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|Sedium Technology and Components|

Vhen the {irst experimental liquid metal cooled reactors were '
desiéned it was nnot immediately clear that & whole new technology had }
to he mastercd. Most of the early components were designed and built

on n onc-of-a-kind basis by adrpting existing designs ond technigues
to the special needs and the reguirements imposed by the use of sodium
(or NaK}. Sodium fcchnology was treated very summarily, and in general
the provision of sn inert covergas (hclium or argon) and the assurence
of reasonable vurity were thought to suffice. Even wvhen problems with
carbon transfer and mass transfer in genereal became'known, the basic
knowledge in sodium chemistry, methods of esnalysis and on~line instrumene
tgtidn was inadequatc to assure meaningful experimentation. Sodium cheﬁi;
stry and the interactions of cladding and structural materials with sodium
have beon studied extensively in recent yeesrs and it should be possible
to design the wresent prototynes and facilities with yeasonable confi-
dencg from this po:nt of view. Analyticel methods are -well in hand and
instrumentation =znd purificstion systems cen be expected to give the
neccsaary assurance to the operator for the maintensnce of an adequate
sodiua purity. The same is true in regard to the necessary inert gas

systemns.

Present efzortu are conccnt *ated on the further development of onw-
llne iﬁutruﬁentation for reliczble 1on~-term service 1n commercial systems.
The behaviour and control of fission products in sadxum end a number of
spagial effects such as mwterlal‘compatlbxllty in sod}um environment,
solf-welding, wear, ffetting corrosion, sodium vwater reaction and the
relative equilibria of impurities in both covergas and sodium need further
vork, The design of purification systems is still lacking the scientific

basis for a rational design of its components.

Whilc most of the early componcnts operated satisfactorily and much

wvas learned from thelr mulfunctions, systcmatic devalépment techniques had
to be anpllcd vhoen econémic considerations grined in importance. It became
clear that in order to develép safe, reliable and ecopcmic componcnts it
would be ncecescary to provide major test f101]1t1es and to involve the o

component nanufacturers. Table IV gives a summary of facilities built for

testing of

4
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th¢ principnl " components zf maia concern, i.c. the steam generator .
and'thc tumms. Industry hés becnome involved incrensingly as it is engaging
in the design and construction of the prototype (demonstration) plants and
i3 learning to design ~nd iabricﬁtq components to tight tolerances needed
ané to apply theArigid quality QGSUrnnc“ reauestéd by the designer. The
prrototype ren~ctors under construction or presently planned will alloy

the first “arge Ca’e ~pplication of thlu l1dustr191 know-how. It is to
be expected that minor d&fflcultles will' arlse for most of these plents,
~especially in arens vhere flrst-of-a-klnd 1nduer1aL activities are in--

voived, such ~s:

- the rerctor roof required in the pot designS° the difficulties

exnericnced at PFR':“e good example of thls,

- the large dlﬂmeter thln-m lﬁed piping needed for the loop designs;

- the rots -ting p;ug requl‘ed for moqt de51gns.

Mechnonical free surface oumps used in the maln sodlum circuits as
well es intermedin te ‘hent ex chungers, tanko and most of the minor equip-
ment ~nd comnhnﬂnm pose llb,le prob;oms at thls stage =nd for the reactor

ower ic¥els under conoldc“atlong. ’

The component of princinal concern over theiyeafs'has'been an& still”
is the sterm generator dué to the exothermic and’ v1olent sodxum/water re=
sction phcnomenon vhich wvould occur in case of' a Jeak. There is llttle
doubt thot single wall solutions ~re imposed for ecoqomic'reasons, While
allof the demonstration plants will be provided with such single wall
solutions, none of these proposals is truly represenﬁative of commercizl
designs envisaged for larger plants. Probnbly'thersteam generators of the
prototyne reactors will operate reeoon blf well, but may be subjected ‘to
ffequent rewrire which would reduce the availnbility of the plant. Tﬂ;
extent of the work remasining to reach a _commercial de51gn will not be clear

until thoge »rototypds are operated..

-
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Obninck,
Vinfrith, UK
Argonne, Iliinois
VArgonnc, Illinois

tudsvik, Sweden

1
Cadarache, ¥France

Karlsruhe, F.R. of Ger-
many

Tokai~Vura, Japen

Argonne,. Idako

Petten, the Netherlands

YOnP
firast
critical

1955

1960

1961
1951
1962
1963
1964
1964

' 4966 -

1966

1967
1968 . .

1969
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Ca
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Short description
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Horizontnl, split-iable
machine

Horizontal, split-tabie-
thermal driver

Vertical, split-table

- Vertical, fixed

Vertical, fixcd
Horizontal, split—table
Horizontal, split-table
Vertical, split-table
Vertical, fixed

Vertical, fixed

Horizontal, split-table

-Hoerizontal, split-table

Vertical,

fixed, thermal
driver .

Fissile materi:l

———— - L —_ - o —

Typical core
z

U235, Pu239 (600 kWg)

U235, 25 ke of U233
vere used in sone as~

semblies

U235, Pu239 (L0 kg)
U235

U235, Pu239 (400 kg)
U235, Pu239

U235, Pu239

G235

U235, Pu239 (200 kg)
U235, Pu239 (200 kg)

U235, Pu239 planned

1235, about 3000 kg of -

Pu239 planned
U239

size, liters (for.~
average reflector
thickness) :
Sele)

100 {test zone)

Loo
1800

. 3000

3000 .
3000
65

3000

3000

3000
3000

250.
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'thysics and Safetﬁ_

;from the very beginning. oo 1g1nally it was the ahort neutroa lifetime that

caused concern until it became clear that it is actually an adVantage

provided that the oronpt power cocfficient is negative,

The sccond concern for fast reozctor safety stemmed from the EBR
melt-down due to the thermql_ggﬂ;gg.ﬂﬁiee%ﬂof~th”'frél element resultlng

—in a posmtzve partial and 1nstantaneous vower cceificient. The problem
'is well understood nowv and, using support and restraint mechesnisms, cores

are now des1gned such as to make these bowing effects negative.

However the ceramic fuelled fast renctors cannot -rely ‘on the ther-
mal fuel expanszon 25 inher ent stnbllttyffé~ture vhlch lezd to' the Doppier
coefficient beconing” the ccntor of ~ttention. In foct the role of the
Doppler effect is twofolw it terminates the first power peak of a fast
excursion and decreases the total energyfreleased tﬁﬁs providing the
nccessary time for shut-off systems to résct; by the same token it helps
to establish inherent oneratlonal stablllty. Second jt strongly inf;uences

the energy relcase figures of kitheTeit Calculqtions,

By now the theory is well understopd and thcoretical values agrce
wallvwith those determined by Doppler meagurements in critical faciiities

and SBFOR, using an entirely different approach’to méasure the Doppler

© cocfficient by use of power excursions.

The sodiun void coefficient, negative in the first reactors with -
metal fuels and smell cores, became of major concern when it was discovered

that it might be positive in = large reactor with UO /PuO2 fuel. Both

theoretlcnl and experimental treatment was. partlculavly“dlffzcult/aa the

\Qeffcct is governed by diffcrences of major effects (absorption, spectrun

hardening, snd lcakage) involving both space and energy dependency. .The

fast critical fﬁC¢L1ty is the principal tool for the.experimental investi-

grticn of the sodium void cgoff1c1cnt (Tablp V).iﬂlth ‘recent cdvanceS in

1

the area of NICPO~COP10 cros q-sectlons, the dete minatlon of group con~

stznts and in pa rtlcular calculatlanal methods permxttlng three dimensional

"calculutlonu (*wo space ~né one energy dimension) the theoretical and ox-

perimental treatment of the Na-void coefficient is now reasonably well in

. hand,
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From the safety point of viéw the‘ﬁartial positive void coeffiw
cient pleys a naaor wole in the senuenﬂe of eventr following local _ ,:7
inéiaents involving the vozulng of zones hav1ng a p051t1ve contribuq f
tion. The most likely incident leading to such v01dlﬂg is the blockage :
of a cub~sscmbly followed by Na-boiling (superheat) and Na-ejection.:

Fuel failure and the possibility of subsequent propagation of such fuel

f~ilure have become of major concern and has lead in recent years to the

xtcacive study of all hydraulic, mechenical, thermal and chemical pheno-
mens involved in this sequence of events. While it is probably not possible
to prove that such a scquence of events will under no circumstences lead :
to a major accident, the situation is furtherfcomplicated by the difficule
ty in predicting with confidence the total energy release of # Bethe-Tait

ove the renocvobiliiy ol the after meltdown decay heat of

a lorge core following such a hypothetical eccident. This leads to the
concept of engincered safeguard measures which in the case of such local
incicdents ~re aimed at avoiding Na~ejcction: ihstruﬁéntation of each assem~
bly,‘ independent shut-off syétem, svoicdance of sunérheat and avoidance of
dannge nropqgrt*on by proper deolbn. In such a context 1t is llke*y that
work oa poct ~ccident phenowmcna such as croso*s, sodium fires, eauatlon

of state, ctc. will pley a secpndary “oﬁe in future R&D.

