d fo~~ rcetctor n.n.:1lysis nl;ld design ns 

the new l~rge 3rd goncration computoro are becoming av~ilnble. 

Fu~l Elc~ent nnd Fuel Cycle ...........,_...-.-- ........ ___ ---·- ..... _ ....... __ ....... __ 
Tho fuel element is the contr2l component of greatrist concern. 

:It:ro high0r tcmpc-r~.turc ~nd hieh burnup requirements create p~.rticulc.r 

r~:~fficultics -'1nd the sodium nnd f:;..st neutron environment :"lld the use 

of 'lutonium require ~ whole new technology. 

Thc first gcncr~tion of fnst re~ctors used mct~llic fue:s 

'.:hic:1 .,,cr0 nbrndcJncd \tihcn their lir:~i ted burnup potenti~.l was ro;--,lized. 

TLc E·uccc.:.s of oxide fuel for '.!C~tcr re:tctors :cd to their ncceptnnce for 

f~8t re?ctors, so ~uch so th~t in the lnst 10 y~~rG the accent has 

be::-:11 on the dcvclo:)mcnt of uo
2

/Puo
2 

fuc::.s. Originc.l1y th~ principal 

concurn in extending light v~tcr reactor fuel technology to burnups 

of 50- 1C)0,000 r-.;':d/t \'li::tQ tlHJ .S\·.'cllipg of highly irradi~tcd fuel duo to 

~~lid ~nd in pnrticulnr g~scous fic.sion productG. It is only in recent 

y•;r ... rs, as tho expcrimcn t::1.l t estint; of these fuel olemcn tri reached 

higher burnu;:>s, th'1t f'. new phonomenon \'.'l'l.B obf;arved - the swelling of· 

th0 st.::1inlesc ..::tool ~·Thich is used ns claddini_j m'1tcric.l nnd for the 

In f~ct there arc thrco types of irr~di~tion d~m~gc in struc-

fir~t, tho w&ll known lntticc di~plnccrncnt by in~idcnt neutrons be­

comin~ incrc~Eincly severo with dc~reasing temperature and therefore 

called ·l-.?.~.,_ts·.:.~·::?_e_~..:;'ltu.r_9_~<?.E!P£i.:t_~l-cmu~t_; ~bove' about 400° C the anne:1ling 

r~te of this type of irrndintinn d~mnge is ~ufficicnt to repair the 

l.~ttico; 

- sccnnd, the for~~tion of the bubbles by (n~~) rcnctions. As only nt 
0 tomporoturcs ~bovc 500 C the He-~toms have sufficient mobility to 

·( 
-,. 

' I. 

-. 
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/I :(/::~:~-·-" • t. , 

-form ·large bubbles the phe~om,enon ·is ca:~led.JE_i..Et'll ... ~~~P.~r~r~-- .. ~~j._tt:t-~~ . +.·-

'E!.SE.! loading to a reduction of O!!.Pplicnble strains ... Af; the high tempcr.~turo.: em·· 

bri ttl em. becomes i~port~nt only e.t fluenc~s above "'1022 
nvt, this phe~ 

nomE)non- hns not roc·ci ved much at~en tion in thermAl ro.actor technology 
' 21 . 23 

where fluences of '·'10 nvt f'lre ~lci~o'"'n compared to ) 10 nvt envi-saged 
. l'' 

A.lre:--~dy for the prototype :f'~st re~ctors. 

the third tyDc is the void formc~tion by Vt?.cancy condensation which has 

become obvi6ua in the la~t few years et fluences ebove 10
22 ~vt 

retl-ched in· f"lst re.:tctor irr~diations, 'rJhen swelling rates were observed 

·th~t'were larcer then could be accounted for by·the above He-formation. 

,This· phenom-enon is bo'th flux and tcmperRt~re dependent and becomes no-: 

ticcnble ~t fluencas of ~bout 1023 nvt. It h~a baen o~served particular• 

1·y ~l'! tbc tem;-err.ture r~.nse 350 to· 650° C "'lnd prosent,: theories preeict 

~ m~xicum ~t rbout 500 - 550° C. Local volume increases of up to 1~ -

hnve been observed. 

Recent expnri~ents nnd theoreticnl investig~tions have confirmed 

*~-formation itself, i.e .. the seeond pheno~enon is in~errel~ted with 
l 

..._:--___ -------tli~-~ion .. o..f __ V.Q_i_4b ___ ~_:r ___ y~~?~_cy _ c~r,d~~s-~tian, l'shioh ~-cornplicites. -th-~---

. 'i_ 

1 

~·~tnblishment of theoretical models ~lthou8h the individu~l phenomena 

_·i+~lved r\re r~f-\sonnb~y well understood. Fig. 1 and 2 .summ~.trieo the 

most r~cer.t result~ for SS J04 at different·temperaturee together with 

· tc~ .:;onnble \·torlting formulae. ;.rhile swellinr; per se is one problem it is 

riiore difficult !or the designer to cope \"ri th differen~ial evelling due 

to the flux c.nd ternper~ture grr-dicnts in the core g~ving r.~Ae tp fairly 

ntron3 bcr\·!inc effects. Indeed, it is to be expect ad th.11t the higher 

flux of the re~ctors under const~uotion and cspcciPlly the-future lnrg~ 

pl~nt~ will result in·an incrcrscd s~ellin~ rate, but :onlt_the con!ir­

~~tion of modo:s by further i!r~dintion te~ti~s ~ill permit confident 

preGictions. The.J.imitations of existing reectors comp~red to future 

~l~nt~ present R p~rticular difficulty in this are~ a~ illustr~ted in 
! 

tJ!t.1.Jle VI. 

On the other hnnd, it is kn<>'r-rn th~.~ for example certain impuri.­

tie~· (noibium, ct1.rb=>n, etc.). nnd m~terial tre~tment (cold work) heve 

considcrei.blc influence on ~he. swelJ~~-f~' beht!.:Viour • 
' f' I • • II 

! 
( 

I-
t 
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The ··'other wo~·o gencrnl fCn~tUre of the fc.at neut.:i:'o'n ·1:~di~tion da­

m -~GC is ~- l""etluction of tho npplic.~.:blo ·cree:>-ru;_:>t'ure; stl .. en13ths:· e.lont; -~ri th. 

£l $Cncr.-~l ~:eduction· of ductiJ.i t~,. nc higq ter.1pcra:tur9 embri ttlement Qbrnes 

in~~ tho pic'tu~:c. To complic~tq thing~ further, 'the influence of radiation · 

dc.m~i3e on clut:tili ty depends on .. ·the appliee st~ess confi6ul--~.tions. 

T:lc COr:i.""Osion by Nn ~Jose·s no p:::.rticul~r problem in fuel cl~dding ns 

. ·lone; .-..s the oxygen contents ce.n be 'kept re::l.sonnbly ~0\'1 (::: 50ppml b'y the 

pu~i:!'ic~.tion systemo. The raoct irnportc.nt l·imit.in3 fnctor in fuel element 

dcsig11 is the rr.n.ximum hot spot cl:::.cding. tentperr..ture (700° C in SS) leading 

to the r.tncly of vn.:n:~dium bnce ~.lloys for. some E'.dvanced designs. 

- ·• - --,, . ...,,. 

A)flrt r~·or.t tho dovel0pr.H~nt' o:Z cl~dding materio.ls., futu~e \'tor!~ l-rill 

conecn·t~:":'te on the under~=;;t:;ndi~e; of ~\·reJ.li:l.g mech~n~smus 'in f,ue::.., the 

or::tnblichmcnt of ph: .. ·sicnl propettiea before, during, .. and r'.fter irrndi~.tion 

r.-.n<.i. on ·the dovclopa:1ont .o: r.clvc.nced fuelc. 

~·!!iila in former yc"".rc tho cpecificntioniJ of! fuel pin.s Her~ ~argo­

:::. m-.ttol" of e~:purioncc nnd j.udc;cmont "· more syst~mi:'.tic e.p·proo.ch hns 

come to tho forcfrnnt in recent yo~ro. Indce~, it h~s been possible to 

· ·fc:ta.blir.h r.~:).t~.J.mr-:~it?n:l models v1hich ·?.ro. c'onot:"ntly ~in:provod o.nd refined 

---e~---irriidl.:-:.tion ~"esul ts n.'re Lcc·omins a.v:tilo.bfe in~ i'ncrea.sing numbers, 

m:~inly !rom DFR, EBR II r.nd R~!'lsodie·. 

In conclusion it cnn be said th~t on tha baois 6f irridi~tiori 

CX~JcriC-;lCC \'ri ti.1 u0
2
/Pn0

2
. fuel·, tiln fuel e1.emonts fo~ ~the present pro_­

tctypo rc::tctors c-:Jl 'bo .':l.nd nrc boi'n;.r dofjir;nccl tlild ·indeed fo.brico.tod "'i th 

eufficicn~ cunfidonqo. 

The cr.t:>hcsic-- is n<n·! ·an· the. dc~voJ.opmcnt of hit;h "pcrformnnco ·fuel; 

1.~oztly .:;;till o~:id·c bot some g\'"O~:?S concoptrate or cr,,rbidc (UC/PuC), al­

t.hotir:;i.l 02.r.ly .cxpcr:ionco Hno not c.l\·1nys~.· .• cnco~rnging. DeVelopment ·of the 

.vc:1tcd ·fncl clcment'conccpt orit;inally'thvoured rnairil:f by tho·Italiap 

s~ou~ has l~rgcly boon nbnn~onod (with t~~ exception of G~s Cooled·; 
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As the fuel cycle cost is becoming a key issue in the justi!ic~­

tion for ini tietl uc.ceptance of fast re0.ctors it is cloe.r that the indu• 

G,trir.l c~;J·Jclop::~~nt of the entire fuel c~rcle covcrint; r..-.. brication, reproccs• 

sing, shipping, \'lnste dispos:1l, etc ••• hns to coincide roasono.bly with 

the introduction of com~ercinl ,lnnts. ~fuile recycle pat~erns for f~st 

: .. o:: .. ctor fucJ Hill be f>tron:;ly influenced by the recycle technology for 

liGht water reactor fu0ls there nre some mnjor differences to be consi­

dc::;,'cd.. L:1FB~ fuels \~ill o:;>cr~tc to hi;;h burnu~s ot hic;h. specific po1.·1ers. 

At t~c s~rne time there will be a stronc incentive to discharge fuel end 

rccyclo it aG r~pid:y as possible, in order to reduce inventory charges, 

nc~ning short cooling times. 

'l.,h.:: chert cooling t:i.:-;.e corr.binod \·Ji th hir;h bu:A. .. nU~)s ;:..nd high Eipe-

cific po\:~r ~e~ds to r~~intion intensities, dec&y heqt senerati~n, nnd 

c.Jnccntr~.tion of short J.i ved fission products t,•hic;h r.tre much lc.rgcr thnn 

for t~cr~~l rcQctor fuels. In ~ddi~ion t~c high fissile plutonium concen-

trntion will result in stringent rnc~sures for critically control. Reproces­

sing of blP~~ct fuel poses a sep~rnte problem givin3 rise to different 

options. 

L:{2BR fuels r.lso t·rill di.ffor t:1;:;.r:;:ed}.y in design fror.1 thermal re-

2Ctor fuels. Mixed urnniu~ and ~lutoniurn oxideo clad in small-diameter 

~tainlescystcll tubinJ with an intern~l heliu~ bond will be used initi­

<J.lly. Consirlered for lntor use arc mixed cnrbides, nitrides, and pel .. haps 

oven (~cain) urnniu~-plutonium alloys. Advanced fuels may contein an in­

ter:-.n.lsudiun bond Cladding mc.terin.ls for these fuels h;,_ve not been se­

:cctcd. Tho more cx~ctinG specificntions require tl1~t considcrnble atten~ 

tion bv given to qunli ty assur~.nce in fab:;:-ic.:.-.tinc both fuel and clad-

dlne m~tcr~~l - in p~rticul~r to ~he development of quality ~ssurance 

mothoas 2nd non destructive testing nnd inspection procedures. 

' In this ovcr~:ll' dovclo:)mcnt which is eX})ected to t;,ke anot!1er 15 

to 20 yo~r·s, the mnjor problems wi~l be overcome by stnndnrd induntrial 

procedures, that is their resolution will depend to a lnrgc extent on 

the o1 inductry to org··"nioe ond build large pln.nto using· advC\nced 

·i . 

! . 
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technolOGY to the rigid qunlity nssurnnce s,ecifications required for 

reli.'lbili ty nnn sc.fcty. Therefore thcro is no need to expect any mc.Jor 

rond-blocks on the· '0th to commerc~~lization, with the poss;ble excep­

tion of the fucl.cycle (swelling, reprocessing) an~ the steam generA-

tor. 

It c~n be-seen thnt.these ~oss~blc lcncr-r~nge road-blocks are 

idcnticnl Hi th- the m.:-.jor unknowns surro;unding the pres~nt prototy-pe' 

p;~nts. One might therefore expect that the construction and oper~tion 

of these pl~nts will allow much more confident prc4iction of the lo~g 

r~ngo :9roblems to pe faced nn the 'to:ay to comrncrci?..lizntion. ·Table VII 

stimr.'.':l!:'izes the m::-..in _ chnrPtcteristics of the' US 1000 M~fe LMFBR designs 

(rts of D8c. 1970). 

The G.~s-Coolcd Fast· Reactor does not noccssP.:rily require an 

" '' 

- i .. 

J,. 

l,> 

~ i "' 

entirely ~ew technology~ Indeed, n GCFR that could be introduced with a rea-

\ son~blo effort ~nd· on a time-scale not· foo far re~oved from that 

of the I,NFBR \'.rould 'hv.ve tc use rod type core geometry and would rely'· 

erscnti"tlly on : 

- LMFBR; t0chnolngy in rcg.'3.rd to fuel element development, 

\ including if possible A. gas-loop in e.'g. PEC, and 

HTGR technology for ~cnornl l~yout, cont~inmcnt end compo~onts. 

A m~jor effort would be necessary in regRrd to safety as, in 

~ddition- to mo~t problema facing the I~FBR, the GCFR must still show 

thnt r~pid dcpressurizntion is not crcd~ble. Until fore experience ~s 

t 
I : 

_ ~- av~.il~.blc f0r concrete l)rcssurc vessels· under high intern.~l prcssur~ ( 100atm), ~, 

thic problem m.'"'~· rc-tr--rd its dcvelopm~nt '!. Assuming (-:'.· leaktight concrete 
• 

pr~ssur0 veasel is av~il~ble, th~ GC~R may well disp~nse with an outer 

pressuro-ti3ht cont~inmcnt. Fu~l_ work would·cenccntrate th6~ on compnti­

bil.i ty prc·blcms nnd· ::\ rcc,:=;onr,blc offor;t _vrill be nccc~s.-:try to . ndr»pt HTGR 

experience in cnmponcnt r>nd plrnt design in gcner~l to GCFR roquiremen:ta·-.·~-.-..-:.· · 
-~ ' :. ·-::::~< ~: 
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pnrticle. tr-'hile much is bei.ng +ea_rned about coated particles for th~:r­

nal reactors, a spe6ial co2tcd particle would h~ve to ~e dovelopped 

fo~ a GCFR including the support structure forsc~vicc in the fnst 

iJ.u:.c environment. There is little doubt that irradiation capt\City;·not 

. ~: 

i 

.1:; 

now. existing, will be neceBs~ry. 
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It is obvi-ous thr-.t th~ principal motivations for the devclop­

~~ont of fost breeder renctors arc the·~arious economic con~iderations 

rclrtcd to the fulfillment of energy noeds on a long term b~sis, i.e., 

their dcvt:!lo:pmcnt is nir.1cd ~·t c0mmcrcinl· av.':l.i1 ibili ty b11fore :'l system 

relying entirely on conventionnl pl~nt~ including ~hcrmal reactorn ~nd 

converters \vou:Ld run into the problem of increasin~J fuel cost·a.: \'v'hile 

this critic~l period is slowly receding from 1990 to the year 2000 

,,.ii th the diccvvcry of new renources it ~is unlikely~ th:-tt one can rel•y 

indefcnitely on new discoveries. It is :impossible to wait· until the 
. ~ 

neod r.·.rices consiC.ering the 20 - 30 year time span~ required to develop 
. • r 
c. :new reP,ctor line, ,.,hich cnn be seen v1hen looking at the timetable of 

f~st re~ctor devclo,ment. 
:>. 

Co~sidering that systematic developm~nt st~rted in the enrlJ 

.60's the following picture·~~erzes.: 

l 

.- Co:nmissioning of first Ilrototypes ·in the 300 M',ie re.nge 
. . . 

Co~rnissioning of f~~st l~~ge reactors still requiring 

public support 

Co~missioning of first commercial p~an~s . 

1972/1976 

19?6/19~0 

1985/1990 

'1Ji thout going in depth into the "resources" argument and al~ 

its im,licntiono it RppeRrs that this timetpblo would ndequately respond 
t 

to the needs. 

Bosides, a more sophisticated n~rlyAis of t~e paramete~s in~ 

voiv~d ia im,osGibl~ in the a~~ence ~f ~11 the.eeonomie boundary co~­
ditions. In addit1.on there are political eonsiderations, which are bare-

11.: f.lrncn:-.ble to such a system ttn:-llysis :-ti?pro~ch. . . 
::A:n fnct, it :1ppcp.rs thn.t the f~st rea~ tor will -~ at least . ,f 

ini tfo.lly .. hr.".ve to defend its p1FJ..ce in an esiablished light water 

·1 

! 
. J 

·~. 

\ ' .. 

. ' 
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r.eactor market )rith low cost. uranium ores, availab~e .. for <~other ,4e:~a.de 
or two. It is par~ly ~9r this; reason t~~t,the~-P~~-'d~·-c;o~--f~-.-·en~~gy 
production from f;lat reactors! ha~· rece~ved pnrti-c~lar~ attent~on in :·re-_ . 

cent years. Cost benefit stud~es have 'feen carried. o.ut in •ll countries· · 

W~ th major f:\Ct reoc tor programs t some With a·. fi-Xed: set of .@.SSUllptic:>n .. '·· 

and others • perh~ps more use~ul -~ k·ee,_ing a number of vn.ri:\bles, Jilainly: 

- the evolution of the uranium ore ·cost; 

- the time of introduction; 

the rate of penetrat~on; 
' 

•'the plutonium credit, etc. 

The other principal reason for this exercise is the pub:li~ · 

scrunity to which most programs became exposed in recent ye~rs as _it 
.. t 

b.ecame obvious· that most programs uill cost in excess of one billion·~ 

S or even several times that (in the. U.,S) in public funds before tbe 
' ' 

fast reactor will be commerciE'.l. The results of most of these studies 

ore-kno\~ and without going i~to details, or examiping th• validitl ot 
such ealculations,!.it should ~u.ffice hqre to mentipn th~t ll~l.~of}tl:lem 

-~. :.. 
} .. ~; 

.. ~;·~ 

sho\·: considerable benefits for almost all sets of ~eaeon~.ble assumptions. · · 
. ; . 

. ' . 
:, 

Obviously the principal difficulty in such calculations is the ~--:j~ 
·,•• 

establishment of relial;lle cost figU:.res for both capi_tal end fuel cycle 
' 

cost. Recent de-velopmen-ts· in tho evolution of light t~tater reactor ca.-
I 

pi tal costs have sho\m how futile any su-ch project~on might_ be for .an 
I 

alreedy established re~otor line not to mention fa~t reactors wher~ th• 

o~mmeroial phase i~ still 10 .,45 years 1in the future. ·Future develop-
; I 

men~s in the field'· of .safety nnd in re~ard to environmental aspecte 

might-still further compli~ate the matter. 

For ~his renson, most o! these cost benefit studies do, in tact, 

not anst.·rer the essentir.",l ._nnd i-mmedinte -question, i; e., how does thei 

fr-~.st re~ctor present itself compared to its most immediP-te competi t,o.r : 

the light \'later reactor. In order to answer. this question E'.nd to p~ovide 

·t 

... : 
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an additional element of judgement, some recent studies do not so much 

concentrate on calculating the benefits for.a given se~ of assumption 
i ' 

but on nnalysing the actual cost structure of the FBR compared to, e.g., 

the L~.iR. From these studies the follouing picture emerges : 

c..:·ni t~l Cont ------ ....... ~-......_ 

Mnst estim-:tcf; .Pgree thnt ~t leest initially - the cnpit."'l 

cost of the LMFBR will .exceed that. of a Lh'R. The fignres quoted for this 

differentinl vary from ~n optimistic 5 % to more than 20 %. Considering 

such a l~rse difference' one mir;ht easily conclude : why not 5o % and 

how ,,'6uld that affect the future of the LMFBR? The question can be 

D.ns\-.rered b.~' lool-cing at the detRils of some of these estimates. 

Atomics Jntcrnuticn~l publiahed in 1969. a set ot com~~rntive fi­

-.>-.o~~('I' ·.ll hyi!'othcticl11 1000 HWe pbnt giver. .in t.,ble VIII. 
\.. .. -

-·. >~·-if1~i - . \ 
_ __.. .>'"' -:~·:,~.,,...J"·.-:::;Aseum~ng th;.->t i terns 1 f'.nd 2 account for the prit?-cipal diffc-

·- -;-~t;;~;~~-~· ·~etv-reon the tHo reactor types P.nd thereby contn.in the ln:rgest 
-, .tr ,. , • -~, ::"'- ;- ;' , I 

·.- ·- ' ' . : . ~ 

-~· :.,ifn.cr:rt~.il'!'ty :i. t can be seen that the estimate n.llO\'/S for the reactor 
'"-----~~-;;: .---- ----~ ~ - ~ 

;~;··.p-lant of·a. LMFBR to be 1.3 times mo're expensive than th~ equivalent 

,.. . 
,_. 

f. 

of~ L~m. In fact~ _referring to ~hcrmAl power, the actu~l NSSS~tcm 1) 

rllO\'IS. for almont double the spe.cific co.st (20 $/KWt compared to 11 

~ '1 Tt) ...,; ..... ,. . ~n order;to provide ~ further element of judgem~nt A.I. com-

piles n compnrntive list of items influencing theso cos~s given ~n 

~-table IX. 

• I 

. \ 

. c 
; 

, .. 

i 

·l. 

I" 

... . , . . 
·• 
... 



TABLE VIII 

C.AP!T.AL COST OF TYPICAL 1000 !·:~·.'E ?LANT 

t~--------------------------------~r--------------------------~r~-------------------.------, 
1 . ' ' t 
~ ' ' t r · r LI~:'F'BR t Lt·IR ' 
1 t I t 
t t r r 
' t t ., 
: COl·:PCi~;T ;------~, --------:-,-----~~------_, 
7 ' ' ' : ·! ~fr..':le : %·of-- total : · .. ~ kite % or tota._l 
t I t t 

! ! ! ' 
t 

' ' p:. 
1 ' 

' ' ' :2. 
r 
t :3. 
' ' ' 1 

' " ~ '\1'• 
f 
t 

i 5· 
' ' 

Xuclear steem supply 
system 

~laLce of nuclear plant* 

?~rbo eenerator e~~ipment 
and installa·t ion 

S"vructuros 

Electrical accessory 

I J I t 
., ' ' r 
' ' ' r 
' t. ,.. ' ' 
' . •· ' \t t 

:,4s(.~2o;1<:·i~r 23.w;r... ::35{.811/kl"~~): 1e,.2 1 ~ 
f f f I I 

;3D ; 17.3 ;29 : 15.1 : 
' , t r ' ' 
' ' t ' ' r t 1 t t 

' ' ' ' ' :42 : 20.8 :55 J 28.7 : 
' ' ' t ' 
' r ' t ' :12 : 5.9 :1o : 5.2 : 
', .-: ,' ' . ' ' 

t ' l : 8 : . 4. 0 . : 8 ; 4 •. 2 ... ,. : 
' r' ' ' ' r r ' r t 

;•_-------------------------------~·~~--------~,~.------------~r------------~------------~, 
~ 

1 

Total d-irec-t const:-uction :' :· : 
t - ' ' 
~' cost 14.5 : 71.7 137 71~4 ·: 
' ' ' ' ' ' t f. 

~~--------.--~-----------------~,----~----. .. --.~;--------------~;------------,~------------~. 
f ' .. ,o. 
f 
1 

' ' :1. 
7 

' ; a. 
' I 
' ' ~ 

Indirect constr~ction 
cost 

:n~erest durin~ construc­
tion 

Cirf:;n~ .:.;ota.l 

f t I I f 

' ' ' t r ' ' ~ ·~ ' ' ;2~ :, 10.4 ;20 : 10.4 ; 
' ' ' ' ' t I f t t 

; 10 : · ;.o :~o : 5.2 ; 
' ' \' ' ' t r I I I 

' ' ' ' ' f t t I t 

;26 ; l2.9 :~5 : 13.0 : 
' ' ' ' ,. 
' ' ' t ' 

202 
;:•= 
' 

• • 

100 
••• 

i' 

1~2 
=~= 
f I 

100 ··= 

f 

' ' ' ' ' ' 

* incluecz ccr.~~ir~Qnt and engine~red ~afeeuards; 

, . 

, ! 

' ~. 



TA:BLE IX 

;·-

' L:.Ji'ER .ui·.rrt 
,_ 
t f 

Po• .. ~.r.;.;~"l'.r .. rer, l• .. ;" ••••• e 
' 1 

' t 

' 2.4 t 

' I 

·, 

3.1 
' ' . r i .1.4 ' r ' 

2.1 
I ' 

Con"tainmcr.t building pressure, k;;/cr:/2 ' ,. 
' 0.1 ' ' T 

3.5 1 'f ::'~ .... 

' ' 
-~o~ctor vcsncl and ~ntcrnals, ' t 

' 320 ' ' ' 
900 

' f 

' ' ' 
., 

' ' 
..J 

' 
12 

' f 
f ' Cont~ .. o: rods, r.u.:r:oer3 per lCOO r.:·!e ' 15 ' t t 85 
f ' ' .,, ' t ....... ' 186 
' ' t 

f 
-.-

0,03* ' I 

' 
0,02 

t 
t 

~ccond~ry pu~pin~ power. 

t' I -. 

I 
~ e e I • • • 
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In a. s:..milar study the follot·t1r.g :fit-ur~s were published by 

'tile S!m:...consortium in DecembeJ;" .1970 (taltle X))also f'pr a ·typical 

1 COO ;.r.,'e plar~ t • 

COST PL:~NT 

f ' 

' ' ' f : L~~a : LHR 
' t 

·~ : 

:--------~~~--------~-+·~·------------~---------

..... • • • • ••• ·--· ••••••• • 4' .............. 'I\ 

l. _1:ucl eo.r syst ein 

3. Zlcct~ic~l plant 

4. Co~vc~~io~al con~~~c­
tior. 

·6.-~:mer co=~s and -inte­
res~ duri~e pon~t~o­

tion 

Tot a::. 

,....,, 
41•'• &:: 

' I • •' , :uc .,I~!<;* ~;c : UC/J;":·ic ··* 
' ' ' t . --;·~~--:i····~----- ......... ~.:-- .. --~···········. :- .... u ...... .. 

, ,·. f' ' ' 
I • t 7 · t 

: 67 ; 32~1 ; 4~·4*** : 25.0 
f . t f I 

, I t f I 

r 34.5 ' l6.5 ' 36_ ~4 ' 21.0 
' f ' _, 

' ' ' ' ' ' ' ' : 30 . 13.6 ; 26.1 : 15.0 
' t ' 
t ' ' ' , t 

' ' ' ~ 28.3** 12.3 ; 26.9 ; 15·5 
' t ' 
f ' ' ' : 12.8 ; 6.1 : 10.6 : 6.1 
' ' ' ' ' ' ' ' f f . 7 . ' 

t f ' ' I f t t 

f ' ' t : 36 .1 ; 17.4 ; 30. 3 : 17.4 
r t t t 
' . 
f ' 
t ' , 2os~ 7 1oo 173.7 ' 1oo 
~ -=•!~~! ; ' ••• 

.;.;.;;. i::-.. c1-..i.-.1e::: ccr .. crc'tc cor.tainmcnt ·buildinc;. 

. . . .. ( ... 

. ~-- ·. 
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This comparison uses a somewhat different b~eakdovm combinin:g 

c.ll clements typical for fe.st reactors cont<'.ining the largest uncertain­

ties in item 1, (eliminnting even the concrete containment for whici; 

ectim2tcs may be considered more rcli~ble). Allowing thus a cost diffe­

rentinl of over 55 ?~ for the nne] c~Jr p.~rt, the tote1l cnpitnl cost diffc-
,~. 

rcntic?-1 i.::; 20 r;~ or,. ·35 UC/K'.le. Even if one \>JOuld ?.llo\:J for e. 100 ~~ c.ost 

diffe:rentinl for the nuclo.~-r syntom of .~ LHFBR, i.e.,"\,. 85 UC/K~Je the 

total c~pi tal cort ·,_._,auld exceed that of 'the L\·J~ 1:- Jcsn tht'Jl 30 %. Itt 

cAn easily be seen th~t a cost differential of nbout 25 % might br re­

tr.incd r.s r;,n up:per limit, a fifture which at this point does not de1)end 

on the rrecision of the tot~l estimnte. 

On the othor hcnd, it should be mentioned here thnt nny future 

development in the direction of larger pl~nts works_in favour of the· 

LgF3R which, due to its· low-pressure syGtem,hac n laraer extrapolation 

potentic:.l th!'O'.n the Lt'iR. 

Fuel Cvcl0 CJst ....................... .......-.- .. .,·.._··---
\ 

The s2me SNR-Consortium study cnlcul~tes for the reference c~ses 

given in t,'J.bJ_e X fuel cycle costs of a 0, 66 millc/rtJJh for the ·L~R and 

~.. --~-1. 7 mills/K~·lh for the' L\1R using the input dn.te listed_ in ·ta.ble XI. 

:. .-... 

It then annlyses the nctuel cost'structure of the fuel cycle 7 

J i 
cos~ ~nd its sensitivity to various ch~nges in the various input da~~ 

nssuming Rn 85 % lo~d factor (expecting ·~MFBR 1 s to be used for base 

lo~d exclusively). 

The results were summar~zed in t~ble XII. 

It c~n be Peen that only the bJrnup ~nd f~bric~tion costs hnve 

n. rnc-.jor effect on th0 fncl cycle cost, whereas the effect of ch.~.nge·s in 

~11 other contributions is rclntively minor. One sho~ld ~dd thnt fuel 

cycle ,coste for cnrbi0.c fucJs ~rc expc~tcd to be 0.14 to 0.28 mills/ 

KWh lower thvn those. given here ·due to the higher breeding gain. 

-... !f, 

li~ 

-,_'1' 
-~.-·. 

\ 
l. 

.·' t·.~ 

,·, 

·'t·: 
' ~ 
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TABLE XI 

~--------~-----~---~----~-~-~~---~--.----~-----~--~~,-~~~~-~------

• '""""'U..; tv t'j .... l"~o..u... • .. t t.J ...,. 

0 & :~ cost, UC/k~1e. n 

7~ i"nbricntion, UC/1.-:gHH 

F3R core (inclur-ive ?u-··eonvc-rsion) 
core + axial b)Rnket 
rnd. b lr.n!<:et 

t...ver--.. ~"'· b·· ,... .... 1.... ~.-!.:..:.. A;-~u ..-o - r ~ 'l• ~4 • • 6 I •.1 , l • 'I "' '_. v • • • • 

(core Oil.:y) 

Spe~ i fie ~o·::er ,. ~r:lt/tH:-1 
(core only) 

?u-in vcn tory.. kg/i·1He 
( ~ ~· ·~ .. d" 5~ etock·but l"'U-.:.lSGl ... e J.nC.J.U _l-ng ,_ 00)-

no excore inventor~) 

I.:·IFB~ 

:-------------~~i-----------~- ' I I 
. t ' 
' -12 t 
' f 

f 8 ' I 2. I 
I I 

: 42 : 
I I 
I t 

.. ' ' ;·. ' 
' ' ' ' ' t 

: 330 : 
I I 
t 220 I 

I 

' ' t 
t 

' ' ' ' ' ·' ' ' 

83 : 

100,0CO 

115 

0.294 
2.98 

f 

' I 
I 

' ' ' I 
' ' ' ' ' ' ' 1 
t 
I 

' I 
' I 
I 
t 

' t 

12 

2.8 
33 

78 

)0,000 

--------------------------------------~----------~----------------~ ; 

8 UC/:btr ... o8 ' ..I 

: 2 s . 7 u c /kg s • ·.·/ 

'
• r:; ~T~/- J!'"; 8 SJ..; c .; vv ~ ...... ~ ·'-

'. 

• Cc~t~ converted 3.60 DM 1 uc 
, . 

', f. 
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X I 1 

·(vu.ryiiJC one pa.ran1etcr at a tir;:c) 

··- ··-·· -- .. ···- ·-· .. ---. ---~-·---·-····---·~---·-·· -·--·-·-·---·----------·-~-------· ·-·-·---·--------------·-----
' : Cost con-tributions (millu/r~·:h) 
I : ----· -------··- ------.--------, --------.----·-----··--~-------.---------
' 1 I I \ I t .t . , 

CO::n1 FACTO:\S :nefcrence;: i·u.--pricc ;nurnl~p; Inventor~· ~Oxt of core: F2..bric:.tio~i rrr~~n:::p~rtation 
: cas,e ! lOUC/r.: -33~~: -33% ; time : cost :nnrl rcproccs-
• (Pu-Jn'icc' - 1 1 • + 100:! ' ~() ... _.'? • s.l· t' --r cr..-·t I . I I t I /"' t -- - I t(_-., '". 0 

: 5UC/r;; :. : : ~ + lO~:,~ : + 100,; 
t I I I t t t ---------'· -'--·- -'-----'--------'--------·' ------- ···---- -·-- '-···-·--------• I t I I I t 
I I I I I t t 
I I 1 t I f I 

- F'l~ fabricc~tion · ; 0;; .. 4G9 ; 0.469 : 0.65£': o.l169 : 0.47S ! o.~.::)?: : O.t;69 
1 I t I I I 1 
I I I I I t t 

F~ - t rtlns!1or't~tt ion ancl ' 1 • 1- 1 ' ' • I I I I I t t 

reprQccrmint; ; 0.094 ; 0.094 : 0.147: 0.094 : o.o:)9 : o.os;-~ ' 0.189 
I I I I I I ; 
I I I 1 t t l 

-Pu - invento-ry . : o.-267 : o. 534 : o. 253 ; 0.178 : o. 267 : 0. 2:-7 o. ~)67 
t I I t I t 
1 I I t t t 

Fuel consu
1
"mption 1 0.172 r 0._345 ' 0.14? r 0.117 • 0.122 r 0.172 0.172 I I . I -, t I 

I I I I I t 
I 1 f. I I t 

Dc1J1otcd U- coDt ' 0.003 ' 0.003 '0.003' 0.003 1 0.003 • O.OC3 0.003 t I I I t I 
I I I t I I I _____________ ....._ __ ~ ·:·-·--·-" ~- .: :·---· ---·-1--------}-----·---}----------· -----

Total fuel cycle oost 1 0.661 : O. 755 : C.920: 0.627 : 0.715 ~ l.O)J ; 0.756 
I I I f I I . I 
t I I I I t I 

---------- }----· -·--·~ .. -{-------} -}-------··--·:---------
• I I I t f I 

Difference from reference : l I J : : ... I 
t t t I I I 8 t 0 QO 5 case ' ,:-:-~ • 0.094 • 0.~59 • -0.034 1 0.044 1 0.3 9 ' • ./ 
t' t I I I I I 

----------~-------J. t------~------~-----------L-----------~'-----

* Converted 3.60 Dl·I = 1 UC 

.' / 

' "• -·· 
('- ··--i- _;_ ,, 
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Using £'.8~\'~n a pl~nt tt'.cto~ of ·So-- the totlowing ·te>t~. goner~tins 

cost pictu~o omerges tor the nbove· reference case : 

Cost (mills/KWh) 

t . 
T 

LMFBR ! L\:JR 

:---------------~---- . -----------l . : 
C:·~pi to.l ,3.58 2.9?·· 

Fuel Cycle ,><·0.66 1.69. 

a··r.r l-1 0.39 0.39. 