Consiztent with this approach »f enginecer safeguards is the
new trend to use reliability data (failure'rates) for the establishment
of fault trces and stotistical methods to'evnluate the probability of a
miven ~ccident. “hile the mothematical methods for handling the fault

iree are well advanced the collection of input date is a major problen.
The principal difficulty im this apnroach to safety and in particular
fust rcactor spfety is the ruantlllcmplon of the risk in the framework

ol = system analysis approach.
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In the reactor physics area future work will be directed towards
improving and standardizing both duta librairies and calculational
methods. In particuler fission product cross sections will be needcd
in view of the soft spectrum ond hiéh burnups of future reactors. As
the present extent of nh&siC° cnlculations in perticular the N~~void

cocfficicat just fits tho c~ﬂ101¢1fy of todnys computers, nev and im-

'L‘

oved mothods will be developped for reactor analysis and design

the new large 32rd goneration computors are becoming available.

Fuzl Element nnd Fuel Cycle

The fuel element is the central c0ﬂponcnt of greatcst concern.,
iere higher tempcraturc and high burnup renulrements creute nartlcular
cifficultics nnd the sodium and fast ncutron environment ~nd the use

on

ium require =2 vhole new technology.

The Tirst generation of fast resctors used mctnllic fuels
which vwere avendonced vhen their limited burnup potentisl was renlized.
The success of oxide Tucl for uster reactors lLed to their accentance for
fest resctors, so much so that in the 1§st 10 yeeors the accent has

becn on the development of UOa/Puo fuels. Originally the principal

2
concern in extending light water reactor fuel technology to burnups

of 50 « 100,000 N4/t was the swelling of highly irradiated fuel due to
s0lid and in particular gescous fission products. It is only in recent

yunrs, as the experimental testing of these fuel elements reached

- higher burnuvs, thnat n new phonomenon was observed - the swelling of

the stainless steel which is used as cladding mnterial and for the

In fact therc are three types of irradiation damrge in struc-

turnl materinis
- first, the well known lattice displaccment by incident neutrons be-

coming increasingly severe with decreasing temperature and therefore

(8]
o
[u
4

. ‘ ‘ (o .
cG lnw temperature em brlttlomont above about 400~ C the annealing

- -

-

£ tihls type of irradiation damage is su*flcient to repair the

e

o
o]

te
~t ice;

’..l

- scennd, the foruantion of the bubbles by (n,+) reactions, As only at

temperatures cbove 500 C the He-atoms have sufficient mobility to

e A



4'l’ “form large bubbles the phenomenon is called high temper

. where fluences of'4‘10,21 nvt nrefkﬁown compared to »10

LS
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ature embrittler e

‘ment loaaln" to a reduction of applicable strains. As the high temperature em- .
22 :

brlttlcm.becomes important only at fluences above h10 nvt, this phe~

nomenon - has not received much attention in thermal reactor technology
a3

nvt envisaged

already for the prototype fnast reactors.

= the third typc is the void formation by vacancy condensation which has

become obvibus in the last few years at fluences sbove 10°2 nvt

reached in. fast reactor 1rrqd1atlons, vhen swellxng rates were observed | :;f
‘that were larger than could be accounted for by ‘the above He-formation. o
,Thzs plicnomenon is bo;h flux and temperature dependunt and becomes no-

25

‘éicéqble,at fluences of nbout 10°7 nvt. It has been observed particulare
l& ir the temperrture range 350 to‘650° C and §rcsentstheories predict

& maximum ot rbout 500 - 550° C. Local volume increases of up to 10 %:
have been observed. A o

Recent experinents and theoretical investig~tions have confirmed

He-forﬂetlon itself, i.e. the second phencmenon is 1nterrelated with N

) the“fc*mn%&on,of _voids by vacancy condensation, which conpllcates ‘the

estatlishiment of theoretical models although the individurl phenomena

,iﬁpolved are reasonably well understood. Fig. 1 and 2 summarize the

mést recent results for S5 304 at different temperatures together with

‘Pe- sonable working formulae. While swelling per se is one problem it is

fiore difficult for the designer to cope with differential swelling due
to the fiux ﬁnd temperature grrdients in the core giving rise to fairly
strong bowing offects. Indeed, it is to be expectad that the higher
flux of the renctors under construction ang especislly the: future large
plants will result in:an increcsed swelling rate, but;onlyjthe confir-
mation of models by further irradintion testing wiil permit confident
éredictions. The, limitations of existing reactors compared to future
flants nresent a p;rticular difficulty in Ehis area ad illustrated in
§ab1e vI. ' ' ) | '

i

On the other hand, it is knovn thaf for example certain impuri-
ties (roibium, carhan, etc.) and materl 2l treatment (cold work) hav

considerable influcnce on Fhe,swell;pgtbehaviohr.
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The- bther wore gencral LQ ature of the fast‘neutfoh”iﬁ§fdiatibn da-
mige is o reduction of the applquble’creep-rupture?strengtha‘éloag'with.

a genérnl reduction of ductility ac high temperaturpg embrittlement comes

int> the picture. To complicrte things further, the influence of radiation

demage on duetility depends on.the applied stress configurations.

The corrosion by Na noses no particular problem in fuel cledding a
¥ P 8

. lonp ~s the oxygen contents can be kept reasonably low (L 50ppm) by the
purificotion systema. The noct 1mnortcnt limiting factor in fuel element
design is the maximum hot spot cladding tempersture (700° C in sS) leadlng

to the study of vanadium base nlloys for some advanced designs.

s

e

Abnrt from the dgveLOpment of cladding materials, future work will
conoont"~te on the unders»rndlng of =welling mechanismus in fuel, the
tablishment of physical properties before, during, and ‘after irradistion

»

~nd on the developiaent ol adveonced fuels.

Wiile in formcr‘yeﬁrs the apecificationé’ofifuel pins vere large-
51& a mﬁfter of expericnce and judgement a more systemntic epproach has
come to the forefront in recent yesrc. Indced, it hrs been possible to
lfctab ich m»cuvmgt1c~1 modeis which are conutwntly 1mnrovod and refined
~ag&-irrsdintion results are becoming ~vwllab1e in’ inereasing numbers,
m~inly from DFR, EBR II ~nd Rapsodie. o

In conclusion it can be said that on the bqbzs of 1~radiatlon

expericace with UO /“’uO2 fuel, tne fuel elements for:the present pro-

tetype reactors can be and are being designed and: 1ndced fobricated with

suf11c1cn; confidenge.

The empheosis is now on the development of high performance fuelj
uostly still oxide bot some grouns conccntrate or carbide (uc/Puc), ai=-

thougn early experience was not lWavs encouraging. DeVelopment of the

\\

_veatad fuel cloment ‘concept originally favoured mainlv by the Italian

groun has lergely been nbandoned (with the excoption of Gas Cooled®

.

Fast Reactors). ‘ I o _—

G
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As the fuel cycle cost is becoming a key issue in the justificae

tion for initial acceptance of fast reactors it is clear that the indu-

girinl dovelopnout of the entire fuel cycle covering fobrication, reprocese

sing, shipping, waste dlspo sal, etc.,. has to coincide rcasonably with
the introduction of comnercial nlents. Vhile recycle patterns for fnst
rerctor fuel will be strongsly influenced by the recycle technology for
light water reactor fuels there are some mnjor differences to be consi=-
deved. LMFBR fuels will oncerate fo hish burnups at high specific powers.
At the some time there will be a strong incentive to discharge fuel and
recycle it as repidly as possible, in order to reduce invento}y charges,

ap
nmeaning short cooling times.

The short cooling time combinoed with high burnups and high spe=-

cific pover leads to radintion intensities, aec y heat r*‘le’le::':atl<>n, and
concentration of short lived fission nroducts which - much lerger than
Tor thermol reoctor fuels. In add'plon the hxb fissile plutonium concen-
tration will result in stringent mecsures for critically control. Reproces-

sing of bleanket fuel poses a seperate problem giving rise to different
s [

LYFBR fucls ~lso will differ meriediy in design from thermal re-
sctor fucls. lMixed uranium and nlutonium oxides clad in small-diameter
stainlescestell tubing with an internnl helium bond will be used initi-
ailly. Considered for later use are mixed carbides, nitrides, and perhaps
even (agnin) uranium-plutonium alloys. Advanced fuels may contein an ine
ternalgodiun vond Cladding meterials for these fuels have not been se-

.

The more exacting snecifications require tiiat considerable atten-

sa s e

wccted.
tion p¢ given to quality assursnce in fabricating both fuel and clad-
ding matericl - in perticular to the development of quality assurance
metlhisds ond non destructive testing and inspection procedures.

" In this overell develowment which is expected to take another 15
to 20 yerrs, the mnajor problems will be overcome by standard industrial
proccdurcs, that is their resolution will dépend to a large extent on

the obility of industry to orgnnise and build large plants using advanced

e oy St
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TABLE VIT
e

SVICS OF 1Q00 e REFEMENCE DESION

ot coallfunder piug refueling

& P Cure {nuisie=nuésle)

& 7 Core
Core diazuier
Aotivo coro height
Mol caterisl

Core ctirichmeat
;
(nnorfouter)

Nl pin ciad 0.D.
Ciuwt thickroos

Auoleolad bond gup
Peliot 0.0,

Mol Joad

Giu POMATVOLT

- *
Ovormiil pan longsth

Lizeal power, Av.

©olaneai power, lax.

.

Torngt TR LUTS
Codu snant

Pz

RAVIN H ek

Corg vutlet
Leendial ratio
Poubiing timo
Sodium void woria

{10, core voaded)}

laxisus rogotivivy

(Contrai ia void)

Dappiar coeflsolent

Bo in
Jia Out

Al Bd aE W C=E
Locy Pool Pool Loop looy

Fiudg Piug Hot ceil Hot cell Piuk
kelenl €.V L 2aan 4% 6.2 5.27
°C 102 1.9 17 110 148
ou R LYY P wi? 30
o 109 gs 16 100 6.
Oxide Cardide Carbide

Oxide Oxide

% 10.5/13.34  11.6 av,

omm T.62 7.12
o 0.445 . 0.2%
Q.13 Viurowe
cor;mcted
0 6.6 6.6
He Na
cm 755 2,5
cn Cam 168
CWea 3D 270
Yem 55 5

TADLE VII (continued)

- X

et aly g

wr e [

ecr, 2. 2450

A AL 559

1.27 1.3

yre 1) 10.4

dAKk 2.7 2,44

20 k 42,76 2.8
dk o 1003

as
8.0 4474
Beb 1.76
»

11,05/13.94 15.9 av, 9.7/i1.29

6.30 7.66 12,20
0.27 LIS SR X
L 0.075 0.4 0.35
;.é core./ 6.19% '8.9
5.7 axial

e . Xa ¥a

53.% 6).5 . 20.3

209 20 203

315 605 940°

5A85 1270 1425

422 s0 4y
704 792 [ 340
2250 450 140
£20 537 e
1.4 1.25 1,441
T.12 13.8 7.99
2-15 N.d, 1036
5.20 =0,12 with n.a,
’ one module void
8. 2.4 6.4
4.1 Nebe 4.2
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technology to the rigid quality assurance snecifications required for

relinbility and scfety. Therefore there is no need to expect any major

[

road-blocks on the pnth to commercirlization, with the possible excep-
tion of the fuel cycle (swelling, reprocessing) and the stcam genera-

v

tor.

It can be seen that these nossible lonpg-r-nge road-blocks are
identical with -the mnjor unknowns surrounding the present'profotype‘
piants. One might thercfore expect that the construction and operation
of thesc plants will allow much more confident prediction of the long
range nroblems to be faced on the way to coﬁmcrcializatibn.*Tablé VIiI B
summarizes the main. characteristics of the US 1000 MiWe LMFBR designs ) tr
(s of Dec. 1970). ~ | : :

.

The Grs-Cooled Fast Reactor does not necessarlly requlre an’ . |

et gk e

entirely new technology. Indced, a GCFR that could be introduced w1th a rea=
sonnble effort and- on a time-scale not foo far renoved from that
‘of the IMI'BR would have tc use rod type core geometry and would rely’-
ersentially on : ‘ ' o
' ~ LMFBR, technology in reg%fd to fuel element development,

including if possible a gas-loop in e.g. PEC, and

E——

rda s var s S

- HTCR technolegy for gencral layout, containment and componcnts.

A major effort would be nccessary in regard to safety as, in

. : o
addition to most problems facing the IMFBR, the GCFR must still show .
: that rnpid depressurization is not credible. Until more expefience is
§ N available for conerete pressure vessels under high internal pressure (ﬁOOatm),

this problem mny retrrd its development. Assuming = lecktight concrete

'Y
pressurc vessel is aveilr-ble, the GCFR may well cdispense with an outer
pressure-tight contminment. Fuel work would cencentrate then on compati-

bility prcblems and A reasonsbleeffort will be necoESary to ad~pt HTGR

BT experience in component ond pl-nt design in general to GCFR requirements.:
o . ' ST
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. o
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The cénn:mic" «f the GCFR »~u & n n g teran bariv benelit by
triiing :’vantagn.n’ the high tqmpdrvtur: éirect cyc¢ie ~ad the ¢rcted
particle. Vhile much is being learned zbout coated particles for thar-
nal reactors, a special cozted pafticle vould have'to be developped
for a GCIR including the suppoft structure for service in the fast_i
{flux environment.ﬂihere is little doubt that irradiation capacity{'not

now. existing, will be necessary.
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ECCNOMICS CANSIDERATIZNS

It is obvious thrt th¢ principal motivations for the develop-
ent of fost breeder reactors arc the various economic considerations
releted to the fulfillment of energy needs on a long term basis, i.e.,
their develonpment is aiﬁod ot commérciﬁl‘availibility bafore a system
relying entirely on conventional pl-nts including thermal reactors and
converters would run into the problem of increasing fuel costs.. While
this critical period is slowly receding from 1990 to the year 2000
with the‘discovory of new resources it /[is udiikelygthat one can rely
indefenitely on new discoveries. It is dimpossible ?o wait until the

necd "ri”es considering the 20 - 30 year time span required to develop

"2 ‘new reactor llne, which can be seen when looking at the timetable of

=

fast reactor develoﬁnent

Coasidering that systematic development started in the early

60's the following picture-emerges : . S

=~ Commissioning of first nrototypes in %he 200 Mie renge  1972/1976

- Co.n1551on1ng of f¢r t lﬂrgc rcactors stlll requlrlng

public support SR o . 1976/1980

- ConmanLOnlng of first commer01ql plants . - - 1985/1990

WLtnout 001ﬂg in depth 1nto the "re sources" argument and all

its 1mp11cnvlonu 1t Appears that this tlmet ~ble would adequately respond

Basides, a more sophisticated aquysis of the parameters in=

volved is 1mnosg¢b}e in the aboence of all the econpmic boundary con-

altlons. In addition thcrc are polltlcal con51deratlons, which are bare-“

1y amenable to such & system analysis approach.,
,'L' - .

. .
P X

A

in fact, it “ppe TS thdt the fast reaptor will = at least 2

-

initially = have.to defend 1ts place in an esLabllshed lzght water



' reactor market with low cost uranium ores: aVailabLe fer another.decade ‘
or two. It is partly for thls reason tpat the progee%sd coxt ef en@rgy‘"w
productlon from fast reactors! has received partxcular attention in re~

cent years. Cost benefit stud;es.hdve been carried out in al; countries - 'lfi

e

~with major fast resctor programs, some with a fixed set of assumption
and others - perhaps more useful - keeping a number of varinbles, mainly:

- the evolution of the uranium ore cost;

- the time of introduction; - ' 3 : . LA
‘. v ] ’ : '

$ﬂ?_ - the rate ofxpengtration;

«~' the plutonium credit, etc. ' E

L The other principal reason for this exercise is the public.

: scrunity to whiph most nrograms became exposed im recent years‘ég_%t | ‘L?ﬁéé
became cbvious that most programs will cost in excess of one pillion-. M
$ or even several times that (in the'U,S) in publig funds before the ‘ ;“%
fast reactor will be commerciesl. The results of most of these studies r ;
ore known and without going into details, or examiping the validity of ' ,%

such calculntzons, -it should su ffice here to mentlpn that all -of them \ ,{}§

shov considerab e benefits for almost all sets of reasonnble assumptione.v'

Obviously the principal difficulty in such calculatiohs is the ‘i%
establishment of reliable cost figures'for both capit 1 znd fuel cycle W
cost. Recent developments in the evolution of light water reactor oa- “
pital costs have showvn how futile any such projection might be for an
o already established reactor line not ta mention fast reactors where the

| commercial phase is still 10 =45 years jin the future. Future develop~
. ments in the ficld of safety and in regard to envxronmentnl aspecta *g,i
might still further complicate the matter. S

‘

For vhis reason, most of these cost benefit studies do, in fact,

not ansver the essentisl and immediate question, iie., how does the

B R P NI I I

fast reactor present itself compared to its most immedinte competitnr‘:

the light water reactor., In order to answer this question e=nd to provide

?
:(:; }
L f:

&
=
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an additional element of judgenmcnt, some re@ent studies do not so much
concentrate on calculating the benéfits for a givenlset of assumption -
but on analysing the actual cost structure of the FBR comparcd to, e.g.,

the LWR. From these studies the following picture emerges :

C~uvital Cont
DA - — S\ dy P < i S

Most estimntes agree that - at ¢eest initially = the capit-l
cost of the LMFBR will exceed that of a LWR. The fignres quoted for.this
differential vary from an optimistic 5 % to more than 20 %. Considering
such a lerge difference one might éasily conclude : why not SO % and
how vould that affect the future of the LMFBR? The question can be

answered by looking at the details of some of these estimates.

Atonmics Tnternational publi?hed in 1969 a set of compara tive fi=
»u%e'/fpr ‘ nynothctlcal 1000 MWe plant given in table VIII.

ﬁﬁw{Ascumlng thrt items 1 ~nd 2 account for the prlnc1pal diffe~

rgnces ‘betwecn the two reactor types and thereby contnia the largest

nn&ertﬂlnty it can be secn that the estimate zllows for the reactor
npaant of a LW”BR to be 1.3 times more expensive than the equlvalent
of ~ LUVR. In faCuyire;errlng to thermal power, the actual NSSS item 1)
2llows for almost doublé therspecific cost (20 §/KWt compared to 11
¢;5Ut). In order:to provide a further element of judgement A.I. com-

piles a comparative list of items influencing these costs given in

_table IX.

i
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: TABLE IX <o
Fi "O?S INTL"’LT:I ING CAPITAL COST ,
i ~
1 T
§ ¥
: LiTER ! T
t t
1 3
1 t
T 1 R
. 1 T . .
Thermal power, »nv/u:e ! 2.4 . 3.1
. | 1 4
¢ ‘e ¥
ficat rejected, I /idle P 1.4 i 2.1
. t )
) ; ' - r ‘e
. - ] ] h) LN
Containment building pressure, kg/em2 ! .3 ! 3.5 e
. ? .t
- ?
Reactor vessel and internals, kg/ille ! 320 ! 90C
1 t
1 %
& - 2
Primary piping, kz/¢m ! 3 ! 12
, H ' !
14 . 1
Con**o‘ rods, numbers per 1C00 iTle ! 15 1 85
] 1
. s 4 P 8 186 :
Zeat exchanges surface, =2 /ie ! 21 ! o P
. . oy ' H v
. t . i o
Reactor coolant pumping ﬂOdegfkie : 0,03% 1 0,02 ‘
7 -t 1
] ' ?

les primary and sccondary pumping power.