·- ---------------~----------~--------~---~--~-~-----·4-----------------
Tot~l ~ f 4.63 · i 5· 05 
. .;. ______ .. ______ ... ________ ,.._··-----------------· •• .L •• ..:. ___ .... __ .,:_ ............ .i ..... ___ •. __ .. ___ .. ____ __ 

This demonAtrn.tos. ~hat ._for the Ct-\SO present-ed here the LMFBR 
lt~ ~ 

could .hPve oxcess c~pi tt\1 .:;~bst's of 60 UC/K,Ie or 35 ·~ as· comp~red .to~, ...-/ 
. \ ·.·. . : ' . 

t·he L~'R. bofore totnl gener'~t\in~ costs Wf>Uld be equ~l. ~. soins "b!lck 

to tr.ble --x, that tile Cost e-i~~tcs for; i tcm 1, the nuclenr system, ,~--
·could~~ in~~rror by 26 UC/~~ or about 40 ~before the-cost adv~~QSO 
could be lost. At this point t\e cost allowance for the LMFBR nuclea~ 
eyatern (item 1) ,..,ould bq 2.15 times that for the L\IR a fact which wquld 

·' 

\:1 e difficult to c:cpl r-.in •. l:t; the other hand, o.ssuming an upper limit of a' 2.5'! 

torthec~pit~l coat penAL~ of the LMFBR as reason~~le, the aituatiqn 

could e~sily nbsorb oithcr'a b~rnup pen"lty of 33 ~t or moat of an in­
croaso in !:"'.bricn:t;ion cost by 1'00 %, or pnrt of bot~ • 

t 
Agnin \·rhen· considering these un.cert:"\inties one should nlso keep 

. j 

in mind the po::ssiblo improvements both in regnrd to ··cnpital cost du~ to 

.tho larger size potential n.nd. the iuol c1elo. cost due to possibly car­

'bidc fuol. 

Indeed, in ~og~d to ·ca:pit'll costs there i.s. reason to bel.iovt 

thnt on tho long run there· w~ll be little difference between n LWR aq.4_ 

f~st breeder ro~ctors. 

•.! 
j. 
; 

.; 

4 ., 

f 
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The GCF~ may very well present an even more favorable picture 

~~·· although in the more distnnt future. 

. ' 

~ 

i. :·. 
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OJ' THE 

ltmOPEAN COMMUHI'l'IES 

s:nCOND' ILLUSTRATIVE NUCLEAR PROGRAM•IE 

FOR THE COMMUNITY 

ANNEX VI 

HIGH-TENPERhTURE REACTOP~ 

DRAFT 

( 1 l-tarch 19?2) 
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Introduction 

Development o! experimental reactors 

1 • 1. VR re.acto~ 

z. Drason reactor 

). Pench Bottom reactor 

Developm3nt of prototYpo reactors 
',/ 

1. The Fort St. Vrain reactor 
2. THTR renctor 

\ 

P• 1 

.,. 5 
p. 5 
P• 6 

P• 8 

p. 10 

P• 10 

P•. :\1 

~!h.e present ai tu ation of steam-cycle power- 1 rettctor~ 
1. In the United States P• l2 
2 • In Gertmny p. 14 

'· In the UK '• P• 14 
4. In Fl'ance p. 15 .• 

Development pote11tial of the syatent P•. 16 
1. In German1 p. 16 
2. In the United Stntee p. 19 
3. In Japan p • 19 
4. France p. 20. 

!!2h~iguoa used in HTRs p. 21 

•• T•chniquea used in all HTRs p • 21 

, • Con ted part1.cle t'tels and the:!~r 

i.·Helium technolor,y · 
reproceseiftg 

'· Hcnt exchansors (steam generators) 

4. Circulfitore 

P• 29 
P• )0 

p. •)1 

.. 

p.21 



VII. 

VIII. 

IX. 

,... . . i ., 

\ 

a·~ Techniques specific to homogeneous prismatic• 

element HTRs p. 34 

1. Fuel elements and reflectors P• 34 

2. Core and internal structures 

}. Chnrge mnchine and reActor control 

p. 37 

p. 37 

c. Techniques specific to spherical-element HTRs 

1. Fuel elements and core of the THTR reactor 

2. Manipulation of fuel and hich-speed p. 41' 

me~surement of burnup 

3. Reflector p. 42 

p. 38 

p. 38 

4. Neutron physics and thermal design of the renct~ p.43 
5. Reactor control p. 44 
6. FPe8tressed concrete reactor yesael p. 45 

l!.;conomics of the HTR familz p. 46 
1. General data p. 46 
2. Fuel cycle p. 48 

3· Energy cost p. 54 

I 

.£2nclusion.s p. 56 

Biblio~raE!_l.Y p. 58 

.... ,' 

I ~, 

• 



. ,;; . 

. . ., 

.... =·· __ ..__ --· -­-----·--- ·" 

.. . . 

BIGH.TDtPERA'rURE GAS REACTORS 

I • XNTltODlJCTI ON 

.•., :. . 
• .. 

' . . .~ 

fJ.'ha development of the hip•tnperat~e su reactor hM. beeD 

. b_.d on characterlatics constit•tins refineMate of •. he. feature• 
ol other see-cooled reac~ors:· 

1. :87 1ntee;ration of the fissile and fertile oompoDenta ot tlw . 

fuel 1R the moderator material (in tbie caee sr,aphite), it 141 

possible to use a much _larger traction· of t-he .co~ to produce 

heat. For this reason, high thermal power 4ena:Ltiee o- be 
I· 

used, resul.ting in compact reactor contipratione· an4. pressure 

vesse~. 

2. The QSe of helium as the c~olant enables cou.1derabJ.7 bighe_. 

outlet temperatures to be reached than would have been poosible 

nth other 'cooling media. These temperatures make it possible 

to utilize indirect high-etticienc;y steam c~clee-, ~icll thus 

have lese thermal effect on the environment, 'bJ· means of ooaapao~ 

steam.generatora and modern. turbines. -Tbe'helium coo~ant oan 

also be used as. t~•·working fluid~· gaa-turblne ~nergy 

conYersion syotems or as a·boat source tor hish•temperature 

industrial processes • 

'• Metal fuel canning is e11~inated and the graphite la used both 
aa structural material and for the cladding ot the tuel for .the 

confinement ot radioacti v:::: i'ised"on products 1 tbia provides 8oo4 
neutron economy and euables high temperatures to be reached. 

·• 

" 

• 
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In the original conception of the HTR, the core consisted 

ot a •ery homogeneous assembly comprising only fuel elements of 

lou-permeability graphite (with n vent circuit for prismatic 

elements), containing fuel compacta of a mixture of powdered 

c;raphite and uranium and thorium carbides. . Today, all fuel 

elements are based on the use of coated-particle fuels, in which 

the oxides or carbides of the fissile and fertile materials take 

the form of small spheres known as kernels, ea~h coated with la7era 

of pyrocarbon, sometimes combined with a layer of silicon c~biee 

(the diameter of these coated particles is of the order of one mm). 
These fuel elements may be either prismatic or sp~erical in :form. 

Steel pressure vesnela were used in the first experimental 

r;as-cooled high-temperature reactors ( AVR, D.ragon, Peach Bottonl) 1 

but prestressed concrete pressure vessels have been adopted for 

po~ter reactors. Apart from their intrinsic operational safe·ty, 

the use of these vessels allows large reactors to be.run at 

considerably higher heliuc pressures, of up to 50-60 atm. This 

hi~h pressure, combined with the adoption of a number or coolins 
loops in parallel, helps to keep down the size of the steam 

sene.rators and circulators so that they may be incorporated inside., 

or ln the walla of, the concrete vessel. 

These reactors are suitable for U/Th (93%-enriched U) or U/Pu 

(npprox. ~fo-enriched U) fuel cycles. Each of these two cycles 

makes better use of natural resources than the f~el cycle of. the 

light water reactors at pre·aent available, and should enable 

electricity to be generated at relatively low cost (see 

Section VII). 

i • 

. ., 
I 
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Characteristics ot BTRs ! 
.•. 
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TJpe 
Site 
Hairl contractor 
hel element manufacturer 
CUstomer 

Coomeecement ot construction 
Ca-i,icalit-7 

_ t : · , !he~aal power (M~Ith) 
. lfe\· electrical po·;1er (Kile) 

.. . 
;Je\ etficiencJ C~) 
•. circuit 
P.fessure (atm) · 

0 Inlet temperature ( g> 
Outlet temperature ( C) 

· Steam circuit 
[tive steaa (at~°C6 

.Rehfa\ steam (at~ C) 
Core 

· i:tfective diameter (c) 
Active hei-ght (c) 
~Cme:r 4ena1 t., ( tEi/ r?) 
J'ta,l CJCle-
~terase b~nup MJd./tonne) 
F1te1- • 
Ele.-t. aeoaetr1 

. - ' . ' ' 

.. :,,: ·~. · .. ~-. 
-~ --_:.-_.,_ 

Ul. 

Draton 

experim. 
Ri.nfrith 

-Dragon 
Dragon 
OZCD 

1960 
_;g64 
20/25 -.. . 
20 
335 
850 

-· ... -... 
1.08 
1.60 
14 
misc. 
misc. 

long tutle 

-. 

.. 

Old bury Peach Bottom 

oaater model expefim. 
Oldbur7 ·p. Bottom 

- GGA 
tJK,\EA- .-- GGA 
CEGB Philadelphia 

El. 
{?2) -1962 .... -· 

(?7) 1966 
approx.4550 155 
2 X 909 ;4Q 
40. 34.6 

44.8 ~ar/abs 22.8 
288 ,., 
729 '750 

159.6 bartlS 100/538 
37.4 bar /538 -

2";8 ·~ -
. . 2.3 . 

8.) 8.3 
Low- U..LTh 
enriched U. 60,000 ' 

Block with- cylinder 
24 tubes 

I 

USA Vi. Germany~ 

. r~~nst. Tender 1100 .AVR TBm 
i 

prototype commerc. exper. prototype i 

Fort.S.Vain - Jiilich Schmeh. 
GGA GGA BBK HRB 

__ s-··---- . 

GGA GGA flukem Nukelil 
Pub.Serv. Philadelphia AVB HKG 
Colorado El. 
f968 
1972 

(?4) 61 1971 I 

'(79) 66 .. 1976 i 

~2 28o4 45 ?50 t 
330 1100 15 J07.5 . 
39.2. 39.0 . . ~3.3: 40.5 I 

;4?.6 46.5 10 4o ~. 
400 }99 1?5 26.2 
775 765 ~50 . 150 ~ 

t 
175/538 
42/538 

·· ·s.95 ..... 

4.?; ~ 6.,.. ... 

T1·1'h 
"100,000 

175/510 75/505 181/530 I 42/,38 - '+7.2/530 
.. . .. .. 

i' . -

8.} 3 ' 5,6 
. - - . I. 6.3 ' 5.8 

8.2 2.2 6 . I 
UJ.Th U-~h .U-Th •.. ___ ... 

92,000 80,000 132,000 l 
- .. ... . - .. . .. .. . -· ·I 

t 

hexagonal 
prism 

hexagonal sphere apbere t 

' 
prism 

~ 
I 

. i 

. ... 
-.! 

,.,··;·::· .... -
• d 

'~ .~"·" J-;, "1• -';, 
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Characteristics of HTRs (cont.) 

P R IS MAT I C ELE MEN T S ·S P H E R E S . 
',, 

~ 

UK USA N. Germany 

Fort St. ' 
-. 

Dragon Old bury Peach Bottom Vain Tender 1100 AVR ITRTR -
Diameter (rar.l) misc. 65/Z/30.1 89 - - 60 60 
iidth across flats (crp) nics. 50 - 36.0 36.0 - -
Height (em) mics. 100(2x50 366 ?9.2 79.2 - -

for tubes) 
Lifetime (years) misc. 3 6 4 2-3 3.5 

• 
. Geocetrz 

Initial charge (kg) u 14 Th 1450 Th .19,500 Th ~approx. Th 150 I 

u 8?0 
40 .. 700 

- Th. 26 u 220 U a.-pprox. 2000 u 30 
Nucber of fuel elei:lents 3? 5 X 235 804 6 X 247 = 1~ 8x475 = 3800 1C.Q 1000 675,000 

• Pressure vessel steel concrete steel concrete concrete I steel concrete 

-

-, 

t 



, 

. ' . 
II. DEVELOfMENT OF EXPERIMENTAL REACet 

1, ! vp r,.taot,or ( Geraanr • Ref. 1) 

· the German HTR ·development programme bel:aa in 1956. !he 

European Atomic Energy Community (Euratom) waa auooU.ted with 

it from 1963 to 1968 under the 'l'HTR agreement. 

~he completion of the first important etase of the German 
progrcmme wae marked by ·the construction ot the AVR "I 

(4\itbeltegemeinecbaf~ Verauchareakt.or) experiMntal r•aotGl' 
(eoe Table 1). I ' 

The main objective ot the oonatruction ot the AYR ·exper:I.Daelltal 

nuclenr power station was: 

(a).to demonstrate the safety and reliabilit7 ot a hlSb•tem,.r~ture · 
' 

reactor with movable fuel elemental 

'.(b) ·to gain e~erience ·in oonatr.uction and oper~tion wh1oh·woU14 
be ot value t·or future development. 

The AVR went critical in August 1966. After auoceaatul 

criticality and zero-power teats, in air and with beliae1 runnifts 
up began ~1 September 1967. · The intrinsic eatet7 ot ·tbe· AVR · 

reactor was demonstrated b7 several seta ot experiaenta under 
tr~sient conditions •. 

. 
The f!lll power of 15 t-IWe w.aa reachecl tor the first time on 

1.5 February 1968. On this occasion the temperature ot the (!t\8 
0 ... 

coolant reached a maximum of,8?0·C, this being the higbee~ cool~t 

tcmperntu~e ever attained in a nuclear power station. In September · 

1970,. the behaviour of t·he .re:aetoz- at maximum power. •:t.th the two· 
circulators shut down (i.e •. , heat evacuation bei·ng interrupted) was 

studied, with all the shutdown rods tully extracted.~· The ,eX:peri•·nt 
shoued that the reactor returned to criticality after 2).S hm~a aad 

that the reactor power did not exceed 1.8 Mlth, or 4.~ ot the 
origin.al power. 

:t 
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'-'be reliabilUJ of th-e 4VR ·~¥\or -.e ..-~•4 .~:r ..- ayailabUUJ .· 
ot 71~ in 1969 ant 8lt.!T-' tn 1970. · Up to 1 March 1971, 6,,a3, fuel 
clemente ha4 been added 'o the core. 8urnup of ~ moe\ exhausted 
fuel elements oxceeda 124 1000 UNd/tonne Qf heav7 me.tal,' 01'. ,,.~ 

tima. The actirlt7 ot the coolant at presen~ is epFOZillatt~ 
10 .. 1 Ci/m3 STP, or· abo~t 200 Ci i~ the comp.1ete gae circuit.. The 

•.· 

activity is primaril7 due to inert gasea. No other tieeion ;roduc' , 

hna hitherto been deteoted in the cix-cuit. Noa' of th' .i·· 

accumulation 9f tnert saeee is probabl7 attributab~t •o 
contamination b7 tbe aranium ot the coated .Particles clur~ ~- . 
fabrication ,roceas.. The radioactivit7 due to the initial ~anium 

charge bae 4tcline4 procreasivel1 during operation and 1e aow 
levelling out. It may therefore be oonfidentl7 aeeume4 that w~th 

tho arriyal of new batches ot fuel elements, the Ml•e will conti.nue 

to fall, eepeclal.l,- ae moat of the elements now· in the AVB reactor 

were fabricated fi we rears ago. Neverthel••a, e'NII with these 

elements, the c¥mulative activity is eo low 'bat a.total lose ot 
coolant through the ventilation stack would not exceed .. the eafet1 

standards, even in a larger station. 

a. prnson ren~ 

tt ts.often difficult to predict the operational behaviour ot 
lare:,-e power stations from . technical office ctesigna, and the main, 

value ot eaperience is to establish the practical limita which can 
be reached. In this context, D~agon,has demonstr~ted the perteo~ 

validity of the sa.a.-coo1ed BTR concept fllld made it poasible to lay 

down criteria tor power reactor projects. 

The a~reement which launched Project Dragon under the auspices 

ot the ENEA came into force on 1 April 1959 between Austria, Denmark, 
~uratom, Norway, Sweden, Switzerland ~bd the UK, the aim being 

to design and conatruot an experimental ·gas-cool~.d high-temperature 

reactor at Wintr1th Heath (UKAEA'research· centre). 