* A
r...-uc-“., 0=10C/ Thrll
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i
i Ia 2 similar study the following figures were published by
i the SXR-Consortium in December 1970 (‘ta.ble x) }e.lso for a typical ‘ ‘ S
5 1 Oc e Pla;;v. ' ’ ,
® !
L TabLE X
o CAPITAL COST OF TYPICAL 49000 MWE PLANT
1 () 1
1 ]
T 14
! LIFBR ! LR
? o '
? 1.
CizQuinw ' , : o , ; J
- CoY i
'UC Jae¥ ! Yo T UC: Kie % ! 49
t ] ¢ i
PR L I R N SR v e oS ’.'--dn-w-o; R e T L -'-oa--o o oo e m . : . - ;‘»
. 1 . iy : ' A‘l:‘
.t ? B 7 e
. 1. Zuclear system V67 ' 32‘.1 vo43.4%%% 1 25,0
-t ) ]
. : . ) 1 b
2. owCall Lyoen : _54.5 ; 16o5 ; 3604 : 21.0
' : ! :
! .
3. Zlectrical plant 130 t13.6 1 26,1 ' 15.0
? J
: ; , .
4. Conveniional consiruce ! ! ! !
. . ~
tion voo28. 3%k 12,3 1 26,9 ' 15.5
1 H 1 4 r '
? t - ? 1 s
5. @agincering to12.8 ) 6.1 ! 10.6 ! 6.l ‘
: - t ot ' 1 .
= . ' 1 1 .t -
- 6. Oumer cociz and -inte= ! ! H 1 . 3
rest during consiruc— ! ) 1 ! . b
. tion o361 Y 17.4 7 3003 !17.4 oo !
o 1 . ' t , t ¢
. [ v LA LA
i ) 1 H 1 H
? . f 1 ]
Total 1 208.7 - 100 v173.7 ¢ 100
T t . ? FB' ' o R 3 2 ]
s 1 1 3 1
-« T -y "
N ' ‘ ‘ ! '
* agsumed 3.60 DM = 1 UC , . ' . %
%# inciudcs concredc containment building.
% %# includes sicel coatainmeni. . ;

3
1

. . v
000/000
[ ' - v b4
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This comparison uses a.somcwhat different breakdown combining
a2ll elements typical for fast reactors contnining the largest uncertain-
ties in item 1, (eliminating even the concrete cont%inment for whicﬁ
estimetes may be considered mofe reliable). Allowing thus a cost diffe-
rential of over 55,” for the nuclicar part, the total capital cést d%ffe-
rential i5 20 % or-.35 UC/KlWe. Even if one would allow for a 100 % &ast
differential for the nuclerr system of a LMFBR, i.e7,~«85 UC/KWe the
total crpital co°t would exceed that of the LWP Lo iess than 30 %. It
can easily be seen thnt a cost differential of about 25 % might be re-
trincd as mn upper limit, a figure which at this point does not depehd

on the rrecision nf the total estimnte.
-

On the othﬂr hond, it should be mentioned here that any *uture
development in the ﬂlrectlon of larger plants works in favour of the

LMF3R which, duc to its low-pressure sycten, haF a larger extrapolat;on

poetential th~n the LYR.

- Fuel Cvele Cast
N
The same SNR-Consortium study calculntes for the reference cases

given in table X fuel cycle costs of a 0,66 mills/KWh for the LMFBR and
-—_1.7 mills/KYh for the LWR uéing the input date listed in tadble XI.

It then analyses the nctuﬂl cost structure of the fuel cycle
cos¢ and its sensitivity to va;lous ﬂh~ngeu in the various input data
suming sn 85 % lond factor \expectlng LMFBR's to be used for base
load exclusively).

The results were summarized in table XII.

it ¢ n be rcgn that only the b&rnup and fabrication costs have
- a major Effoct 6h the fuel cycle cost, whereas the effect.of changes in
211 other contributions is rclatlvely mlnor. One should add that fuel
cycle costs for carblﬂe fucls are expectcd to be 0.14 to O 28 mills/

XK¥n lower thon those given here due to the higher breeding gain. 2

B i B
aen T,
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TABLE XI

E ¥
g REFERENCE DATA FOR SNR-CONSORTIUN STUDY® ‘ ;

. W D wS G Y G WS ) P VD P S P S D W N R T WS TP G A UM I WA WD Gl D e VD Ak Und M AR BB D e G B S e N G S S U e G e S S S G D G b e e

1 ]
1 ]
’ ! 1
; IMFBR ! YR
t LS | B ’ ;
'-—--..--------c““-i--—------~—-ﬂ~ 1
1 L)
* oy (74 ! > !
annuity, %/2 : ! 2 ! 12
. N [
0 & ¥ cost, UC/xYWe.a v, 2.8 : 2.8 "
> : t 1
Bfficiency, % : L2 - v, 33
“ R . 1 '
FE fabrication, UC/lzghM " '
' ' * .
. 1 1
LUWR ! ! 78 . .
e o . ' '
FT3R core (inciunive Pu-conversion) ' 330 '
- o - . - Py !
core + axial bianket ' 220 '
¥ o '
L rad. blanket : 83 '
n 1 4
: . o e [ ' |-
L Reprocessing, UC/kgRNM ' sé ' 36 4
T crse 2 fatrs 1 - C S
A Aversge dburnus, HWid/tHY ' 100,000 ; 30,000 o
¢ (core on.v) ) : : .
ot ]
1 1
t 1 d
. . ~
; o N : :
Specific vower, MWt/ti ' 115 ' 33
- 1 ]
(core only) : ' !
N t
: R i . ' ' :
Pu-generation, kg/t¥le.a . . ' 0.294 ' 0.213
3 N Ld ‘ '
. Pu-inventory, kg/llVe : 2.98 '
e . . A . - . / '
, (Pu-fissile inciuding 5% stock but '
no excore inventory) ' 3 ‘
t
1 )
] t ¢
1 N 1) . R .
.--—-v-c—-u-—--------—---———-——---------?---O---uf-,—n.-—---qu--a----a .
S Natural uranium cost: & UC/:hU?OS
P . R , 7
3
- Senarative work :28.7 UC/kg S.*
: Piutonium worth : 5 UC/g fissile
’ « . 1 s
' ad A . 4
Dlant factor 180 %
i ! ‘ K ¥ 5 ,'
> H
H
- * Conts converted 3,60 D - 1 U . | -
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T e ,n'a,a

. g
S et “uéﬁ 'c;c Co §t£ %

{varying one pJ.I‘d.PI(’tCI‘ al a time )

“
- c— o B mreanam, b watw A »...‘.“,-.».-i.--»., e e - 4 e e - — -t -
’ ! Cost conlributiens (mills/¥+n)
A . — -
: : T : !
. .. COGL PACTORS Reference jitu- nmco'l‘arnup'ﬂwmtor,,'Ozu of COI’C:I&bPlCWLIO’.'JI’g’l portation
’ § came 11 )UC/£2§ =335 =33 ' time ! cost jand reproces-—
;(I’u--px ice} R H ! 4+1005 1 core i sing cost
'osuc/e s t ! ! Vo 0st Y+ 1005
] ] ] ) 1 1 ]
) 1 ! ! 1. ot [ .
1 1 1 14 ] 1 t
i i i ' 1 ' 1 '
“FE - fabrication- - P00469 1 0.469 ! 0.6501 0.469 ! 0.475 1 0,82 1 0,460
. : i i ' i : : :
Fz -~ tran por* ation and ! o ' ' ! ! !
reprosessing 1 0.094° ! 0.094 !0.147! 0.094 ! 0.039 } 0.004 ! 0.189
P . b P
~Pu -~ inventory - ! 0,267 v 0.534 ! 0.2531 0.178 ! 0.267 10,287 } \f'{
: t 1 1 -t 1 1 : %
- t 1] 1] 1] ] ¢ 3 .
Fuel consumption ! 0.172 1 0.345 ! 0.142F 0.117 !0.22 voo0.172 ' 0.172
y t ? 1 1 N ? 1
: ¢ '
Depleted U — cost ' 0.003 i 0.003 10.003] 0.003 ! 0,003 1 0.0C3 ! 0.003
; ] ] ) ' T ]
T i A S, : o
Total fuel cycle oost ! 0.661 i 0.755 1 €.9201 0.627 i 0.715 1 1.023 1 0.756
H ' ; ; 1 L :
] t 1 1 ] 1] 1]
' ' ' ' ' ; v t
Difference from refercnce ! H H ! ! ! . !
case . b w4 1 0.094 §0.2591-0.034 1 0.044 1 0.38) 1} 0.095
’ : : 1 H H : :
* Converted 3.60 DI = 1 UC :
, & e e e T g
. e s T e e S B ®
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Zotal Generating Cost “( ' o -

L = Rl T I

Using ogain a plant !octor of ‘80 % the followins total gonerating

cost picture cmerges for the above ref ference case ¢

Cost (mills/KWh)

1

!
'
t
‘
J LMFBR ! LWR ‘
:--n—q—n ————— -—--’?---—- © e an e b Pe S AN G5 4N B0 6D
. ! . |
Crpital . ! 3.58 . 2.97
oL : P ¢ toe
o, ! ' '
Fuel Cycle : 0.66 ! 1.69.
’ t . 1
Q&M E 0.39 i 0.39
: _ i
L} . 1
-l-c---n-_-n.---n---n-u—-—-a-n-n—.-»—---u-----r--—-'—-6--&--.&----‘:-----—“ e wm-ar wo P
Total ' 4,63 ¥ 5.05

i 3
!

--u--‘w--u-nu-‘u--n oo -—----—-o—n----'--n—--—--«--u----n-‘----- O-ﬂ--'----ﬂ

This demonstrntes hat for the case prescnted here the LMFBR

l -

cou*d heve oxcess capital dosts of 60 'UC/XVe or 35 % as comprred ta

the LWR before total generatlng costs wpuld be equal. Or, going back . . -

to table ‘X, that the coat eéﬁlmates for item 1, the nuclear system, sﬁx’

‘could be in _error by 26 UC/sz or sbout 40 ¥ before the cost advantage

could be lost. At this point the cost allowance for the LMFBR nuclear

systcm (item 1) would bg 2.15 times that for the LWR a fact vhich would

be difficult to coxpleoin, . the other hand, assuming an upper limit ofa’ 25%
fg; of the LMFBR es reason-ble, the situatiaon

could easily absordb cither a burnup nennlty of 33 %, or most of an in-

fofthecapit ~nl cost pena

creasc in f~brication cost by 100 %, or pa rt of both.

Apgain when-considering these uncertainties one should also keep
in mind the poasible improvements both in regard to'cnpital cost due to
the larger size potential and the fuel cycle cost due to possibly car-

pide fuel. '

‘ Indeced, in regard to ca apital costs there is reason to beliove
th“t on the long run there will be little difference between a LWR and

fost breeder reactors.

1
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The GCFR may very well present an even morée favorable picture

although in the more distant future. i
. 1
-
- e S - n o G R e G Y oW S g
r's
l' i
t .
g
¥ ;
o i gl i
o , ;
b | M z'fv
:
, §
\"«_f/
i e
. f’ 0
\
. R 3 i v L
4 ¥

G e
y




KVSL/341/2/T1eB -

Y ’
S COMHISSION
OF THE
EUROPEAN COMMUNITIES
m
N

L
SZCOND' ILLUSTRATIVE NUCLEAR PROGRAMME
FOR_THE COMMUNITY

ANNEX VI

HIGH-TEMPERATURE REACTORS

DRAFT
(1 March 1972)




. . N

Nirh-temperature gas reactor®

-4

R

‘ Contents &
I,  Introduction . pe 1
m : il. Development of experimental reactors P 5 i
| ' 1, LVR reactor . P 5
’ 2, Dragon reactor ' , p. 6 ,
3. Peach Bottom reactor ' o 8 i
IIX. Developmont of prototype reactors - p. 10
1. The Fort St. Vrain reactor U N (4
2. THTR reactor '  pe 1
Ve The present situatién of steam=cyclzs power reactors
1. In the United States , | p. 12
2+ In Gernany o ‘ p. 14
3. In the UK "o p. 14
4, In France T | p. 15
Ve  Development poteutial of the cystem p. 16
\ 1. In Germany - P 16 .
2. In the United States p. 19
3. In Japan p. 19 o v
. . 4, France , A P 20 : . . .
. Vi, Techniques used in HTRs p. 21 , K ,
a. Techniques used in all HTRs p- 21
* Y. Coated particle fiels end thelr reprocessing pP.21
2. Helium technology - p. 29
R » %. Heot exchangers (steam generatcrs)  Pe 30
" ‘ 4. Circulntors -  pe N1
i 5. Prestressed concrete pressuce vessel and '

integrated primary sirenit, p. 32



A

e ~e R

B, Techniques specific to homogeneous prismatice

element HTRs P 3 i:_ g g;%

1. Fuel elements and reflectors P. M ' _i

2. Core and internal structures p. Y (;f

’ [ U

3. Charge machine and reactor control p. 37 o

C. Techniques specific to spherical-element HTRs  P- 38 : 7f

1+ Fuel elements and core of the THTR reactor p. 18
2. Manipulation of fuel and high-speed p. 41

measurement of burnup

3. Reflector , p. 42
L4, Neutron physics and thermal design of the reactor p.43
5. Reactor control , p. 44 '

6. Preastressed concrete reactor vessel p. 45

VII. [Economics of the HTR family p. 46

1. General data p. 46

2. Fuel ecycle p. 48

3« Energy cost P 54
VIII. Conclusions p. 56 '
IX. Bibliography p. . 58




: WIS/ nes
CEE
,r ) . ., I
. . HIGHTEMPERATURE GAS REACTORS T
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& ' I, INTRODUCTION

The development of the high-temperaiure gas reactor has been
. based on characteristics constituting refinements of the features
- of other gas~cooled reactorss

1. By integration of the fiesile and fertile components of the
fuel in the moderator material (in this case graphite), it is
possible to use a much larger fraction of the core to produce
heat, For this reason, high thermal power denaities cen be
used, resulting in compacf reactor“configurationsfaa¢,preasuro
vessels. | '

" 24 The use of helium as the coolant enables considerably higher
outlet temperatures to be reached than would have been possible
with other cooling media. These temperatures make it poasidle
to utilize indirect high-~efficiency steam cycles, which thus
have less thermal effect on the environment, by means of compact
steam generators and modern turbines. ‘The helium coolant can
qlso'be used as the-working fluid in gas-turbdine energy
conversion systems or as a heat source for high-temperature

industrial processes.

3« Metal fuel canning is eliminated and the graphite is uaéd both
as structural material and for the cladding of the fuel for the

, confinement of radiocactive rission products; this provides good

R T néutrgn economy and enables high temperatures to be reached,
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In the original conception of the HTR, the core consisted
of a very homogeneous assembly comprising only fuel elements of W
lowepermeability graphite (with a vent circuit for prismatio. | ’ s
elements), containing fuel compacts of a mixture of powdered , P "%hf
graphite and uranium and thorium carbides. Today, all fuel e
elements are based on the use of coated-particle fuels, in which j
the oxides or carbides of the fissile and fertile materials take '
the form of small spheres known as kernels, each coated with layers
of pyrocarbon, sometimes combined with a layer of silicon cerbide
(the diameter of these coated particles is of the arder of one mm) o
These fuel elements may be either prismatic or spherical in form.

Steel pressure vessels were used in the first exyerimentalg
gaé—cooled high-temperature reactors (AVR, Dragon, Peach Botton),
but prestressed concrete pressure vessels have been adopted for
power reactors, Apart from their intrinsic operational safety,
the use of these vessels allows large reactors to be run at
considerably higher helium pressures, of up to 50-60 atm. This
high pressure, combined with the adoption of a number of cooling
loops in parallel, helps to keep down the size of the steam
generators and circulators so that they may be incorporated inside,

or §n the walls of, the concrete vessel. ‘

These reactora are suitable for U/Th (93Z%~-enriched U) or U/Pu
(approx. Si-enriched U) fuel cycles, Each of these two cycles
nmakes better use of natural resources than the fuel cycle of the
light water reactors at present available, and should enable -
electricity to be generated at relatively low cost (see '
Bection VII).
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1.4 - USA W. Germzny!
Dragon Oldbury Peach Bottom Fert St. Tender 1100 AVR THTR
Type experim. | master model]experim. prototype commerc, exper. | prototype
Site , ) Ainfrith } Oldbury 'P. Bottonm Fort.8.Vain - Jiilich | Schmeh. |
Main eontractor Dragon - GGA GGA GGA BBK HRB
Fuel elenment manufactnrer Dragon UKAEA GGA GGA GGA Nukem | Nuken
Custoner QZ=ZCD CEGB Philadelphia | Pub,Serv. Philadelphia AVR HKG
# : ‘ El, Colorado El, :
Commencemens of construction| 1960 (72) 1962 1968 (74) 61 1971
- JCriticality 1964 (?7) 1966 1972 (79) 66 . 1976
. -, |Thernal power (Hdth) 20/25 approx.4550 {155 842 2804 ks 750
iNet electrical pouver (kide) - 2 x 909 4o 330 1100 15 307.5
Net efficiency () - ko 34.6 39.2- 39.0 33.3. |40.5
.circuit : ' . vt : ) ‘
Pressure (atm) 20 44 .8 var/abs]22.8 47 .6 46.5 10 bo .-
Inlet temperature ( g) 335 288 343 oo 399 75 12642
Outlet temperature { C) 850 729 750 775 765 | 8s0 . [750.
. |Steam circuit o ) o ‘ :
 |Tive stean (atgy/ C% - 159.6 bar/38 | 100/538 175/538 175/510 75/505 |181/530
, .maat stean (atm/"C - 37.4 bar/538 - L2/538 42/538 - 47.2/530
: e : ST | e
JEffective diameter (m) 1.08 - 2.8 " '15.95 8.3 3 5.6
Active height (m) 1.60 3 23 ' ’ “‘¢75 . 6.3 3 . 508 RN
Pouer density (Mi/m) 1 8.3 8.3 . 6.3 8.2 2.2 6 |
Fuel cycle misc, Low-~ U+Th U-Th UiTh U-Th U-Th.. ....
. javerage burnup Mdd/tonne) nisc, '} enriched U. 160,000 . - 100,000 92,000 80,000 135.000
- {Fuel . - e ee e .
. [Element geometry long tube | Block with |cylinder hexagonal hexagonal sphere sphere g
. T 2k tubes : prienm prism
[
|
|
i
!