\ 
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De alp uA coaa\no•l~ WOI!II ~·SOC' f\f .• .._ ~ . •~at ._. ..... , 
. ~ ' . . ,' 

cu. &AtQ rone, aA4 the reactor ••a• or'\~cal &a...__, .. 1964,· 
l\lll powea- (20 "fth) t>eS.q reach•4 in ·AprU 1966• 

f!Mt oris:l.Aal tol'a ot the Dr-agon tuel eleMat comprised· eewa 
' . / ' 

t1esas~1 papbite tubes suapen4ed from a reinforced paph:l.te 

blooJI •hlch alao sernd to 11ft the el81M1l\e• foda7~ the fuel 

tQkea tbe Cor• of uranium oxide .parti~les 40ate4 with p,ro1~io 
oc-boa iaD4 "'licon ON'b:l.de (diameter 1 IIID) ·oompac,e4 1a . · 

07lindrioal ~or• in a graphite •trix. l'be leapb ol~ •b• ~ 
4 • 

oontai.nillg the tuel ia 16o am. The hellu• o00lan" pe clroulatea 
upwardo. . ' 

!heae earl7 t~• ·of tue1. eleme.nts conaieted· or. eewn 

·ldntical nnted roda. ltore recent. tnea ·have caalJ OM .oeiltral · 

-.ntecl rod, the eix outer rO!!s, Which oan be detached .trom the 

.central rod, not ·being vented. Using elements ~t this ~JPet it .· 

ia possible to irradiate expert•n'al tuela tO'I 1oac per:l.ads 1 aa4 .. 

the . makeup. fuel can be charged· ac inter•ale ot approxiatelJ 

. ~ days. 

Beeause ot the growing lnte~eat ill ·:PoWer·: reaotare ot this. tJPt 1 

Prason was induced to construct a number· ot special tuel ele•nte 

to irradiat•• tor example, the spheree of the TftR reaotcr, tube. 
of the "teledial" or tubular int~racting types 1 eto., aad 1 more 

recently, block-type elements. 

At :tiret the U/Th a,-cle wae etudied in the Drason reaotar 1 . ba• 

b7 virtue of the tlexibilitt of thia reactor it· wae poealble . 
c,radually to.sbift the emphasis to the study of the:10W•eDr.icho4 

uranium cycle. 

. ' 

Since the reactor reached :full power, there have been .. four 

main periods in·· Dragon's operating hiator7. Charge I tea~ed 

n core used for th.e stud1 ot the th~ium c7ole with 10 experiment.J. 

. ·.) L: 
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elements locate4 ln tbe central region and surrounded b7 tbe 
Z? makeup elements. In Charge II, the experimental tu.el wai:J 

distPibuted in the central rods of each of the '? elements, the 

outer rods being the makeup fuel containing 93%-enriched ~''• 

~lith the first~ two charc;es, the thermal flux increase.~ ae! the 

r~~ceup tuel was burnt, in order to maintain constant power.· ·zn 
consequence, the temperature of the elements containing fertile· 
material rose. Charge III was d!')si~ned to minimize this 

temperature rise by the introduc-t~.on of a medium-enriche4 makeup 

fuel element with the'production of plutonium. The crcles.ot 
this charge were reduced to about 50 days. 

Char~e !V feature~ the use of highly enriched uranium in the 

·, 

ann.keup fuel, to allow the testil).g of· the low-enri'ched tuels· prc;>poaed faJ' 

~ower reactors. Cycles of 90-100 days~ere introduced to allow 
maximum utilization of the react or. · The total activit)' ot the· primar7 

circuit is very low, less than 1· curie, consisting primarily ot noble 

~nses. This shows that the coated_particlea are capable ot~etaining 

a verr high proportion of the fission products. 

Over rnore than 1000 days' operation, the Dragon reactor worked 
exceptionally well. The only serious problem ·was corrosion ot the 
primary heat exchangers on the water sidef this problem was O¥ercome 
by more stringent control of the pH of the water. 

;. Peach Bottom reactor (USA, Refs. 1 and 2) 

The tirst American project in this field was a low-power 

(Ito 11We) reactor, built by General Atomic for the Philadelphia 

Electric Company. 

The core was charged ·and the low-power testa carried out 1n 

196G, but the powar operation phase did not begin until oarlr 1967 t. 

~I 
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bOoaue the beet eacb~sere had to b~ r~plaoect ow1al' to oorroe:L(lll 
u.n4el' . etreae cau.ae4 b7 ohloridee. lfortflal .. ~ra~ i~n · oqei.Doe4 .OD 

1 J\Uie 1967. The operatins ·pl'ogram~~tt sa•• the touows.ns reaultel 
,· .... 

aYailabi.l~tr · - ci,r~it 
, . aotiv:l.t7 • 

· Pe1•lo<1 0 ... 1~ equivalent tuU 
· ·power days 

Period 1 so•;,oo " 

Por1od 3Q0-4oo " 

" " 

3 Ci 

27 .. 01 

278 Ci . at eod Qt· 
;?· period .. 

fhe increase 1D act:t-v:t.t·y of t~ prilllal'J c'ircuit t.~Ul low····~. 
cornP.,.d nth the specitlcc.tion of 4225 Ci~ and haYing,' no ~tt•c' OD ' 

the operation ot the reactor) was due' in the first oore, to 
broe.knges of the graphite tubes ( 78 in all) containillg tbe fu~l · ·· · 
compacts. These breakages were due to sweliing of the compacta. 
1'he coated plU'ticle·s used had somewhat prind.tin coatiziSe, of 

'. 

anisotropic etrueture 1 which fractured .·under _the innuence ot 
irradiation. The coatings then became high17 det~4t reaulttaa 
in swelling of the compact·a. When the detect:J.ye -elementa were . 
aischarged, one ot them fell into the core and ~&IIIIMtCl lD lt. 

However, the difficult operation ot releasing and r .. OYias the 

element \·laS carried OUt Without adc!itional d~ap to. t~be ·o~e aD4 

~ithout excessive exposure of personnel. 

The eecond core, using industrial-grade coated panicles aa.d 

eoataifting 1? experimental elements. was charged in June 19?0 ud 
power operation was resumed on 14 Julr· 1970; ainoe •he~, ~harse 2 
has OpGratod for more than one~th~rd Of the 9()0 daJS laid doWD U · 

. r ~ 

the specification, resulting in primary circuit actiyitJ of well 
bolow o.4 Ci. The roactor avnila~ili~y was 9~. · 

., 
',• 

: _,:: ~ 
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III. DEVELOP~fENT OF. PROTOTYPE R~ACTORS 

1. :he F~rt St. Vrain reactor (USA, Refs 1, 3, 4 and 7) 

The Fort St. Vr~in reactor incorporates a number of 

characteristics not featuring in stations previously built in the 

United States, in particular: the use ot a prestressed concrete 

vressure vessel, steam-driven axial circulators with water-lub~icated 

bonrincs, and hexagonal block fuel elements. Construction becnn 
in 1968 and completion is scheduled for 1972 (see Table 1). 

Chnrging of the fuel elements is to be completed and the renctor 

is to go critical in 1972, so that commercial operation by the . 

~blic Service Company of Colorado can cot1mence in the same 7erir • 

The R&D programmes may be summarized as followG: 

1. Development of helical-bundle heat exchangers of the once-through 

type by analyses nnd tests of helium flow, pressure drops, heat 

transfer, vibration of the tubes and bundles and boiling 

stnbility. The final stage consisted of a systematic Geries 

of teats of a complete module for h~at transfer and vibrations, 
' '· 

at GGA'e plant at San Diego. 

2. The circulators first underwent tests to confirm the validit7 
of the water-lubricated bearing concept and were then subjected 
to a systematic series of tests on a prototype. Each 

production circulator has operated for at least 100 hours. 

3. An extensive procrarnme for the· development of the prestressed 

concrete pressure vessel included the establishment of codes, and 

the stucy of the materials used and different configurations;· 

the programme also incorporated basic work on concrete and on 

models carried out on a national basis under an ORNL 

development programme. 

--~------------------ -------.----- --- ·----· ·-·-

..... 

... 
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~. Other compODenta were ·also ••b~eoted ~ \~~~ 
' . .. . ' 

teats a the oontrol rods and· their . ~.chan!a~, tbe 

charge machine, the .thermal ehiel.4,, the ret~o'ar aa4 

the core support~ 

s. The tuel elements were developed and teste4 uDder. the 
programme deecribed in Ref. 'l. . ~· maiD e~a ot 
the work ·was the development and izerad:latioa of .. ~~ 

types of coated. particles,. BISO and ~IS01 aRcl ~·1 

pina tor charsing in sraphite blocks. . A aeotioa of 

~he complete fuel element ... lntl-ocluoe4 u•o the .. 

Peach Bottom r.eactor·aa ear.l7.as aid·1~70. 

2. THTR reactor (German,., Reta. 1., ' and. It) 

Following the successful operation of th9 AV.R reacfJoi'·1 
the Federal Government decided to continue.to eubei4iee 1 

with the · atatwi of a programme .. ot part.icular Yalue, .-~· 

canatruotio~. of a ,00 WRe thorium. c7cle pebbl•=bed rea~~or 

( THTR), aa a first step in the marke~i~g of the HTB. qatem in. 
\:/est German;. 'The· design ot this atatioD ia· a reeialt. of 

the work carried out from 1963 to 1968 b7 the BD: AaeooiaU.oa, 
i 

in which the Communit7 participated. The p••r ~'"1 ot the 

reactor was chosen so as to permit extr.apolatioa to 600. &D4 
1200 MWe stations • 

This reactor ia under construction •t Soh .. hauaea 
(Westphalia) by the consortium of Brown .Bonri, Bocbte~~peratur 

neaktorbau· Gmb~t replacing the Brown Bov~ri,·.Krupp Cc)mpan7 
· (in which ·Krupp .recently eold ita ~eharee. t~ :BBC 8Jlcl BICG), 

and Nukem, on behalt of Hochtemperat~-Kerakraf'werk Gab~ (HKG), 
formed by six German electricit7 producera. Cona~oti~ 

---·- .·-' ·--
- "-·-- -·-----------

.' 
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begao b 19'11 an4 le scheduled tor completion .in 1974t · 
comelerc1al. operation la planned to commence :Ln MaJ' 19'16• .. 
The contrnct was stgn"d at the ·end ot Octobeza 1971• 

The HKG companJ comprises the ·following six 

aeeociates. 

1. Gemeinechaftskraftwerk Weeer.GmbH 

2. Kommunales Elektrizitatswerk Mark.AG 

'· Vereinigte Elektrizitatswerke gesttalen AG (YEW) 
4. Gemeinschaft Hattingen GmbH . 

5. Stadtwerke Aachen kG, Aachen 

6. Stadtwerke Bremen AG, Bremen 

VE~ waa also responsible for 'the initiative of 

proposing the setting-up o! a "Euro-HKG" company with the aim 
of the acquisition and s~aring of technical and economic 

knowhow in the field of high-temperature reactors ond exchanges 
ot stnff for training purposes. This new company was formed · 

on 13 December 1971 in· Essen by the CEGB, EdF 1 HKG and lnlE. 

EliEL reserves the right to join at a later stage. This 

agreement ie bound to make a positive contribution to the 

rationalization ot decisions by Europe's electricity producers 
on the use ot HTRs. 

IV~ THE PRESENT SITU!~TION OF STEAt1-CYCLE PO'~IER REACTORS 

1. In the United States (USA, Refe. 1, 5 and 6), Gulf 
~-~~---~~~----------

General ~tomic in September 1971 received a letter of intent 

from the Philadelphia Electric Company regarding an orde~ far 

two power plants each of 116o M1e·net, for commissioning la · 

19?9 and 1981 respectively (see Table 1), and in Dece•ber 1971 

..,..., 

. ' ... ~ 
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an ar4ett tor two· 710 Mile react ore, to tJe aftll&bJ,e· &Q: i979 .,.S 
'982, -tor tbe Dellll&rVa Ponr ali4 LlSbt eo.paa,. ··· ftf 
Slltorest;. ot the American electrioitr co~Spaaiea (and this 
argument. also appliea. to Europe)· is juat1t1e4' lA part.iou~ 

b7 the emaller thermal •ttect ot Bfga on the envirOnment. 
Beat di•poaal is a aerioua problem· in· connectioa ~th .the 

tore~t •xpaneion of electrici~7 generation for the tutart• 
'or • giYen electrical p_~wer genera.ted, th• heat ~ be 
diachuged variee 1n the proportion ot 1.;..n/a (where n 1a 

the thermal efficiency) 1 this factor increaaea aha.z-Pl-7 as . · 

A fall.a. For example, atatioaa with. $ ·•.ttioie1lo7 oi .3~ 
re1aaae- one-third more hoat tpan a JDOC!ern auperlleat Plant • 
(~ e:ttioienc,-). This ;ia import&Dt when V7 ··~ ooolins 
of· a eteam plant has to be ••plo,-ed bec~uee hea• ·H~eotioa 
to air from condensing steam ie .inherentlr mare expeaeive 
thaD once-thr('ugh water cooling. _ 

The experience gained in the operation ot tt. Peach 

Bottom reactor and the design and constructiOB ot t,. Fort 
Bt. Vrain reactor, together with all the ·accomp8Drift5 licematas 
procedures, '·has ennbled GGA to design and. offer. high•P*•r 

reectore ot around 1100 MWe. The use ot a·aecon.dar.r 

oontainaent and aux1li~1 cooling loo~s ~i~ taoilitate ~ 
diacu-si-one with the licensing authorities. -'- ·Huoh ot. the 

technology developed for the Fort St. Vra~ reactGt .... 

a,plicable directly to the 1100- ~Je reactor. Boweyer, 

eupple~~entarr programmes have biie~ under ny .S.noe 1968 • 
Roat of the development work tor this. project bas..- been 

completed. The remaining work relates primar~l~ to 

component proof tests, long~term ·metallurgical teats. and. . ' . .. ,, 

various deaonstrations of the validity ot design imprOYemen'-

(US..\, Ret. 1) • rhe pod~type · PCRV_ ha~ al.z:~adJ be.~n Mated 
,,. GGi• on a 1:20 scale .mOdel .... :/..~chin~· tor. tll.e .... abl7 · 

. . : . . ' .-

ot the circumferential· preatrearing tend one hae '·beea deaipe4 1 
- • -. ' t 

built and tasted in preparation tor uee in.~ c~mmeroial.prq~ot. 
. ,; ~ 

.. . .. . 

. · 

... ' ' .. ~ .. :~ . .,~ 
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A protot7Pe of the control rod driva·mechaniSIB ·~ 
constructed and thoroughly teaced in vo.rioua operatins 

ntodes, although the design closely rGscmbles that of •he 
Fort st. Vrain reactor. Long-term proot tests in heUWD: 

be8an in 1971 in.the installation built by GGA. !ee~a 

'.·· ~~ • t i ' 

of the pressure vessel l~&r, the thermal insulation ODd the 
rddterials used for the heat exchanGers have been completed 

or are in progress. 

z.J!~~~~~~l' the first objective relates to the 
development of the HTR ·plus steam genera tor type ot stati·on 

(indirect cycle). The intention is to use the experienO,e 
gained during the construction of the THTR together with _· 

the experience of foreicn companies on ·a basis of 

lntern~tional cooperation and to embark on the construction 
of additional demonstration stations on this baais.abou• 

19?5. 

with these reactors, the commercial phase o£ the HTR 

will have begun. 

3. In the UK, in response to an invitation to tender ·. --... ------...... 
by the CEGB, the two consortia TNPG and BNDC have submitto4 
a preliminary bid accompnnied by a proposal for a £32 milliOD 

two-year research programme for a low-enriched prisrnatio 

element reactor with a power of 750 f-1f/e or more (UK Ret, 1) • 

Soma technical details of the characteristics of the 

station proposed by BNDC (UK, Ref. 2) have been published, 

and ere included in TAble 1. 

The whole of Jritish nuclear policy is now in the 

process of revision, with a view to 1efining the respective 

priorities for the AGR (Mark II), the HTR.(Mark III), the 
SGH,m, ta~t reactors and light. water reo.otors. 

' ' . 

·, ..... 

i\',<< 
' .. -:,_y 

-, ~,- ·~. -~- ·~ 
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',. I1IAIA 'baa embarked upon. a' ~~oa1e reeeN'Oh· ' 
• 

programme (approslmatel7 21t million u.a. o••· $hree rears)., 
ooverins AD part:l.cula:r taduatr:l.al:· deftlopa:ult of t)le 1Qel.1 ' f 

to be teetecS awaitl17 in the Dragon reactor (UK, Ret. S) • 
. . . '., 

4. In France, until very reoen.tl7 1 the progrqmc wu · -------- ~ 
based on the natural uranium/graphite/carbon dioxi4e s,-etea ·. 

(iDGtal.led power approxiaatelr 2SOQ M\fe with. $'icbl .react••> .. . .. 
(Fraoe 1 Ret. 1). · In vi·ew of the preatJDt aerg situation, 

the Government recentl7 dec~ded oo the priDciple ol •P•e4la8 
up the oou.truction of L·~'IR ·power· etatioae (8Qoo 11\Y . ) . 
prosrume for the .Sixth Plan (1971-75)). 

In •pite of the. highl7 promising. outlook to.- breeders, 

France 1a devoting increaairlg attention to the BTR, WhOSe 

tochnique ia an extension of that ot the s;raphite/pa · ·. 

tamil7. Efforts are'being concentrated oA OYe.oomins the 
apeoific technical problema of the HT.R. 

' Jut association was formed in 19?0 for the oouatruotion 
ot power stations. Continuation ot a developmant prQSrQmme 

will depend on the results of studies in hand, the, 

international development proepeots of the sr•tem, 'aDd the . 

part that France could play in t~ia development (Jranoe 1 Refe1). 
, · .. It the et~dies 1n prog;J-ese confirm the hopes placed 1A ii~ 
. \tne of reactor t the launching ot a ,preliminarr J)roject . . . 

ltight be decided upon, followed by a constru.ctioa projeott 

probabl7. in coopctration ·with foroign.·partners, in acoardanoe 
With the· recommendations of the Commission ConsultatlYe 

pour la Production d'Electricit~ d'origino nuol•atr. 
( C on1m:l.ae:Lon PEON) • · · · 

. . ·~ 

. ;. 
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V. D~VELOPMENT POTENTIAL OF THE SYSTEM 

1. tn Germany, tho future development envisaged tor 
the HTR system was recently defined (Germany, Ref. 1). 