Characteristics of HTRa
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Characteristics of HTRs (cont.)

PRISMAT

IC ELEMNENTS

-SPBERES

H

Diameter (nu)
4idth across flats (cmp)
Height (cm)

Lifetime (years)

}Geometry

Initial charge (kg)

Nunmber of fuel elements
Pressure vessel

g

UK USA W. Germany

Dragon Oldbury Peach Bottom FSzgnSt. Tender 1100 | AVR 1T
misc. = | 65/2/30.1 |89 - - 60 60
nicse. 50 - 36.0 36.0 - -
nics,. 100(2x50 366 79.2 79.2 - -

for tubes) ' .
misc. - 3 6 4 2=3 3.5
U b Th 1450 Th 19,500 Th approx. Th 150

| | 40,700

Th 26 . U 220 U 870 U approx.2000 [ U 30
37 5 x 235 8ok 6 x 247 = 18 | 8x475 = 3800 | 100,000} 675,000
steel concrete steel concrete concrete ‘ steel concrete
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II, EVELOEHENT OF EXPERIMENTAL RE&CEQB&
1s AVR reactor (Geraany, Ref, 1)

" The German HTR development prograume began 4n 1956. The
European Atomic Energy Community (Euratom) was associated with
it from 1963 to 1968 under the THTR agreement.

The completion of the first important stage of the German
programme was marked by the construction of the AVR
(Avbeitsgemeinschaft Versuohsreaktor) oxperiasntal rsantar
(sce Table 1), ' '

The main objective of the conatruction of the AVR o:perimental
nuclear power station was: ‘

(a) .to demonstrate the safety and reliability of a high-temporctnre
reactor with movable fuel elements; -

- {b) to gain experience in construction and operation whioh would

be of value for future development.

a2 3 .

The AVR went critical in August 1966, After successful
eriticality and zero-power tests, in air and with helium, running
up began in September 1967. ' The intrinsic safety of the AVR '
reactor was demonstrated by several sets of experiments under
transient conditions. .

The full power of 15 MWe was reached for the first time on
15 February 1968. On this occasion the temperature of the cas
coolant reached a maximum ofs 870°C, this being the highest cooiﬁnt‘
temperature ever attained in a nuclear power station. " In September
1970, the behaviour of the reactor at maximum power with the two’
circulators shut down (i.e., heat evacuation being interrupted) was
studied, with all the shutdown rods fully extracted. = The experiment
showed that the reactor returned to criticality after 23.5 houra and
that the reactor power did not exceed 1.8 MAth, or 4.1% of the
original power, |

+
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The "11ab111t: of the aVR ys:ftnr wao vrowe¢ by an ayailabilic;',:“”

of 71% in 1969 and 84,5% n 1970. Up to 1 March 1971, 63,335 fuel
clementa had been added o the core, Burnup of the mos§ exhausted -
fuel elements exceeds 124,000 Mid/tonne of heavy mot;l, or 13.5%
fima, The activity of the coolant at present is Qpproximately

10™1 C1/m® STP, or-about 200 Ci in the complete gas oircuit. The
activity is primarily due to inert gases. No other gission producs
has hitherto been detected in the circuit, MNost of the .
accumulation of ftners gases is probably attributadble to ’ _
contamination by the uranium of the coated particles durlne'tho‘
fabrication mrocess. The radioactivity due to the initial wrenium
charge has declined progressively during operation and is now
levelling out. It may therefore be confidently assumed that with -
the arrival of new batchea of fuel elements, the value will continue
to fall, eepecfally as most of the elements now in the AVR reactor
were fabricated five years ago. Nevertheleas, even with these
elements, the cumulative activity is so low that a total loss of
coolant through the ventilation stack would not exceed the safety
standards, even in a larger astation., . o

2+ Dragon reactor

It is often difficult to predict the operational behaviour of '
large power statioms from technical office designs, and the main
value of experience is to establish the practical limits which can
be reached. In this context, Dragon has demonstrated the perfect.
validity of the gaapcooled BTR concept and made it poasible to lay
down criteria for power reactor projects.

The agreement which launched Project Dragon under the auépicea
of the ENEA came into force on 1 April 1959 between Austria, Denmark,
luratom, Norway, Sweden, Switzerland thd the UK, the aim béing
to design and construct an experimental -gas-cooled high~temperature
reactor at Winfrith Heath (UKAEA research centre).
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Design and construction 'nmh begnp 6g poop as the agreonent O
came Lnto (orce, ond the reactop went oritical i m 196’0,
€ul) pmr (ao Hﬂth) being reached in April 1966,

™he original form of the Dragon fuel element écmprtaod'sevon
texagonal graphite tubes suspended from a reinforced graphite
block whioch also served to 11ft the element.: Today, the fuel
tokes the form of urenium oxide particles coated with pyrolytic
" oarbon and silicon carbide (diameter 1 mm) compacted inm
oylindrical form in a graphite matrix. The length of the pars
containing the fuel is 160 oms The helium coolant gas ciroulaten
upverds,. ' : ' V

These early types of fuel elements consisted of seven
‘4dentical vented rods. More recent types lave only ome central -
‘wented rod, the six outer rods, which can be detached.from the
central rod, not being vented. Using elements of this type, it -
is possible to irradiate experimental fuels for long periods, and
the makeup tual can be charged at intervals of approxinutela | »
. $00 days. B . . . o _J[f
Because of the growing interest in power reactors of this. type,
Dragon was induced to construct a number of special fuel elsments g
to irradiate, for example, the spheres of the THIR reactor, tubes o
of the "teledial” or tubular interacting types, eto., and, more
recently, block-type elements. ﬂ |

At first the U/Th cycle was studied in the Dragon rosotur, but :
by virtue of the flexibility of this reactor it- was possible . S L
gradually to shift the emphasis to the study of the.lowe-enriched 8
uranium cycle., ) .

Since the reactor reached full power, there have been.four
main periods in-Dragon’s operating hiatory. OCharge I featured .
8 core used for the study of the tharium cycle with 10 experimental
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elements located 4{n the central region and surrounded dy the'

27 makeup elements. In Charge II, the experimental fuel was : .

distriduted in the central rods of each of the 37 elements, the . | g

outer rods being the makeup fuel containing 93%~enriched 9235. . , '.gi;
With the first- two charges, the thermal flux increased as the _ >"j_f

uolteup fuel was burat, in order to maintain constant power.  In
consequence, the temperature of the elements containing fertile:
material rose. Charge III was dosigned to minimize this
temperature rise by the introduction of a medium-enéighed méksup
fuel element with the production of plutonium. The cycles of
this charge were reduced to about 50 days.

Charge IV featured the use of highly enriched uwranium 4n the
makeup fuel, to allow the testing of the low-enriched fnelsﬂpropoééd far -
vower reactors. Cycles of 90-100 days ‘Were introduced to allow
maximum utilization of the reactor. The total activity of the primary
circuit is very low, less than 1 curie, consisting primerily of noble
gasese This shows that the coated particles are capable of retaining
a very high proportion of the fission products. "

Over more than 1000 days' operation, the Dragon reactor w&rked _
‘exceptionally well. The only serious problem was corrosion of the
primary heat exchangers on the water sidej this problém vwas overcome
by nmore stringent control of the pH of the water. |

3. Peach Botiom reactor (USA, Refs. 1 and 2)

The first American project in this field was a low-power
(#0 MWe) reactor, built by General Atomic for the Philadelphia

Electric Companye

The core was charged and the low-power tests carried out in
1966, but the power operation phase did not begin until carly 1967i ‘
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boceuse the heas exchangers had to de roplno!d ovins=to corrosion
under stress caused by chloridea. Norial operation commenced op = . it
1 June 1967. The operating programme gave the following results) '

e

availability - - cirouit .

( mctivity.

Period 0150 equivalent full - ' | e
' ‘power days g . T73% S 30 Ty
Pertod 150-300 " v v ' gmm . . e2pes
Period 300-400 " ,ﬁ w0 ~ 85.4% 7‘ 278;01'a€ ond Qf",

» perlod

The increase in activity of thé primary circuit (e¥111 lonlihén
conpared with the specificction of 4225 Ci, and having no effect on . |
tie operation of the reactor) was due, in the first core, to S
breckages of the graphite tubes (78 in all) containing the fuel - . .
compacts.A These breakages were due to‘sweliing of the comnacta. B
The coated particles used had somewhat primitive coatiugs, of
anisotropic structure, whichfractured under the influence of
irradiation. The coatings then became highly defarmed, resulting
in swelling of the compacts. When the defective elements were
Gischarged, one of them fell into the core and Jammed 1in it.