The HTR ~esesses the valuable property of generating nuclear 

heat at high temperature, and this is to be exploited in 

two directions: 

1 • 1 :!9-~1?.~~2!:-~L~.~~-~~!'~S~~-~1.~!~ 
T'l:.f:'. ~ossibi1 ~ ;;y of. d.r.-vP.1.oping a high-temperature 

rea~ ;or d~ ... ·Pro-:::t y 1 i:1keJ to a gas turbine (direct 

cy::le station.) is to be studied in greater detail, 

to permit the co.-lst..::-u :-:·cion and operation of an 

experimental static:>n a::1d the start5.ng up ot a 

· ·cl~monstrnJ.;Jon station, leading to the commonearnent · 

of construction of the first commercial direct 

·cycle stations in 1980. 

The additional advantages of using a helium 

turbine are:· 

1. Lower specific capital cost. 

2. Lower cooling water requirements. 

3. HiBher efficiency even in part-load 

operation. 

These aclvantatieS may :place the helium tt.U'bine H1'B. 

in a favourable position in the field of energy 

production. 

The following studies and projects are 

subsidized by tho Federal Government under a 

cooperation contract between German private industry 

and the KF'f"': 

1. Fuel and graphite development programmes 

for high temperatures (up to 1000°C at 

core out let) • 

.·.\'l 

.~ .. 

... ', ~ 

... 
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2. Construction c t in-helium tes~ benchea, • · 

inc~udini; a test loop· .. in which ~ fluid ·tlow 

machine on the scale raqu:I.J'ed tor a 300 ML18 

plant circulates 220 ks/s of helium at .a 
maximum temperature of 1000°0 tor teata on 

tneulating and etruot~a;l. ma~erial~, YalYee, 

etc. 

_ ,. Construction ot an experiaental nucle~ •'•ti.GD 
, h": • 

with gas turbine; the t7pe ~t reactor haa not 

r•t been tinall~ s•_t-tied (epherioal Ql' blook 
t7,pe tue~ ele~ente )'. · 

4. Preparation ot ~omplete conatruo,iOD docu .. nta· 
and a· tender tor a 600 MWe etatioa. _... 

!he development pros~nmme will .b• completed in 1971• · . 
Stud7 work· tor the 6oo M~e statiam project is b.aed OD 

the construction of a single horizontal $halt gae turbiae. 
Single-shaft construction will probably have the advantase 
ot lower turbogenerator set costa and more favourab~e 

· behaviour ot the control system. 
:: 

. In· view of the lnrge.number ot.conatructional and 

la,-out posaibilities for the components ot a·. sa• tvbiM ~T.Ra 
a78temA.tic ·studies will be necessary in order to aeleot the 
optimum oonfigurati on .•. 

On the basis· of an ana~ys~s ot all the possible 

Olinfj?.t&r&tion.o ot the etation, the. most tavotirable eolutioaa 
have bt;on otu41ed trom the point of view of availabilit~ aD4 

economic v1abil1t7• 

~ '" 
-:~· ... ~· 

••• ~'#' • :.~ 

.. . 

·. ·'ij 
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The cooling water requirement is much less than with• 
eteam turbines. The use of dry cooling towers is more 
J'rofitable than with steam turbines, since the heat is 

evacuated at 8o-100°C instead of approximately 2'°C, thus 

substantiall1 reducing the covling area· neede.d •. 

1.2 Proeeao-hoat reactors 
·-----------~--~~-~-~-

The possibility of producing chenp nuclear heat a' 

ten1peratures in excess of 9oo°C eu5gests that this form of 

energy could be used on an industrial·ecale for purposes 

other than the generatio~ of electricity. Several 

analyses at the Julirh Nuclear ·Research Centre have shown · 
that nuclear heat can he used for the conversion of fossil 
raw mcte~i~l into refined products by kno~procossee, ~ 

~t:f.culru:· the gasification of ligni·';.~ and coal by ,a proooss 

ot hydrogenation. It is probably also posaibl~ to use 

nuclear heat for the current hydrocracking processes. 

The simplest form of application, honever, ap::;>ears to be 

the conversion of natural ens into hydror,en and carbon 

monoxide in tube-still heaters (steam reforming-). 

The products of these processes can be used on an 

industrial scale for different technical applications. 

For example, the gasification of lignite will probably be 

advanta~eous. The hydrogen produced by this process can be 

uaed for steel production by direct reduction of iron are. 
Furthermore, there is at present, and will be in the future, 
t'.. big filrtl .. ~~ct for hydrogen. The produc~s obtained can also 
be converted into a number of basic chemicals by known 

processes. 

,-
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'' lit· 4ifficult to· describe .. all tbe. · ~1\~·'&»Plt4a-oaa_ 
at this' .atage, w·t thil'· atudiea have ahon. · tllkt there ~ill a· 

.· . I . . . •· 
market· for the· forms ·-ot application described. ·-ab0ft 1 · -iD · 
llddition· to tlie use ot atomic energy to e;en.erate ·electrioitJ'1 -

an4 this market should not be ignored, since ·irt- ••~-•••h· 
an enera dimnnd :amounting to -a third ·or halt of ~ ~ 

ot primar7 energy. used for electrioitr·generation.· 

~t must, ·however, be_noted that the devel~._,.<ofl thU· 

8011»04 of heat requires the OODCOIDitut 4evelOPfi&A':- Of. · · 

. exchc.ns(!~ra or cracking tubes able· t.o ... t · 11tao1e• ·eittat,. . 
req~irementa and withstand chemical· reaotiona. lt. ···­
that, 80' far as the reactor is concemed 9 the 0D17 lleW 

. . pr~blem whic- ·-wi:Ll··arise in connectlon with the tecbniqa ... 

to bo developed for the dir.~.~~ crcle will relate to-.the. 

preselioe of lnrgox- quantiti~s of hJ'(1rogen iD '"the pri.IIIB.r7 

ci~it, as a.result .of diffusion through the exohanser wail8 
f~om the socondary circu.it. 

2. In the United States 1 the ~firm of Gult G•eral !~tom1o 

in 1971 was aWarded a study contract b:r .the &tate of .Oklahoaa 

relating to the application of th~ ~R _erstem to~ the,· 

gasification ot coal, whi~l.l would z,equi;re ·heli1111 temP.ra:tu:rea:.::- · 
nt the reactor outlet ·in the range ·S?o-1070°0. GGA is alao 

1D~erested·1n the development of-direct ctcle BTRa With~ 

c.ool:l.n3 tonre and ·helium~oooled ·t.aatr react:ora (aee Annex on. 

fast rea.c.tora).; .. · ·, .. · ( ... : .. 

1'1 • ..... . . t: . . ' .. . ' 

. . } .. Japan ·.:·. 

. . . . \.. , . ~ 

Interes• centres primarily ·on.,the abilit7 ot thia'l t·nHt · 
ot roactor to supply- high .... temperaturtt" heat at· low ·coa•,-~, ..... 
mieht permit. the·· development ot.new ateeli.ila1ctDI" .teoluliqiloa. 
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fha eleotricitJ producers ·are also interested in tho·· 

HTR system• The. JkERI (Japanese At'-'mic Energy Research 

Institute) ia at present studying a 40-50 t~th experimental 

.reactor project, on which construction work might begiD tn 

1972. The··-original feature of this reactor, to he used to 

atudy a range of applications, io that it is designed to 
roach a helium temperature of 1000°0 (possibly 1200°0 at ~ 
later stage). 

4. France . 

Although the present French HTR effort is concentra.t.cd 

on the i~direct cycle, with ateam·generator, since only this 

cycle appears capable ot yielding concr.e·te short-term rosults. 

work is continuing on the ~irect cycle (gas turbine), which 

seems promising in the"medium run. The French studies are 
not at present directed tovtards tho use of very high · 

teoperatures, which ,osa difficult ·~roblems, but are baaed 

on ga~ temperatures in the 850°C range, for which existing 

fu,la appear to be suitv.ble·. 

The construction of tha actual turbine does not raise 

eny insuperable problems. A layout ·si~ilar to that of the 
intermediate pressure section of a steam turbine is suitable, 

using alloys and coolin8 devices as developed for conventional 

turbines. A life of 100,000-200,000 hours can be aasured 1 

although some cc,mponents may need to be replaced after 

50 1000 hours. Some improvements to the compressors are 

necessary, to reduce the number of stacres and shaft lengths, 
especially if one single turbine is employed. The decision. 

with the most far-reuching conscque·nocs will· be·· whet~~:r to use 

ono or more sets. The arrangement of· the mnin circuit .·e.ncl 

the emergency cooling loops dif'fere considerably tn the two· 

cases. 

-~- ---·-·----~-- ---- -
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· Y%. !!9Ht!I'iUES USED IN H!l.'Ra 
. 

·' ·. . ' . ~--·~·.~·~ -. - ..... ..... . ·.~- ... "' ' ....... ..._, ...... : 
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The construction of HTR reactors emplo78 · teobftiquee 
developed at different ata~es in the evolution Ql 
sraphite..Codoratea., gaa-cooled r,,1:l,qt••-• ::·. ~·· wesea' 8aM 
of tho art is summari~ed below, starting with a 

deec~iption· of the techniques' common to prteeatic ~ 
spherical tuel element types, followed b7 aa·ezamin-'iOD 
ot the particular. ~eohniquee use4 . in the · two oa.eee. lot! .. 
tba' to ensun -.x~ utili•at:Lon ~.ft. th •. h~sh ·~apital ooat· 
ot a reactor, -qoaponenta 811st be replaceable. after 

commiesioains·•· · heat exohancera, circulators, control l'o4e· · 

and their titechaniame, certain raonit oriag iutrumenta', et.o. 

A. ~nigues used in fll -IiTRs. 

1. Coated particle fuels and their reiroceaeinc 
'. . .. 

\ 
All fuel elements nre today baaed on the uae ot ooate4 

particle fuel~ (a conce~t dating from about 196o), in which 
the oxides or carbides of the fissile and fertile materials 
take the form ot amall spberea.(kernels), each coated~ with 
la,.era of pyrocarbon·, · s<>met:lmes. combined wi·t~· a lqeP ·of 

si1ico~ carbide. ~hea$ .tuel·elemonts may be·eitber· 

prismatic or spherical·in·shape •. The coated par'iclee are 
ot different t,pee~ (soe.~able·2). 

1The part.icles used in the first Peocb. .Bottom core we" not 
O~Jtimized for the retention of ·fission produ-ots,· the OO&tinga. 
serving principall1 to prevent.hydrolysia of the urantua,and 
thorium carbides during· !Qbrication of the fuel. fbe sec~D4 
core, now in operation, ha.e particles ot th• -·BISO. 8.114 !RISO 
tJpe, which have been t•eted intensively in M!i reaotars. 

' f .{ 
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(a) !~orium cycle reactor: In this caee, the ~tio~ _ 

contains u235 , 93% enriched. There are tw~ main possibilities 

tor the U/Th combination: 

a.1 ~~oseneous U/Th mixture, proportions between 1:5 and 

1:10: 

This is the system currently used in Germany (hVR and 

THTR reactors). 

a.2 ~OE,.ium and uranium incorporated in different partie lea:, 

Separation of the fertile (breed) and fissile (teed) 

materials into different particles is important because 

it eives better fuel utilization, for three re~sanst 

1. There is no criticality limit for t~orium-baae~ 

particles, so that large quantities of thorium 

kernels can bo coated in a sin.gle operation, · 

resulting in low-cost fabrication for 90-9~ ot 
the fuel. I 

~ 

2. Nest of the u236 produced in the reactor is 

contained in the. fissile particle, which can ·be 

recovered separately in the head-end operation 

(see below). u236 formed by non-fissile neutron · = · 

absorption in u235 is A parasitic absorbent and 

therefore must not be accumulated in the system. 

'• Moat of tho fission products are produced in the 

fissile particles, , Mor.e co~1p~ex coatinca can 

easily be deposited on the fissile kernels, 1f 

necessary, with only a ~light economic penalty. 
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~. vi'' ..,.t,chmen.t: ot -'be. ·I~U.- ~t~~- -•ft•· a-··.···_.-· 
tov-roar c7cle ia ap~r~ximatoly 2&:i~· ... Alt~q.sh the: "u2'6· ... 
conton.t t.a important .. (qf tho. order -~f ,;~ 'ot ~~ JNDiU . 

~ the tiaaue particles), the r-esidual u2'' ~alue S. 
e~ill eubataatial (tfSA,·:Re~ • 7) 1 this J/-~S · woul4 ~ · 
rec7olo4 in.both an HTR and an L~4R. fh•. conceat,.,ion ot 
this ~ecrcled ;235 in the smallest poeai~l• nuabe~ dt tael 
clemente .-educe a the· resonance ··at:. oz:s&,."' e9_:·_tb,at t.he : . L· 
associated 1f3S haa an economic value· equ:l.val~t'-.. to ?OJ' ot··· 
that of hip..:oarich~d u2'.5. For' this. reason-, ~'• ill- . 

advantaseoue ·to. u·e u23.5 f~ tw~ tour-ye~ 07old :b.,On · 
removins it trom the system at zero value. 

The Uranium in the fertile particle· ( tholtium) '­

mainly u233' tho quantity of uranium produced repre.eatifts 
approxim~tel:r one-q.uarter · ·ot the initial fia~1le oba:I'P• .. 

U1th u23) recfclo, the 1f3S ~equiremente. are H4Ue4-

to about half. what would be. needed for ·a non•reo7o1•· o!IU-pe 

The isotope r~tio of the· uraniu~ isotopes in the 41ecbUsecl _ 

t:aol as compa~ed · w~.'~b the_ in1 tial. quantity ot tf-.3S (non•reo)'ole · 

operation) ~ as follows: 

fissile P!£ticle 
F 

tertile &Ia~ 
after four •fter e~ght ·~ter t~ rear• 

7eare years 

u233;u2'' - - 0.21· 

u2''~;u2.55 ... -. .0.06 

u235;u23' o.oa 0.01 :' .. 
, I 

o.o1 
u236;u2:55 

0 
0.1lf. 0.1, 

u238/U2'5 0.0.5 
4 '·· 

.o.~ 

... ·. 
i~ 

'.:. 
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Continuous rec,.clin~ of the . u233 produced.t result~ 1Zl an-. 

increase in the contents of .. if34, u235 and u2~ in thtJ. · 

recycled uranium, the values for the cycle at equilib~~ 

being 54% u2'3 , 29% u234, 10~ u235 and~ u2' 6• The 

recycling of t~is uranium do~a ~ot excessively complicate 

the calculation of the reactor core • 

.. 

(b) !!LPu cycle reactors 

The p~ticle. ~ontains_' 3-.57& enriched tf}5,. The 

plutoniu~ is formed in the re~ctor itself~ All the 

particles are of the sarne type, but with diamete~s ot 600 
to 8oo ym so as to increase the heavy metal density. 

The coatines arc either of pyrocarbon or R combination 

of PyC and SiC, for better retention of solid fission 

products. 

The following properties ot these particles must be 

maintained even under maximum operating conditions: 

1. l!echanical izltcgrity of th~ coating {during 

fabrication and in the reactor, not more than 

one particle in 104-105 may be damaged). 

2. Retention of fissile heavy metals (release 

"-10-.5 of the total). 

3· netention of gaseous fission products (release . 
88 -5 .. 

of Kr ~10 of the total). 

4. Retention of solid fission products. This 

retention must bo specified tnking account of tho 

·, 
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tttometr' ot the fuo~ ·~lement. · , I"' 

:· . 
The Wluee ebown in 'l'nble 2 ~ -.hoee o~ntl7. a.'"aiJlecl· wt· 1 t 

will ~-ro~bl7 lMt :.,Oesible to ~chieve· better pe:rto~e. 

Calculation codes have been drafted for predicting the 

· be~aviour of th~ coated particles under irradiation. The 
mathematical aodels allow tor the cn•poeition ot ~he 
kornoi t the nn:tUJ"e and. thi~kri~ee. or·. the .di tferen\ ~§tttinBS. 

temperatures, t~e accumulation of: ti·s~ion Pz'oducte aDC1 ,the.· · 
vuia.tion of the· mechanical character~atio_a ot the materiala 

' with flu once and temperature. The 11~7 experlmeDte 
carried out ~b'oar out current· tct.r-ec-aate o'f the beha"fioui' bt 
now t7,Pe8 of fuels at high tluances. i 

! 
The European techniques ot coate~ particle tabrioa,ion 

and inoorpor~tio~ in fuel elements are· ·being stUdied mainl7 

. in tho context of the Dragon project (~HTR until 1968) ... · 

. i The roeults are thus ·widely available .tor the whole ot thct · · 

Community. 

For lonser-term a:·pplications :(direct· o1cle u4 -·· -
:process hoa.t ·~"actors), thtt work bogun: must be oont:l.auec1 ' 

in ordor to achieve higher burn ups and· into grated neutroli 
~ ~ . ; 

fluon.oes, ·With even· higher operating t~mperatureii. than 

·those currentl7 employed. · . ' 
! 

f • 
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Kernel 
~hemical composition 

~verage diaoeter (pm) 
Ratio Th/U 

I 
Coat in~ 
Type 
Porous layer Y:tm) 
PyC high-dens1ty 

• SiC layer 
FyC high-density 

Total 

,!!.urnu;e (% fima) 
Specified 
Actual 

Fast neutron dose 
21 10 nvt (E)0.1 MeV) 

r~ximum specified 
J.ctual . 
Irradiation temperature (oC) 

.. ,._.,· ~- .. . r;,:· 

-~i:'~~·~.:·f~:~, ~:;~·, I 

'.,.., 

,!ABLE 2 - Data on coated part~cle 

; 
··• 

German)' (ref. S) 
pebbles . ~ USA. Europe 

AVR. THTR 300 Fort St.Vrain 1100 r..~·:r lue Low-enrich~d 

·-rissne ~ ~rtne· -- -riss·rre ·-Fertn-e--

(U,Th) c2 (~,Th)02 (U,Th)02 Th o
2 u 02 Th 0

2 u 02. 

400 400 200 450 200 450 600 or 800 
5/1 . 10/1 4.25/1 1/0 0/1 1/0 -
BISO BISO TRISO TRISO TRISO BISO TRISO 
50 70 50 50 60 
120 110 20 20 30-40 - -. 20 20 35-40 - 30 40 I 30-40 
170 180 120 130 130 130 16o-190 

.. 
9 14 20 ? 12-15 
10 16 27 27 27 21 12 

2 6.8 8 8 7-9 
2,.2 7-v2 8--7 8.4 8.7 8.4 ? 
12.50 - 1250 . 1150 1150 1150 1150 1100-1200 

-

I 
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~o ~eprocessins and retabrication of~TR fuels are 

a vital ooonomic objective t as stated iJl Sectioii _VII, .-. 

particularly tor thoriu;m cycle :reactors, ·in'. which reo7cl!Ds 
. 233 . 
permits offectiw utilizntion of U • . H~wever, 

roprooeeoins is also a possibility for the U/PU crole, ~· ~o . . 

bnais, except for th~ firot head-end opera\ion, of the 
ax~erience gained in fuol reproce~sing in light water 
l"enctors. . \iork on iJZ33 recycle is in hand in the USA at 
the Oak Ridge Mati~nal Labora.~ory (ORNL) and GGI.. Work in 

Europe baa been carried out under the Dr~eon P.rojeot ~ 
' ' 

Britain and in l-taJ.y, but the maiD centre ot action at . . . 
proaent is in Germany •. R&D is proce.eding on three tz-oate& 

• .. I 

1. llead..end operation for the seloctiw reooYerr of 

fissile and ~ertile particles • 

. 2. · Dissol vine o£ uranium~ and thorium tollowe·d bt 

solvent extraction. . 

J. llemote .relabrication o£ pariicleal ·compact arid 
· fuel elements containing· u23.3. · 

... 

Different techniques are being-inveetigatieda for 

example, some 4etaila are given hero of the methods· being 

atudied in the Unit'~ States (US:~, Ref. 7). 

These methods wili bo toatod in the Thorium-Urariium 

Roc yolo Fncili ty (TUI~F) 1 a pilot plant under oonatnotton at 
ORNL 1_ which will become operationa,l in 1976-?7• This 
plant ·will havo a daily reproceGsing capacit;y ot 8-10 .. ~TR 
tucl elements (Fort St. Vrain type block) and Will be capable 

of rofabricating two ·or ·three bloclta a .:day· ino'orpor~ting .. .tho' 
roco-vored u233. · This pr·oduction rate is eq"uivalent. to t~· 
equilibrium requirements of ·a ·recycl~ing taoll.it7 clealsne4 tor 
a capacity of some )000 MWe, and corresponds to 5·1~ of ~he 

scale o£ a commercial recycling plant. 

~-. c.::~ 

:· :·/_:·~-~J 
,. 
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(1) The head-end comprises various stages, in 

particular: 

(a) Crushing ·followed by separation of the fUel 

·particles from the graphite pieces. 

· (b) Combustion 

(i) of the graphite pieces without tuel 
(ii) of the compacts, graphite pieces with 

fuel and PyC coatings of the cOated 

particles. 

Combustion takes place in fluidized beds of different tY,P.eS 

depending on the composition and size of the parts to be 

bu~nt. The part of the crushed fuel elements containing 

the coated particles will be burnt in two stages at the 

rate of approximately 10 ltg/h, in a fluidized bed containing 1 

in addition to the particles, alumina to ensure uniform 

combustion; the TRISO particles oontainin~·u235 and u236 

are partial~y burnt by virtue of the protection of ~he SiC 

layer and arc screep?d out a.ftor the first combustion. 

{2) ~~!hns and solvent extraction 

After sepa~ati?n of the alumina, the ash obtained ~ill 

be attacked by an acid solution, to dissolve the oxides of Th 

~d U. .t.fter dissolving, solvent extraction takes place 
23~ for decontamination and purification of tho U .., and , 

thorium and for their separation. The solution of u23} nitrate 

is sent to the refabrication plant, whilst the thorium, 

pnrtinlly ~eoontaminatcd, is concentrated and stored. 

The basic technology of the chemical operations, based on· 

tho Thorcx acid process, has already been d~velo}>ed at ORNL 

for other thorium applications. 

t . 

' . ~-
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(') Retnbricationc The coated ~t·iolea OOJ!*talniAS 
the·reoycled uranium incorpOrate appraximate1~·2~ 
urnnium oxide (mainly 1f''> and 8Cf,4 thorium oxide (!h02 ) • 

'.rhe tuel kernels will be fabricated by.'a aol-pl prooeaa 

using equipment housed in shiolded cella, and then ooato4 

in a 12;5 em diameter tluidized·bed,.which 1s.alao 

remote-controlled. The particles will· be Ot the BISO· 

t7pe 1 similar to the original fertile parti~~ee. , 
Hot:. cell testa have shown :that the apparatus· works 

eatiafactarilr •. · · The particloa. will· then be 
c ~ • 

remote-ag~lomerated using injection-moulding techDique• 

. . 

similar to those employed for the fuel of th• Port St. Vrain 
reaotar (aa &escribed later in this document). 

l."xperiments in this field are in progreaa • and work ia 

also in hand on the techniques of introducing and fixinS 

tho compacts in holes machined in the graphite blooke. ~ 

Fuel elements incorrorating u~3' must, ot oourae, 
roach the same standards of thoso of th~ bitial tuel, 
The de'V'elop~nt., programmes completed and u prosreaa · 
indicate that tm production ot· recycl~d fUel. •lementa ia 

possible, thus confirming the economic val~• ot the thoria• 
cycle. 

2. ~ium technology 

~e principal advantage ot,helium, which baa led to 
its sub~titution !or tho carbon dioxide originall7 uaod in '.. . . . .. " 

gas-cooled reactors, is its chemical inertia, permitting 
graphite surf' ace temperatures in the 1000°0 range· tor tho 
fuo l elements. Furthermore·, helium absorbs . bardl7 ·an7 ' 

noutrnns and baa no.nppreciablo moderating ettoct·on ·them, 
eo that it does not influence the roactivit7 ot'th~ aystem. 
Holium ;is and will remain easil7 ·available tor the · 

requirements of HTR reactors. 

~ .............. ------_ ~- _--- -:-· --.. -- -··------- ----
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Helium technology ha·s been perfected tor H1'R reaq-ors. 
The main problems thct· had to be solved related to the. 

ecaling of the primo.ry circuit, helium pumping, lubrication 

ot surfaces subjoct to f:riction ~ helium· purification, heat 
transfer from the. ~fuel to the helium, corrosion of the 

graphite (since the carbon plato-out may give rise to ·mnsa 

transfer) and· thermal insulation of the primary circuit. 
1 .. 11 these problems have b"oen solved, and the solution 

satisfactorily tested,·in the operation of the AVR, Dragon 
and Peach Bottom reactors • 

. The general view is that the adnptntio.n by the 

industry of these ·solutions to ·large-scale· reactors doee 

not raise insuperable problems. There .nre·, however, 

specific problems associated with the use of prestressed 

concrete pressure vessels, which hnve to remain leo.ktight 

and maintain their thermal insulation for the lifetim~ of . 

. the reactor (30 years). It will also be necessary to.be 

able.to guarantee the leaktightness of the heat exchangers 

(in this connection,·· a· detailed examination of the 

composition of the gas from the Hinkley Point : ... reactor 

carriod out by tho CEGB showed that the exchangers had DO __ 

leaks) and of the larae helium circulators. In this · 

sphere too, the basic knowhow and experience gained in tho 
operation of the Dragon and 4VR reactors are accessible to 

all manufacturers in the Community. 

'· Heat ex~gers (steam r,Gnerntors~ (Frnncc, Ref. 1) 

By virtuo of the gas temperature (750°C as against 

6?5°C in the AGR), the nature of the gas (helium) and its· 

pressure, the heat exchangers are· smaller than in 

,craphite/c;as. reactors. · For the same reasons, the tubos in 

--- . - -------·-·~--
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the ~uodles are subjoctod to bighe~ ~emperA\,ree and 
atoopor thermal gradients in ~eir •'fila <•• 1eaat , in the 

su~rhe$tor and reheater rosiona) •. ~e.prQblea 
. . 

therefore arises ot the cho~oe ot materials tor *hose 

tubes, and tor their support-ing atructurea, ·~• well ae ~ 
behariot.ar ot these materials and assemblies. in a helium 

enrironment at high tomperEl:tur•.• w~th traces ot moisture. 

Small~bore. tubes are f~Yourable tor aever.al·reaaona 
(exchange surface per unit. voluaae, waU _thiokneeat aatot7 

. . . 
in t.he event· of tube tail~~). To limit ·any .•ocidental 

~ . - . 

introduction of water into tbe helium, ·.the inat&llatioa 

of large headers within tho pri-.r,- circu:l.t 1a avoi4ec11t 

The tubes must tlteretoro pass ·through ~he ~netratiOI\8 

virtually indi~duall7, e.o as to en~ble a very saall part 

.. 

. . . .. . \ 

of the exchange~ to be bfocked· ott and takeu· ou~ ot eervioe · 
t.ro~ outside the pressure vessel in.the eYent ot a tube 

failure. 
;.., ' .... 

Deonuse of thct .. dir.ection. of circulatioa. adopted tor 
tlle cora coolins, it is necesear,-, wher..e exchanger.s are , 

installed in pods in the vessel wall, to use downw~ 

boiling in the exchangers, which results in operating 
constraints and diffi,cu.ltioa (in· particular' on eta.rtqp,. 
·~hutdown and part-load operation), or to adapt the hea~ 
exchanger bundle c~fieuration or modif7 tho direction of 

helium circulntion in the exchangers, at the coat ot aome 

'degree of mechanic8f c~mp~ioation. 

4. Circulntors (!«"ranee., Ref' •. 1) ... . , . 

Comp:1red with t~e · circ.ulntors ()f ear lie~, graph:Lte/saa 

roaotors, the crcatcr spocif'ic work roquirea higher apoo4a 

·~-----.·~ ··- -..-.jo.....--...... -~.- ·-· ..... --------·------ ···""-' 

:.. .. · 



thnn for co2 , but the higher speed of sound tn helium 

rosulta in low Mach numbers. The machines are of the 

axial or centrifugal types, the final solution depending 

on the epocific.charactcristics of e~oh design and on tho 

drive system. 

By virtue of the lower rntings (3-5 tnv, as 

compnred with 10 M,"/ or more for gra:phite/gas reactors)., 

electric motiv·a power is a possibility, and in particulnr 

the use ot a submerged m.ot'or, which avoids the· difficulty 
. . 

of dynamic shaft sealing. With oil-bearing circulators, 

it is necessary to provide an effective ba.rrier between the 

lubricating oil and tha primary helium, nnd this appears 

to be a difficult problem with certain types of 

installation (vertical-shaft circulP.tors with bottom-mounted 

impellers). The use of eas benrincs eliminates this risk 

ot pollution, but nocessitatos a horizontal layout and 
sp~cial arrangements to ensure correct working ot the 

machines unGer vnrious operating conditions (in particular, 

o:_Jeration 11t ntmos'pheric pressure after .depressuri~ation ot · 
the core). 

5. ~estrcsscd concrete pressure vessel and integrated 

1?-!~mary circuit 

Those techniques were developed for CO/graphite 

reactors. PCHVs wero used for the first time in the 

construction, in 1956, of tho Marcoule G2 and G3 reactors. 

The intcr,rnted primary circuit technique wns used in the · 
' . 

. :~.VR in 1961, but Vlith n steel pressure vessel. :Tho so bnve 

boon standard techniques for many years in gas/graphite 

reactors in France and tho UK (Magnox and ~GR). 

"•:,_;,-; 
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Rowower. ~ompared with the •eeae.la of earlier 
graphite/ gas reactors I. the HT!t •o·ae~le have a. emalle• 

intorDal cavit7 diameter but have to withstand a higher 
prossure (approx. 55 bar as· asainet"40 at most) •. · Tho wall 

and hea! thickn,saes, assuming the same arch1toctu.ro·1 thua 

reaain on.. the same scale aa previous.l:r. A Yariet7 ot 
coomGtries were used for the first prototype reRctors. 
However t moe t ~ecen t ·react or de signa emPJ.o1 a new. t,.,e ot 

PCnV concept,- in which the exchangers are accommodat·ed 1D 

pods in th\) side ·wall ot the vessel. fhia 1&s a aptem 

patented b7 Dragon and adopted by BNDC (British Nuclear . . . 

Doeign Corporation) tor the· Hartlepoo1 station, eo it 

will bo part:l.al_l7 testo.d ·bofore :the conatr.uct:I.OD of 

large HTRs. 'All tho ~xperienco in. t~ ·c~truction of 
. ' 

lnrge PCHVs for nuclear reactors ~s concentrated· in Franco 

and the UK , but· GGlt. has also gone in. for. ~CltYe b7 ,.buildiq 

the Fort St. Vr~in rene tore and _bJ' adopting the n~w tJPG · 

o( veseel for ita· ·110Q ~i/.e HTR tender~ !1'be oii'CUmferential 

pr'oatreesing ot this now type ot_.,yoeeel ~, be. applied b7 
. , . . .. 

. wire vin_dint;, but prestressing by toadone 1a also poaaible. 

. . 
~o pod closures (diameter approximatel-7 , .• 5 ·~. atst-

be so doaignQd as.not to prejudice the intrinsic aatet7 ot 
the PCTIV. Further, with multiple pod rot~olliag 

(prismatic oleao~~s) 1 tho top he~d has a larse a~ of 
penetrations. lor this ~e~on, tra~a~eroe tea4~-
cannot be used to preetrese the top· ~ad .• 

1,;. 

' I • ~ 
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D • :echniques specific to homogeneous prismntic-oloment ~ 

1. !]Lcl ele~s and reflectors 

!~-~~~2E~ ~he manufacturers and oiectricity pro1ucora 
interested in prisli1atic HTRs have ·concentrated mainly on 

the low-enriched urani'um cycle. The design. of tho fuel 

and core is largely based on the· fundamental study 

presented by· the Drag'on project in 1967. 

The whole of the.~oderator is ineoryorated in the tuel~ 
'elements, which occupy the entire volume of tho core. 

The coated particles are inserted in graphite tubes whoso 

outside dinmeter is·similar to that or the fuel tubes u~od 

in the Dragon rc~ctor. The behRviour of these tubes u~dor 

irradiation can therefore easily be studied in Dragon. 

Tho particles are incorporated in cartridges (compacts), 

~lowing maximum heavy metal densities in tho range.0.8-1e0 &/~m,. 
to be reached with particles of kernel diameter 6oo-30o 1• 
Accelerated testing of these particles is under way in tho 

experimental ~cactors. 

The type of rod favoured by the manufacturers is of tho 

tubular interacting type, in which the ·compacts are clad 

internally- and externally with graphit·e in. contact with' the 

coolant gas; the fuel, since it may expand under irradiation, 

sots up a stress in the outer graphite tube. Tbe fuel 
tubes containing the compacts· are ins~rted in channels ln the··· 

hexagonal blocks (about 4o em across flats) of g.r~phito 

(i~otropic prossed or fine-grain anisotrQpic dravm) to 

form the fuel elements. These graphite .blocks will roech 

a maximum tcmpora.ture of 700-900°C .in the reactor and wil,3. 

romQin in it tor about three years. The fast neutron 

••• ;>'..; 

•• ,! ,.' 

.... -

- ' . ·~ 

.. 
l'· 

, .. 

.. 

~~::' 
-'·,·\;:if{, 

i~ 
~ .. ;~ 

. "' .; ~._;;.:~; 

·."" 

-.;.-

---- ----··----------~-- ---~~ 



r: 

1'. ,, 
' 

. ,,,, .-· 

i 

I 
I 

f~uenoe• will be lower than 'the 't.luencea epeoifl84.~tt·• 
20 roars to the lsotropic graphite blocka:uae4·~ AGR 

renctora. A largo-scale high-temperature·and higb-fluenoe 
graphite irradiation programme has been put tn.band·tD 

Jl:urope em~ in the 'United Statea (see beiow'), aDcl there. are 

reculnr .oxohansea on the results obtained• Tba 

European toets have been·conoentrate~ OD silaoaite cok8•b&e04 
graphite and. bove shown the ;.'excellent atabillty und,r 
irradiat~~~ ot this graphite at tbe ·required·tlueaoea • 

. . 

The variants of this type of tubulAr· fUel are DOW 

beint:t atudied. In the· "teledifll" tn>e·, the compacts 

·are inserted in the wall ot a single graphite ·tube in an 

arrangement r~sembling that ot ~ teleph~ne dial. With 
directly. cooled compacts, o. fuel region is linked t\ireotl-7 . 
to a fuollcss region, the latter being in ·d_iroct C:Giltact 

with the coolant gas. The propertie$ of the two regions, 

with and without fuel ,nust· :l.n this case be adjuat·ed in auoh 

.a way as to avoid cracking under ·irradiation (G~8n1t not. ,). 
lihichever t7pe of fuol tube ie usod, ac·cou·nt must ·be 'talccm 
ot tho risks of ·vibration of these tubes aJ14 stabilisation 

systems must be provided for. • The ·graphite bloCks 'uecl ia · 

HTRs c~~not be irradiated ·in materials test reactors beoauae· 

.. of their size. The. dimensi·onal behaviour an4 internal 

etrese situation must be predicted from complex oalculatiGD 
·codes 1nvolving the bloek;dimensions,; variations in 

temperatures and flux with .. time' and varia.tiona of the 

.·- .. graphitQ charaeteristic·s with• n'uence and temperature• m'' 
.addition, account must be taken_throughout ot oroep 

phenomena. ·.. lt will be . possible •'t•o vcr'ity tlie .. theiaa.:tioal 
models on small-size fuel blodks irradia.~ed · -~ ··br&soJi. · · · ~ ... 