However, the difficult operation of releasing and removing the
element was carried out without additional damage to the core amnd
trithout excessive exposure of personnol.

The second core, using industrial-grad§ coated particles and |
eontaining 17 experimental elemente, was charged in June 1970 and L
power operation was resumed on 14 July 1970; since then, cbargo -4

“has operatod for more than one-third of the 300 days laid down in -

the specification, resulting in primary circuit activity of !011
bolow O.4 Ci, The recactor availaﬁility was 93%.
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III. DEVELOPMENT OF PROTOTYPE RiACTORS

1. The Fort St. Vrain reactor (USA, Refs 1, 3, & and 7)

The Tort St. Vrain reactor incorporates a number of
characteristics not featuring in stations previously built in the
United States, in particular: the use of a prestressed concrete
wressure vessel, steam-driyen axial circulators with water-lubricated
bearings, and hexagonal block fuel elements. Construction began
in 1968 and completion is scheduled for 1972 (see Table 1). ‘
Charging of the fuel elements is to be completed and the reactor
is to go critical in 1972, so that commercial operation by the
Public Service Company of Colorado can commence in the same year.

The RXD programmes may be summarized as follows:

1. Development of helical-bundle heat exchangers of the once~through
type by analyses and tests of helium flow, pressure drops, heat
transfer, vibration of the tubes and bundles and boiling
stability. The final stage consisted of a systematic series
of tests of a complete module for heat transfer and vibrations,

at GGA's plant at San Diego.

2+ The circulators first underwent tests to confirm the validity
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 programme for the development of the prestressed
concrete pressure vessel included the establishment of codes, and
the study 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,




4. Other cooponents were also subjected to tharoushsnﬁgg

Se

2.

testa: the control rods and their.mechanisms, the ]
charge machine, the_thermal shield, the reflector and
the core support. '

The fuel elements were developed and tested under the
programme degcribed in Ref. 7, The main QNphaaia'of '
the work was the development and irradiation of twe
types of coated particles, BISO and TRISO, and gécl

pins for charging in graphite blocks. A section of . ¢
the complete fuel element was introduced into the

Peach Bottom reactor as eaziy.aa nid=1970,

THTR reactor (Germany, Refs. 1, 3 and &) .

Following the successful operation of ths‘AV§ reaétor;

the Federal Government decided to continue to qubqtdine.

with the status of a programme. of particular value, the
construotion of a 300 Mie thorium cycle pebblesbed reactor
(THTR), &8s a first step in the marketing of the HTR system in
Vlest Germany. The design of this station is & result of

the work carried out from 1963 to 1968 by the THIR Associasions

in

which the Community participatod. The power xovol of the

reactor was chosen 80 as to permit extrapolation to 600 and
1200 MWe stations.

This reactor is under construction at Schmehausen

(iiestphalia) by the consortium of Brown.Bbvari, Hochtemperatur
Reaktorbau GmbH. replacing the Brown Boverifxrupp Company '
- (in which Krupp recently sold its.ehares to BBC apd HKG),

and Nukem, on behalf of Hochtemperatur~Kerukrattwerk GmbH (HKa),

formed by six German electricity producers. Construotion

e sl

L 127 Y, PR

ool
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began fn 197% and &8s echeduled for completion An 1974; . -

comrpercial operation fa planned to commence in May 1978+ . . ,
The contract was signed at the end of October 1971s : %
The HKG company comprises the following six . h . | ;‘14

associates: \
1, Gemeinschaftskraftwerk Weser GmbH

2. Komnunales Elektrizitétswerk Mark AG

3, Vereinigte Elektrizitidtswerke Westfalen AG (VEW)
4. Gemeinschaft Hattingen GmbH

5. Stadtwerke Aachen AG, Aachen

6., Stadtwerke Bremen AG, Bremen

VE{# was also responsible for the initiative of
proposing the setting-up of a "Euro-HKG" company with the aim
of the acquisition and sharing of technical and economic
knowhow in the field of high~temperature reactors and exchanges -
of staff for training purposes., This new company was formed
on 13 December 1971 in- Essen by the CEGB, EdF, HKG and RWE,
ENEL reserves the right to join at a later stage. This -
agreement is bound to make a poaitivé contribution to the . K ﬁ
rationalization of decisions by Europe'* electricity producera o L
on the use of HTRs.

IV, THE PRESENT SITUATION OF STEAM~CYCLE POWER REACTORS

1o In_the United States (USA, Refs. 1, 5 and 6), Gulf 4
General Atomic in September 1971 received a letter of intent
from the Philadelphia Electric Company regarding an order for - -f -

two power plants each of 1160 Mie net, for commissioning &a
1979 and 1981 respectively (cee Table 1), and in December 1971

H
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o ~ 8n ordep for two 770 MiWe roactors, to be asiila;;.«‘u;,979 apa”ﬂﬁ“n
S 9982, for the Delmarva Power and Light Company, < Th

o ‘ intcrest of the American electricity eompanioi (and this
¥ argument also applies to Europe) is juastified in particular

by the smaller thermal effect of HTRb oh the environment,
Heat disposal is a serious prodblem 1n connection with the
forscapt expansion of electricify generation for the tuturOc
AT .. ¥or a given electrical power generated, the heat to be
,.525‘A1 '  discharged varies in the proportion of 1=-n/n (wheie n is
v a the thermal efficiency)s this factor inereases sharply as,
A n falls., For example, stations with an efficiéncy of 33
g ' © release one~third more heat than a modern superbeat plant,
T - (o effioiency). This is important when dry air cooling
of a steam plant has to be employed because heat~ﬁ§énetian
to air from condensing steam is inherently more expensive '
than onpe-through water cooling. .

The experience gained in the operation of the Peach
Bottom reactor and the design and construction of fko Fort
6t. Vrain reactor, together with all the ‘accompanying licensing
procedures, ‘has enabled GGA to design and offer high~power
reectors of around 1100 MiWe. The use of a secondary
containment and auxiliary cooling loops will taotliéa&a the
discussions with the licensing authorities. ° Much of .the
technology developed for the Fort St. Vrain reactor iﬂ v

_ - anplicable directly to the 1100 Mie reactor. However, .

S supplementary programmes have beuen under iay since 1968,

. Host of the development work for this project has now been

P completeds The remaining work relates primarily to

Ay ‘ compenent proof tests, long-term metallurgical tests and.

. various demonstrations of the validity of design improvements
(USA, Ref, 1), The pod-type PCRV has alrsady been tested
by GGi on & 1:20 ecale model. 4 machine for the asseubly |

- of the circumferential preatressins tandona haa ‘Deen designed,
built and tested in preparation :or:uae inﬁg commergial project,
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4 prototype of the control rod drive mechanisms wag - - .
constructed and thoroughly tesied in various operating

modes, although the design closely rescmbles that of she : 1pﬂijjgi
Fort St Vrain reactor. Long-term proof tests in helium ‘:”'f'f,,
began in 1971 in.the installation built by GGA, Tests =

of the pressure vessel liner, the thermal insulation and the ,
materials used for the heat exchangers have been completad o o Doy

or are in progress. _ P ST

2,.In_Germany, the first objectivé relates to the
development of the HTR plus steam generator type of stat#an
(indirect cycle). The intention is to use the experience
gained during the construction of the THTR together with
the experience of foreign companies on a basis of
international cooperation and to embark on the construction
of additional demonstration stations on this basis abou$

1975,

With these reactors, the commercial phase of the HTR
will have begun. / '

oy

by the CEGB, the two consortia TNPG and BNDC have submitted

a preliminary bid accompanied by a proposal for a £32 million

two-year research programme for a low-enriched prismatic

elemenf rcactor with a power of 750 MiWe or more (UK Ref, 1). .
Some technical details of the characteristics of the ' S
station proposed by BNDC (UK, Ref. 2) have been published,

and are included in Table 1. |

The whole of British nuclear policy is now in the
process of revision, with a view to defining the respective
priorities for the AGR (Mark II), the HTR (Mark III), the
SGH4R, fast reactors and light water reactors.
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‘The UKAEA ‘has embarked upon a darge-gcale research
programme (approximately 24 nillion u.a. over three years),
covering in particular indistrial development of the fuel,
to be tested mainly in the Dragon reactor (UK, Ref. 5).

LR 1

4. In France, until very recently, the programpme was '
based on the natural uranium/graphite/oarbon dioxide system
(installed power approximately 2500 Me with pight reactors) .
(Franoe, Ref. 1). In view of the present energy situation,
the Government recently decided on the principle of spoeding |
up the construction of LR power stations (8000 MW
programme for the Sixth Plan (1971-75))s '

In spite of the highly gromisihg’outlook for breeders,
France jis devoting increasing attention to the HTR, whose
tochnique is an extension of that of the graphite/gas .
family., Efforts are being concentrated on overcoming the
specific technical problems of the HTR.

in association was formed in 1970 for the construction
of power stations. Continuation of a development progromme
will depend on the results of studies in hand, the

. international development prospeots of the system, and the -
 part that France could play in this development (Fbauce, Refe1)e
. Xf the studies in progress counfirm the hopes placed in this
“'type of reactor, the launching of a preliminary project

&ight be decided upon, followed ﬁy a construction project,
probabdly in coopuration with foreign partners, in accordance
with the recommendations of the Commission Consnltattvn

pour la Production d'Electricité d'crigzne nucl‘airo
(Conmission EEON). o '
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V. DZIVELOPMENT POTENTIAL OF THE SYSTEM

1. In Germany, the future development envisaged for
the HTR system was recently defined (Germany, Ref. 1).
The HTR possesses the valuable property of generating nuclear
heat at high temperature, and this is to be exploited in
two directions:

11 éggytion of the direct cygle

The rossibility of developing a high~temperature -
reassor disecrily linked to a gas turbine (direct
cycle station) is to be studied in greater detail,
to permit the constrvcivion and operation of an
experimental station aud the starting up of a .
~demonstration station, leading to the commencement’
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 cocling water requirements.
3. Higher efficiency even in part~load .

opcration.