. • I .·•. ,· • 
. . .. • . 

... , .. t •• .·~.. l .. • ' • 
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In the US~, GGA has adopted for Fort St. Vraia, and 
--------------ie proposing for it~ 1100M~ie reactor,· a different tuei 

element from the type rlcscri bed above. The cycle in· 

both caaoa is baaed on u235/Th/U233. The hexagonal 

non-iaotropicvgraphite blocks are perforated with.108 

cooling holes 15 •. 8 mm in dinmetor altornnting With 210 

holes filled with 12.4 mm diameter fuel pins. The 

coated parti.clea 1 having a kernel diameter of 200 p tor· 
' . the ~oed and 450 )l for the breed, are incorporated in the 

fuel pins in the form of compacta. These pins are 

fabricated by a hot-injection technique: a viscous mi~ture 

ot a binc,er and powdered n·~-tural or isotropic graphite ia 

injected into a mould previously fillvd with coated 

particles. • The material is baked and tre·ated at 180000: to 

stabilize the pin dimensions and to ensure partial 

~aphitization of the matri.x, so as to .. improve the 

irradiation behaviour. 

The dimensions of the coated particles used by GG~ 

are such that most of the available experimental results 

aro. applicable to them, and no difficulty. is to be· 

anticipated on this account. 

The pins were irradiation-tested and the.reaults wepe 

satisfactory: burnup 2~~ fima, fnst neutron t.luence 

7.0 • 1021 nvt (E )0.1 NeV) temperature 1400°C. 

The graphite for the Fort St.Vrain reactor is nuclear-grade 

needle coke manufactured by the Great Lakes Corporation, Grade B-327. 
An extensive irradiation programme has covered a temperature 

range from 650 to 125Q°C with maximum fast neutron fluenoea'ot~ 

l.lo22nvt(E)t0.1IooV) and has given excellent results- All the values 
obtained were .better than those specified tor the reaotor.It·. should 

. 21 
also be noted that the fuel elements reaching fluenoes ot 8.10 nvt 

will have only a Telatively constant temperature below 1050°0, whilst 
- 21 

the ones at 1260°C will reach a.fluenc~ of only about 2.10 nvt. 
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2. Core and internal structures 
. .. ; .'I • 

, .. 

Because the fuel is integral With the moderator, . 

handling facilities must bo provided tor the ooro ol a 

prismatic-type hi6h-teniperature reactor, and thu· atfoota 
the design. 'l'he inte'grity of the ; core ·.u.&t be caaure4 

by the supporting srstem, and the later~ and hea& 

rostrainits guarantee earthquake reaistanee end -lioltlllll 

holding during unloading. 
•\ 

~-; 

In view of the core outlet 'empe.rat.Uz.e of \M belilllll 

(750°0), two types ot suppor·t aro beias ·atu4itu\l a ooolecl. 

•otal floor, or a aystom with_ ceramic extene~ana of th~ '· 
core columna down to th~ bottom c•p (the latter _.18 

well-suited to the annular architecture, and ·18 moe• 
frequently used). 

).-~harge mcchine.and reactor ·control 

Decauae 'the -fuel and· ·moderator .. are :integral, fuel 

hnndling consists of manipulation of the blocks of the 
core. This problem is .diffi~ult :b~th tn it~elf an4,aa 

recarda its consequences. 'i'or tho·; core. (~d. vi~e ~er~a'i an4 
for the top cap of the ·r:eactor veaeei. 

Two tnee of handling are at prosent beiDa inveatisatod1 

oft~load and oa-load, the machine 1n both casee being 
otitsido·and above the ves~el. 

On-lond rc f'uolling 1 as opposed to off-load l'eiUeltag, 

•educoB t'uol cycle costs and' ·a.nti.-reactivitr requii'ement81 
and permits greater· froe·d.oai' in> shutd:own scheduling. In·. 

view of tho organization ot the primary circuit (downward 

_-, 
.e~ 
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cooltnz.), it is carried out in gas at ,:S00°C, wheroas eome 
... ·o . . .. 

equipment operates in gns at 400 c in co2-cooled reactors. 
However, the core is surrounded by a gas flow at a pressure · 

of approximately 55 bar, and a failure would hnve more 

serious consequences than a similar failure with the 

roactor shut down; Th_a European manufacturers are at · 
present still studying the two charging systems, whilst 

in the US4"• 1 GGA so far favours off-load refuelling. 

Control is effected by means of a large number of 

control rods, operatod by mechanisms inside the top cap 

of tho reactor vessel. Th~ Xe oscillation control 

.techniques used for the Mae;nox nnd AGR reactors· may be 

employed. This problem is, however, less ~ritical in HTR 

reactors, because of thesmaller size of tho core. 

C. ~echniqucs specific to spherical-element HTRs 

1. Fuel elements nnd core of the THTR reactor 

Tho reactor core consists o£ a pebble bed. The 

pebbles, having n diamoter of 6 em, are introduced at the .. 

top of the reactor through different fuellinG tubes, 

allowing the peb~es to bo fed either. to the centre or to 
tho edge of the core. 

The pebbles are romoved at.the bottom of the r~actor. 

This type of fuel was designed for the lt.'JR ond VIas also 

adopted for the TH~R renctor. The retention of the 

same shape for the ~uel element !.s an in·,:aluable advantv.ge · 

tor testine the m~chanical properties of the fUel 

'_":t, ...... ?.;'~ 
·)·,:'?::·. 

/~ 
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(irradiation behaviour, resistance to corrosion, eroeion1 

shock, etc.). 

follOWinB& 
Develop~ent was· concentrated on the 

. 
1. The tnbrica.ti~ of p~rticlea with heav-s metnl kernels 

di~meter 400 ym) coated with pyrocarbon layers. 

2. ~PPropriate composition of the graphite matrix, with 
. . 

;crt~cular rotorenco •to problema· of co~patibillt7 and 
irradiation behaviour. 

,. Fabrication ot complete tuel elements consisting of a 

kornel containing the fuel and a tuellem grapbite ' 

sheath. 

Extensive irradiation programmes in Dragon and in 
. . . 

matoriala-teetin5 reactors were carried out in parallel 

with the d~velopment of fabrication techniques. FiDallJt 
computer prog~ams were wri.tten to analyse (the behaviour 

of the material under therm~ stress and expansion. 

Table '• ~hich shows the results obtained in 
demonstration testa for the prototype reactor, giYes the 
breaking force and drop test figures. A breaking force 
ot 97.5% moans thnt 97.5% of;the fuel elements must have 

brcaldng forces 1n ex~ess of 1800 kgt measured between 

stoel plates. The ~op test figure is .the ·number of timoa 

a fuel element can withstand dropping ont'o the pebble bec1 
' . ...' 

trom a height of 4 m without being damagod; 99·9~~ ot 
the fuel olemcnts must reach these values •. 

I • , 

..... "' ·•··· ........ 
. ·\·. ······ .............. -. 

':. .~ 
. : .... " 



- 4o. -

f'ABLE 3 
THTR fuel element test results ____________________ M _______ __ 

(Germany, Refs. 1 and 5) 

Specificetion 

Heavy metal c·ontent 0.96 c u23S 

10.2 g Th 

IVII/,.1/2/71-J: 

I 

o.96 s u23S 
10.2 g Th 

Breaking force· 97 .5')~ 18oq kgt . over 97.5% · . .. ~ . 

Drop test 

(Standard test) 

Hntrix graphite anisotropy 

Thermal conductivity of 

m~trix eraphite nt 1000°0 ~ 

(non-irradiated element) 

(cal/cm.sec. °C) 
I 

Corrosion rate' at 1000°C 

(1 v/o H2o in l atm He, 

10 h) (mg/cm2 .h) 

Contamination in··ura.nium 

U/U total· 

Specification test 

Average burnup 56 fima 

~vcra~c fast neutron 
!luonce (~ )0.1 NeV) 

Hnxi::1ur1 burnup ~6 !ima. 

Nr:.::.:imum fast neutron 
flucnce (E )0.1 i'1ov) 

Xe 133 release rate 

Dimensional stability 
under irradiation 

99.99"~ 

50 times 

1.,3 

0.07-0.08 

•'. 

1.5 

5 • 10-4 

12 

21 4.8 • 10 nvt 

14 

21 6.8 • 10 nvt 

1800 k8f 

SO times 

1.15 

0,07.0.08 

•.. .. _.,_.:~ 
. . 

1 .... 4-~ 
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2. Mttnipulation-. of ru·el and bish•spe·ed meaeurement "'f 

burn.BJl . ""'· 

Com~ared with the AVR reactor, it was aooeaaarr tor 
the THTR ~o incronse.the circulation rate from SO to SOO 

ipheres por hour and tho number of positions for chezging 

the fuel above the pebble bed from 5 to 1.5; . tor this 

.reason the fuel elom~nt circulation Bf&tem requirea a. 

1arge.r number of tunational. parts. 

The spheres are transferred frnm the core tQ the 

fuel circulator b;r sr~vity (ancl~ ot inclination uau·~ll' 
10°);. for this reason the circulator must ba located. 

undernoath th~ core and the PCRV. In orde~ to ensure· 
simplicity, moderate construction costs, avoidance of -­

holium leaks and a high degree ot sa(et7, the tunctiODal 

parts ot the ·fuel circulation s7stem, and alao 'ot the · : 

charging and discharging system, were built ·in- tbe ~orm ·. 
o! individually replaceable modules. 

I . 

The fuelling room is not normally acce•aible. fhe 
maintenance of drives and gearing can be carried out• in· a 
radiation-free workshop •. 

On leavin~ the core, the spheres-eo first tQ a 

Doparator which separates the individual spheres, 

oliminatcs fragments and removes spheres whose dimeaaions 
nre out of tolerance, and thence to a measuring reactor· 

havin6 a power of approximately 100 W, which waa d~v.elopo4 

as an instrument to measure the burnup of tho t~e1·e1emonts 

leaving the prototype reactor. The spheres pass through 

this reactor at a maximum frequenc1 of 'one every 7 sec.­

Compute~ analysis of the change in the reactor neutron·flux 1 

rnonsured during the plissagc of the. s'pheree, Jielda· , 

inform~tion as to the £issile and fertile material and 

fission prgduct composition. 

·-·- ----··- > --------

· .. 
> ' ~ 
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The spheres are pneumatically recirculate~ 1~ the 

core by elavntor tubes. They are decelerated on exit-

trcm the fuel charging tube by gas refiux. For this 

purposo a section ot perforated tube is connected to tho 

1nto.ke of the fuel circulation fan. 

Because of the large number of junctions, which aro 

hiehly expos~d to wear, the fuel circulation system must-
bo ensily accessible and ~epairs must be carriod out 

on-load. The integral fuel circulation system can be 

separatod from the primary circuit and independentl7 

depressurized. The reactor is designed to be ablo to 

operate at full power for several weeks with the fuel 

element c:;_-oulation system ch"..!t dovtn. Normally, the 

replaceiilClt of sma:"..J. units takes no longer than 24 hours. 

For thir; t-•· a son, evt n more scriou~ f~ulta in the fuel 

circula-i~.;_,n system i1n·1e litcle ef.fcr;-:; on ·the· avnilability of 

tho react'>r. 

The development of the THTR fuel element circulation 

systc~ included extensive functional tests. In nddition 

to the tests on prototypes of components of the final 

machine (under conditione simulatin§ reactor operation) 1 

lifting tests were ~arried·out with three of the 15 
reactor elevator tubes, nt full scale. 

The correl~tions between the sphere and gas speeds 

were e~alunted with this test arrangement. 

3. !l_ofloctor 

No part of the reflector is replaceable, and some ot 
the ioot~opio eraphite blocks of which it is composed will 
be C~)OSed to high fast neutron fluences during the 1i£o Of 

t< ', 

' 1 

-' ·: 
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'he reao~~. Thie, together With the risk .ot corroeloa ....... 
an4 e,.oaioD of the- -botto• reflector, makee i\ dltfioult 

to pr-odict ·tho long-term· mechanical behaviour ot thie -.. 

-structure. However, the experimental reaulte aY&ilablo 

on sileontte coke-based graphite- g:Lve_reason tOJ.- op,itaisa. 

4. Feutron EQJSics and thermal design of tho ~eaotar. 

-These aspects of the reactor ar~ complex. Tbe 

composition ot , the core must be calc~atecl·' fro• the sphere 
char sing programme -,~ taking account o-t 'the _ in~~tion on 

the lawe of aplierc m~tion gn:Lned from· modele. ~-_A1-1ow~ce 

must be made tor .the effect o£ helium and•~temperatve on 

the coetfic:l.ente ot ·&:Lotion! between· sphez:•-, between 
apheroa nnd the vesael.walla,· and betwe~ sphere~an4 tho 

control rods. The calculatio~:.of the maximum- .. tempe~.aturo, 

11\lSt tako into COQ~ido.ra.tion tho distribution Of .the • C~ 

flo\'/, which tends. to avoid the b~t parte of the core,. ·the 

composition of the core-and the probabi~it7 ot t.reah tuel' 
sph~res ~pnching. · · . 

. ! . : ~ .:. ; :-·, . . ... ~ 

'!'he neutron·flux calculation must aJ,l~w; for.th~ 

con'i~nuoua movement o_t .tho fue~ el•me~ta and the'· pp botweoa .. ~.-
- . , ~ . . . 

the irrogUl-~_r top of th\J core and the uppez- r~ector. :: 

It is necessary to determine at ever1 .instant tho aothod 

of r&l'Ohat"ging • .. centra~ or peripheral ·- ~t the sphere a 

romovo·n from the .bott9m .of the reactor depending on thoir 

compoGition ~graphite, fuel, poison ~and, ·in the oaao; of 

tho fuel, thei.r burn\JP•, These calculations must be Qnrrie<l 

out rogulnrly -durihg the op"er.a~~o~ __ ._qf ~~e .~e:'1ctor-, but . -
• ' ::.t-,.~· ~. ·-·- . 

thay do not raise· ·any tundnrnental problem,, T1te7 -requ~o 'bo 
use of a computer, but this .. i~ alrond1 ne-eded tor m~asuromont 
of the burnup •. _ .. .. ...... .-...: . ._ ..... 

_; 
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5. Rcnctor control 

Control of the THTR reactor.will be effected partl7 b1 
geans of 36 rods loc~tod in the lateral reflector and 

:artly by means of 42 rods to be introduced directly into 

the pebble bad by a pneumntic drive system. Extensive 

modol studies indicate that . the dire.ct introduction of rods 

into tho'bed is unlikelr to raise proble~a. 

The driv€ consists of a:double-acting piston· 

(ste~~ing.piaton) with a motion mechanism and a stopping 

mechnnism. The drive is helium-actuated. 

For a scram, . the rods arc ·.lowered to· a depth of 

2-3 m by a long-stroke piston system operated by an 

independent helium circuit, at high speed v•'30 e~sec); 
thereafter, the descent continuos if necessary at low 

speed down to the bottom of the reactor. 

The end of the absorp~ion rod is concave, so a sphore 
is grasped during the descent of the absorption rod and 

the load exerted on tho spheres is reduced, since'the 

~oometry ot tho graphite/stocl contact- is favourable. 

The rods are cooled by the helium circul~tion due to tho 

pressure gradient in the core. 

Tho individual COr.lponents or the drives·, e.g. t tho rod 

linkages, tho piston/cylinder system; the motion and 

stop?inG mechanism, the rod.piston position indicator, the 

valves, etc., have be~n thorouehly tasted on individual tost 

beds. In this way a high degree of reliability was attained 
and demonstrated for tho individual components beforo 

construction of the prototype drive. 
' I 
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i'he co-na,nct1onal epec1ticatione ol tho cS.:lve aro ·to 
be •os,ed ln. an ext~nsive pro~ramme uaias the pro.,otJPO· 

+ • ! • . 

dri vc, rno•nte4 1n a test tower, starting Ia March ·1972. 
\ 

6. Prestressed concrete reactor vessel ·. 

For the deyelopment· of the prestressed concrete .. 
reactor vessel, it was.necessnry to carr7 ~• streee 
analysis studies to ev~uate the.breaking strain to~ 

~i!feren~ load condi tions·.o Three-dimensional coapaer 

proerams were available for·· th• stress artal7ees •. , Aft 

. np~oximation technique developed by a British t.Lrm.waa 

used to. determine the breaking stral.n. · !'he brea1t1Qg· · 

.strain of the \lpp~r chamber of the •••ael ••• kak4 br 
·loa(l.ins a 1 '20 scale model to taiiure: •... ~· Tile lDfluaoe 

ot tho penetrations in th~ top· cap was alae •tudled in 

thase tests. 

The precalculated stress distributions were oheaked b7 

pressure nnd temperature tests on a 1;5 aoele model. A 

deformation test on the liner showed tha' the cqncrete 
' tendons satisfied the static requirements. The 

calculation rnoth~s wer.e checked by teata on a 1 ·~? ecole 
cnst resin model with accurately defined material·ooa~itioae. 

, .: 

' I 
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VII ~ponomics of the .HTR fnmilz 

1. Ganeral (latn 

1.1 The real prosp~cts of high-temperature thermal 

neutron ;.as reactors bcconin~ commercially competitive 

with LWR reactors pr~greased in 19?1, when Gulf General 

Atomic received two large orders representing 1~ ot tho 

nuclear electric.capacity ordered in the USA that rear •. 
This ~ndicates that the transition point between· 

subsidized R&D programr.tes .and gcnu.:.ne1_;y commercial sales 

h'o.s been· ranched in the U~~-tec! t:)tates. However, the 

conto.cts initiated by GGlt. with various European . · 

manufo.cturers coul1 lead to fast progress on the European 

nuclear enere;y rnark~t. 

1.2 In the United State,£, the. share of the cost of the 

Fort St. Vrn.in station for Public Serv:i.ce of Colorado 

amounts to 61 million u.n., or 15 _million more than the 

original cstir.1ate. 'For ~.ts part, the TJ~It.EC spent . 

55 miJ.l::.on u~:t. to tv·~!--: a n:c:~rst-of-r.t-kir.'c.~~r l.:--oj~ct, in 

pc.rtic~1J.~.r· ~ '1 tbo r:.n.,~·.<'i~lG of an R2.-:D pi.'ue-u~me conducted:·:::-·. 

iJnrt J.y by GL~l..-: nr..d y..a:;:-t.ly at Oa!r R~.dc.: o F·:yr·l::hcrrnore 1 

GO.\ sr• . .,nt an ur-~pE'::";:i.fied sum on the. ind,lSt,!-ial dcvelopmo~t 

of the fu~l e:l.emunts and a complementc.ry research progrc.mmo. 

C: .iA is the owner of the fuel for the first eight years and· 

sells cloctrir!ty to rrc nt a rate equi~nlcnt to 1.7 mills 

per k,:;h ( :1s co~.~jJr.rod w.:. i:~1 2 .)6 m~.lls per k~Jl1 for {l recent 

eonl-fired station belonslnl to the acme company).· 

In response to n call for bids ise~ed in 19G9 by 

Eurjcne ',"It:!. tor & Electric Bc·at'<l (Crt~ son); Gulf General 

htornic submitted a project for an 1100 NWe HTR station 
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on te~ coepG,itive witb those tor L~~ plante. Bowevor, 
following a campaign against tho oonetructioa of·• nuclear 
power station, the ·Eugene ·project has been deterred. 

In 19?1, Gulf General.Atomi~ rocei'led two ordera tor 
. : 

large pqwer stations: 

(a) h letter of intent t.rom.the Philndelphia·Eleotr1c 

Company for the const~~ction of two ·;16o MW~ 
power stations~ to be commissioned 1n 19?9 and 

1981 respectiveiy. This order, which waa 
placed without any crJmpeting bids being 

~ubmitted, will ~epresent at S200-3oO~llion· 
contract for GGA, tho total inatallatioA coat 
being 8700 mil~io~~ · . The thorium fUel cycle baa· 

. . . . . 
• J • • ~ ,r I • • • I • 

~een cho~.en, since the low-enriched liratlium 

(or U+Pu) cyc.le is: ·more exponsi ve ~nd not worth• 
while in the US/-. (see also US~, Ret.-~·7)'. '1'hb 
J~C hns confirmed its principle of guaranteed 
buy-back of u233 pending the availabi1it7 of a 

~ommercial reprocessing facility tor the thorium 
cycle. 

(b) J-. letter of interi t ·for tJlo ''i?o· M~e reactors from 

the Delma~va p·6VIcr. and Light·· Compan7, thfi:·nuclear 
part ;amounting to :#200 millioi{,·· out of. a· total 

. . 
station ·co.st of $680 million. The first · · : 

' I 

reactor ·is t·o go on line in 1979/\thicn implies 

a start on construction in 1974, the same :rei'JZ' 
·, 

as for tho Philodelphia Electric station. 

The second rene tor would be operational thre·.e. J"OUS­

latar. 

GGh is nleo in contact with other.Americam 
electricity producers. 

.. .. 



- 48 - XVI~1/2/71•1 

1., ~ Europe, the total cost of the THTR power station 

procrammc so far ie .. about ·190 million u.a. This includes 

22 million u.a. for tho direc~ backing R&D programme, 

108 million for the construction and commissioning of .the 

station on a tur~kcy basis, 9.6 million for the fir~t 

fuel charge, 25.2 million for customer costa (including. 

interest.' during construction, truces and cost indexing) end 

up to 25.2 mill~on for additional capital. expenditure 

which might be necessary for·modifications deriving from 
· resul ta of the research program rna·. 

Construction is being financed by the HKG compan7 

with bank credits cUnranteed by the Federal Government 

and tho Government ot North Rhine-Westphalia, and by 

Federal and Land subsidies. Further, operating risks will 
. be covered up to n total amount of DM 150 million 

(37•5 million u.a.). 

2. !:gel oyclP. 

The HTR wns ori&"inally dosicned for the thorium cycle 1 

which civos an improved energy yieln from tho natural . 

~esources of uranium; the neutron economy is superior 

bacausc u233 has o higher ~ value (number of neutrons 

produced rer neutron absorbed) than u235. 

This cycle requires.the availability of high-enriched 

(93%) urc.nium~ Several alternatives are possible: 

1. Th reference cycle with u235 and u233 recyclin~: 
lowest cycl~.cost, around 1 mill/kWh (UDA., Ref. 0). 

. I 

-· 

... ... 
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2. 1'hOJtiaa cycle without· ncyolinga •or• eapeuive 
than the reference cy-cl~ by abou\ 0.2, eU1/kWia .• : 

). ·Thorium cycle ··with reorciing aM ·a&keup 

plutonium: · cy·cle cosi the same ·as for the .. 

reference cycle •. 

·00.\'s economic calculntion (USA, Rete. 11 8D4 12) thue . 

show that the 'l'h cycle with u-2-'3 rec7cle ia the opt:Laaa 

tor HTRa, but reql.J.ires the dowlo'pment of· thoriu tuel 

reprocessing facilities. 

The basic economic h)'Pothes~~ chosen are ae·· tollows: 

Cost of v3o8 (S/l~) ... e 
Cost of separative work (1/kg U) 26 

Ratio u23-' /U2~.5 .. 14/1a 

Ratlo tiesile Pu/u235 10/12' . 

Cost o! machined graphite 
'(8/block) 

(n~prox. 3.6 blocks per ~He) 1000 

Coated particle fabrication coat 
( 1/kg.) f_ . . 6o 

·'l'ro.n.sport: ·co~t <Siblock) . 

Reprocessing cost {1/kg) 

Storace cost (·S/block) 

230 

6,5 

230 

.. ' 

... 

For tho prea~nt, GGA have chosen cycle No. 2, · : 

u2:55 /Th2-'2 , tor . the period:· up to the beginniag of the.·· 

eighties. By .then the HTR: station ~nst8l.lod cnp«cit7::~nu 

make the reprocessing ot fuel elements and the rec7Clins 

of u2'3 economic. Meanwhile, fuels discharpd front- B!'R 
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stations will.be stared. At· least until 197?,' and possib17 
also subsequently, the U3AEC had adopted a fuel reprocessing 

policy. On the basis of a conceptual study completed in 

19?0, of a r·eproceesing plant for an installed capaoit7 

of 25 1000 M~!e, tke USia.:t~C hns fixed a reproceosin£; charge 

of Z125/kg of metal (corresponding to a daily output of 

1040 kg 'l'h+U). 

In' addition, the USi~C has established a guaranteed 

prico tor u233 up till 31 December 1975 as followaa ~ 

(a) #13.79/g on the basis of a isotopic separation 

cost of $28.70/SWU, or 

~------~_(b) $14.76/ g, corresponding to i.32/SVIU. 

The c c_onomy of the fuel cycle depends on·· a number of 

reactor design and operating chnracteristics,· in particular 

tn~ fuel charge, the powe~ den~ity, the in-pile dwell time 
of·the fuel. 

For GG~, the reference cycle is based on a power 

density o;B .2 NW/m}, a dwell time of four years e.nd 

nnnual recharging. The minimum cost of the fuel cyclo is 
o~tnincd for a C/Th ratio of 250. 

The divergences from the reference cycle are 
/ 

+ 0.5 mill/kWh for the cycle with rlcferred rocyclin~ 

(o.ftcr ci ~ht yenrs' storage) and approximately 0.25 i,:ill/kwh 

for tho non-~ecyclin5 cycle (USA, Ref. 9). The 

fnbrioation costa of HTR fuel ele~ents are 8iven in 

USi~o 1 Ref. 10. 

.. ,: 
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~-German document (~erman7, Ret. 6) quotes a fuel 
cycle cost of betwae~- 1.40 and 1.59 mills/kVht dePending 

t ' 
on the nssu·mptions made. Some difference of opinion 

. . .. 
exists between the lt.mcrican authors (USA, Ret. 8) and 

these German authors (Germanyt Ref~· 6) a~ to the value ot 
the Th c~ycla as compared with· the low-enriched u.~anium 

cycle. Ho'·'ever, this difference is apparentl7 resolved 

by a detailed comparison of. the Th cycles adopted: . .. . .... .. . . 
different thorium charge, rocycling ·or non-recycling of 

the u235 .dischor5ed nfter i~radiation, diffore~t size ot · 
power st['.tion mark~ts, .choice of coated particles. tor u-235 . 

rocycling, size of reprocessing market. 

h study has also been carried out in the United Statoa 

b~ the Edison Electric Institute on the use of plutonium 

in the HTR a~·~ makeup fuel to repl~ce u235. ~he uae of 

plutonium fr~m ~ater ~eactore ia justifiable when its 

price lies between $9 and 11 per fissile gram (USA, Rof. 9) • . ~ ' . 
The fnbrication of ~oated particles containing a k~rael of . 
plutoniur.1 oxide with different degrees ot~ porosity has beon 

demonstrnt~d by Belgonuclenire in Belgium (Belgium, ief.-1) 

under a D~agon cont~~~t, ~d also in contact ~th tbe ~HT.R 

project nnd the Karlsruhe JRC. Irradiation testa have 
proved the validity of the concept of separation of the 

.. 
.. fissile Pu particle from the fer-tile pr:t.rticlo. 

2.2 Low-enriched urnn.i.um cy~ 

The countries (in pi.lt''t iculn.r, the UK nnd France) which 

have developed n.n industrin1 infrastructure for 

(;aS/ [;raphite reactf':rG ( 1~'.,.:1~!1 •)V. nr.n il.(!;f? X"CEpoctively) hnVO 

realized thnt; HTRs cr.uj d 'b\.: L::.J.,.;::.·-oduc:€irl vsing a fuel cyclo 

similar to thnt of eArlier ;· nac~-or·o e.nd making use of 

exj st:tng. tcchniquee-. Hencn the a.p11ea.ran.ce of the 
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This CJ"Cle 
is conceivable with or without Pu rec.ycling, but under 

present-day economic conditions ·the costs of these two 

v~iants of the low-enriched U cycle are. similar and are 

0.20 - 0.25 mill-/kWh hieh0r thnn the thorium re ferenoe · 

cycle. 

\'lith t\ view to reducing the enrichment to :;:..1~%. 

manufacturers have dosign·ed HTR react'ors of the 11heterogeneousn 

type, where the fuel' wns concentrated :in rods using larce 
particles 800 ym in diameter,, located in a 'large-pitch ·. 

moderator lnttice. However, with this type of fuel, the 

temperatures nn1 fnst neutron fluencea in the vicinity. of 

the f'ue_l rods became prohibitive. On the othe·r hand 1 
t· 

subsequent ph1sics tests showed th~t a sufticient degreo 

of heteroGen~ity (to reduce resonance absorptions) was 

roached with coated particl~a dispersed in graphite 

matricus; this has permittad a return to a low-enriched U 

homogeneous reactor concept. 

The enrichment's in this cnse aro 6-?%. The economic,· 

in.cidencG of SUCh 0. Vnriatio·n in enrichment is negligible. 

(Table 4 gives, as an example, the fiGUres obtained 

in tho USA for different t.ypes of fuel cycle (Us"·.,, llc:: • 11) •) 

~'t:....i _ .. _~- ~ -------- -

•. 
-~: 
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fable 4. pharacter1st~os ot different t12e• ot 
HTR f'ucl for a 1000 M-.'!e reactor at 

~teady state (US~, Ret, 11) 

C/Th or .c;u2~8 r~ti9 
Fuel lifetime 

Conversion ratio 

Average specific po·wer 
{ M~1/kg fissile) ··· · · · 

Fissions· per initial 
tissilo atom 

hge p~aking factor 

Thorium loading (kg/year) 

Makeup uraniun (kg/year) 

. .. 

.Enrichment of makeup U 

Rocy.clod uranium (kr/yenr) 

Thor:i.~m . 
reference 

cycl~ 

1.41 

91~0. 

2'73 
9.3·5 
)88 

Enrichment of recycled U 64 
Thorium discho.reed (ky:yearJ 8550 

Uraniu~ discharg?d (kg/year 

~richmcnt of disehareed U 
Pl'utonium d.i"scl1rir.ged' ·; · M-~-- · ... 

. (ltg/yco.r) 

E,nrichment of discharged Pu 

Cost of fuel cycle : 
(mills/kWh) 

. rlith reprocessing. 

without reproeesning 

,I 

• 

?1 

2.9 
. ....... ··r·· . ~- . 

I 
~ 

' ' t -· 



- .;4· - X'lii/,Z,.1/2/71•1 . ~. 

). Enerttx; cost 

Tho only cornpar.a_~i_ve study of tho economic prospects 

in the United States of high-temperature gas reactors aa 

c0mpared with liGht water reactors is that of the Ediso~ 

Electric Institute,· carrie.~. out in 1969. (USA, Ref. 13). 

The figures given were ns follows (expressed in 1975 
dollllre): 

. 
1975 198o 1985 1990 2000 

I 

. 
1. HTR with 
~ 

rocycling 

Co.pitnl cost 
(~/ld"Jc) 230-270 180-220 16o-190 1.50-18o 13.5-165 

Cycle (mills/kWh; 1.2-1.4 1.2-1.4 1.1-1.3 1.0-1.2 1.<>-1.2 

Operation (mills 
/k.Vh) 0.) o.,; 0.3 0.3 o., 

Energy cost 
4.o-4.8 (mills/kWh) 6.1-7.1 5.1-6.1 4.6-5.4 4.3-5.1 

2. L\"!R - : 

Cnvital coot 
(~~/krlc) 200-240 1?0-210 150-180 155-185 150-18o 

; 

Cyclo 
( Dlills/k'r:h) 1.7-1.9 1.5-1.7 1.4-1.6 1.4-1.6 1.4-1.6 

Operation 
( r.lills/k':lh) 0.3 0.3 0.3 0.3 o • .; 

EnerBY cost . ~ .. 
(mills k~·/h) 6.0-7.0 

I -
5.2-6.2 4.9-5·7 4.8-5.6 4.7-;.s 

.. 

. ·~~ ~":- . 

~--·. 

. >' 

• . 
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. ( 

.· 

• 

.. '' -

:ha following assumptions ua4~rlle tbeeo tigurest 

. 1 • The ~lectric_i ty pro_clucers must build at least 
three largo-scale HTR stations in the next tew 
years in order to provido, in .t~e opi~on of 

Gulf General Atomic, auff~cient business to 

ensure economic construction of the reactor and 

development of tuel fabrication and reprooeseing. 

z. The cycle cost of n.n HTR reactor in 197S ·:asauma 

that a viable induatr7 has in tact been set ~P· 

3. The reduction in the 'cycle cost in 1985•90 
is due to improvements in'.'tuel fabrication· and 

reprocessing techniques. 

4. The 19?5 capital cost is basod on the tGchnology 

of Fort St. Vrain and is taken from Gult ·Generill. 

Atomic tenders submitted to .American eloctricit7 

producers• 
•· 

5• Tho.rcductions in the capital costs are'duq· t~ 
·technological.·improvoments (similo.r -to thoee 

experienced with L~ffis), improved construction 

techniques and the use of gas·turbines. · 

l~ccordinc to the Edison Electric' Institute, 't'he R1'R 

concept mo.y prove .to be nn economic react·or· system before 

brooder renctora go Qnto the market. A·relativel7'modes' 

R&D progrn.mmo in the field of fuei roprocessin·s is .atill 

necessary. Howover ,-' until fuel reprocessing· and 

ref;lbrico.tion 'nre :on' ·if ·commercial footing, there· is eomo 

risk that ·the ~o'jected fuel cycl'e costs may ·not be 

attainable. For this reason it is important tor three 
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l~rgc-scalo HTR stations to be ordered quickly, in order 

to provide an adequate industrial foundation. This is· 

also the reason why tho Edison Electric Institute· 

con.sidered· thrj.t the USAEC should continue its HTR reactor 

development effort. 

VIII. CONCLUSIONS 

HTR reactors hnve, at least 'in the United Stntes 1 

renchcd the break-through point between subsidized R&D 

p~ogram~es and genuinely commercial sales. Only u233 

recyclinc still requires government backing., both for nn 

TI&D programme and for a policy of u233 .buy-back and irradiated 

fuel r~processing. Thanks to an intensive and wide-ranging 

prol)ra.mme of tests on the main components, GGA has reached the 

industrial st~ge for reactors in the 1100 Mwe region. 

American studies (USh, Rcf.11) indicate that, by 

comparison with the lir,ht water renctor, only the reference 

cycle u235/Th232;u233 permits significant gains as regnrds' 

both the fuel cycle and nntural urnnium requircmants. 

In Europe, HTR teehnoloey has been extensively 

domons·cratcd nnd tested in the A.VR and Dragon reactors; 

in acdition, tho tcchnolocy. ~cveloped for co2 renctors has 

yicldc-1 extremely vnluable pra.cticnl .experience. Hottovor, 

the only rlemonstrntion station under construction is tho 

)00 H•:o THTR reactor bnsen on the thorium cycle, sohodulod 
' to commence operation in 1976 on the Schmehausen site in· 

Gcrm~ny. The other European countries have not yet tnkon 

a decision as to the introduction of the HTR~· 

_- .. 
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Since little precise oconomic information la 
nvailable on HTR reactors, either in the USA or tn Europe, 

it is difficult to make a categorical statement as to the 

chances of the large-scale introduction of this reactor 

family in electricitJ generation systema. But the first 

orders pl~ccd in the USA, the initial contacts made by 

GGu with various Europaan manufacturers and th& dovelopaen' 

potentinl of the HTR family could lead to rapid ~owth on 

the European energy market. 

,. 
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