These advantages may place the helium turbine HTR
in a favourable position in the field of energy

production.

The following studies and projects are
subsidized by the ¥Federal Government under a
cooperation contract between German private industry ' ’b -
and the KFi:

1. Fuel and graphite development programmes

for high temperatures (up to 1000°C at

corc outlet).
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o - | 2. Construction cf in-helium test benches,’ - | A
‘  dncluding a test loop'in which & fluid flew - -
iﬁ o machine on the scale required for a 300 Mie -

plant ¢iroulates 220 kg/s of helium at a

© maximum temperature of 1000°C for tests on
insulating and structural materials, valves,
etce

 §. Conatruction of an experinental nuclear ltatiun
with gas turbinej the type of reactor has not
yet been finally st#tled (apherionl or blook
type fuel eleménte,.' :

4, Proparation of complete construotioa documents .
and a tender for a 600 Mie station. - .

The developmont programme will be completed in 1977.

Study work for the 600 Mie station project is based on |

the construction of a single horizontal shaft gas turbine., - 'f A

S8ingle-shaft construction will probably have the advantage ‘ o
of lower turbogenerator set costs and more favourable.
" behaviour of the control system. S

.In view of the large number of conatructional and
SR layout possibilities for the components of a gas turbinn HIR, Sl
' systematic .studies will be neceéssary in order to aeloct the
optimum configuration.. '

On the basis 'of an analycis of all the poésibld
confizurations of the station, the most favourable sclutions
have bron studied from the point of view of availability and
economic viability.
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The cooling water requirement is much less than with:
steam turbines.
profitable than with steam turbines, since the heat 1s
evacuated at 80-100°C instead of approximately 25°C, thus
substantially reducing the couling area needed. .

The use of dry cooling towers is more

1.2‘§§gcess—§gat reactors

The possibility of producing cheap nuclear heat at
tenperatures in excess of 900°C suggests that this form of
energy could be used on an industrial scale for pur poses
other than the generation of elecctricity. Several
analyses at the Jiilich Nuclear Resecarch Centre have shown
that nuclear heat can Le used for the conversion of fossil
raw mcterisl into refined products by know proccsses, §n
particular the gasification of ligni*e and coal by a procoss
of hydrogenation. It is probably also possible to use
nuclear hcat for the current hydrocracking processes.

The simplest'form of application, however, appears to be
the conversion of natural pgas into hydrogen 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
advantageous. The hydrogen produded by this process can be

used for stecl production by direct reduction of iron ore.

furthermore, there is at present, and will be in the future, :

o big market for hydrogen. The products obtained can also
be converted into a number of basic chemicals by known

processes.
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Tt 1p Aifficult to describe all the podsidle spplicationa

‘at this atage, but tho studies have shown that there is a

market for the forms. of application described above, in -
addition to the use of atomic energy to generaté electrioity,
and this market should not be ignored, since ‘4t represents
an energy démand ‘amdunting to.a third or half of the an°ﬁ§t
of primary energy used for electricity'generation."

It must, however, be noted that the development of this
sou»oé of heat requires the concomitant dcveloppoh$;c!' v

’ exchcng@éh'or cracking tubes able‘to‘uaet'nncltar‘si!bty
- requirements and withstand chemical reactions. I aoena

that, sc far as the reactor is concernmed, the only nsw

. problem which will arise in connection with the technigues .

to bo developed for the direct cycle will relate to the
presence of larger quantities of hydrogen in ‘the primary
circuit, as a result of diffusion through the exohansez‘ 'alle
from the secondary circuit. |

2. In the United States, the [firm of Gulf Gemeral Atomic
in 1971 was awarded a study contract by the State of Oklahomn :
relating to the application of the HIR aystem for the - .
gasification of coal, which would require helium temperatures
at the reactor outlet in the range - -870-1070°C.  GGA &8s also
1nterosted in the development of diract cyole HIRs with adr
cooling towers and helium-cooled fast reactora (sea Annex on
fast reactors). : . R P
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Interest centres primarily ‘on the abiiity of this' type

 of roactor to supply high=temperature’ heat at'loi*éoat.{ﬂhiﬂh

might permit the: Cevelopment of new ateelkhhkinchtéchniqﬁaég'
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The eleotficity producers are also intecrested in the ~
HTR system.  The JALRI (Japanesé atomic Energy Research
Institute) is at present studying a 40-50 MWth experimental
.reactor project, on which construction work might begin in
1972. The'original feature of this reactor, to he used to
study a range of applications, is that it is designed to
roach a helium temperature of 1000°C (possibly 1200°C at e
later stage). ‘

L4, France .

Although the present French HTR effort is concentrated
on the indirect cycle, with steam generator, since only this

cycle appears capable of yielding concrete short-term rosults,

work is continuing on the direct cycle (gas turbine), which
seems promising in the medium run. The French studiea are
not at present directed towards the use of very high -
temperatures, which pose difficult problems, but are bdased
on gas temperatures in the 850°C range, for which existing

fuels appear to be suitable.

The construction of the actual turbine does not raise
eny insuperable problems. A layout similar to that of the

intermediate pressure scection of a steam turbine is suitable,
using alloys and cooling devices as developed for conventional

turbines. A life of 100,000-200,00Q hours can be assured,
although some components may need to be replaced after
50,000 hours. GSome improvements to the compressors are
necessary, to reduce the number of stages and shaft lengtis,

especially if one single turbine is employed. The decision
with the most far-reaching consequernces will be'whet@er to use

one or nore sets. The arrangement of the main cirouit ead
the emergency cooling loops differs considerably in the two.

CcaB8e8e

.
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The construction of HIR reactors employs teohniquaa
developed at different stages in the evolution of -
graphite~modorated, gas-cooled reactors. ' The present state
of the art is summarized below, starting with a S 1
description of the techniques common to prismatic and o ot ‘ '
spherical fuel element types, followed by anm examination ‘
of the particular techniques used in the two cases. Note

1

~ that to ensure maximum utiliszation of the high capital oost
of a reastor, components mist be replaceable after

oommissioninga heat exchangers, e¢irculators, contreél rods
and their mechanisms, certain monitoring instruments, eto.

A+ Techniques used in all HTRs. e .

1. Coated particle fuels and their reprocessing

A1l fuel elements are today based on the ;se of coated
particle fuels (a concept dating from about 1960), in which
the oxides or carbides of the fissile and fertile materials
take the form of small spheres. (kernels), each coated with
layers of pyrocarboh;'s&metimes.combined with‘a layexr of
silicon carbide. These fuel '‘elemonts may be either
prismatic or spherical in -shape. . The coated particles are
of different typ951 (sce .Table. 2). : |

1'I‘he particles used in the first Peach Bottom core were not

ontimized for the retention of fission products, the coatings

" serving principally to prevent hydrolysis of the wranium and

thorium carbides during fabrication of the fuel. The second
core, now in operation, has particles of the BISO and TRIBO .

- type, which have been tested intensively in MTR reactors.
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(a) Thorium cycle reactor: In this case, the partio;é’,"'A -
conteins 0235, 93% enriched., There are tw> main poasibilitiea .f S
for the U/Th combination: : : | .

a+1 Homozeneous U/Th mixture, proportions between 1:5 and
1:10: .
This is the system currently used in Germany (aAVR and
THIR reactors).

@e2 Thorium and uranium incorporated in different particles:
Separation of the fertile (breed) and fissile (feed)
materials into different particles is important decause

it gives better fuel utilization, for three reasons:

1, There is no criticality limit for thorium-based

particles, so that large quantities of tnorium | - : Tl%
kernels can be coated in a single operation,: . ,
resﬁlting in low-cost fabrication for 90-95% of N@
the fuel, " ‘ e

2+ Most of the U236 produced in the reactor is
contained in the fissile particle, which can be ‘ o

recovered separately in the head~end operation

U236

(sce below). formed by nonefissile neutron

absorption in UZ35 is a parasitic absorbent and
therefore must not be accumulated in the'systemQ

3+ Most of the fission products are produced in the .. . ’ j*i
fissile particles.  More complex coatings can |
easily be deposited on the fissile kernels, if
necessary, with only a glight economic penalty.
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The ¥°%% enrichument of the nuua mttcha afvor a-
four-yoar cycle ie appwoximately 2& . Althoagh the
content is important (of the order. of 55% of the nrahiuu
in the fiaeile particles), the residual 1233 value &a
st411 substantiad (USk Refs 7); this 7255 would be’
recycled in ‘both an HTR snd an LiR. Thq concentration of
this recycled 0279 4n the smallest posaiblo number of fuel
clements reduces the resonance of 36, 180" th&t the - U
associated U2 has an economic value- equivalane %o ?0% of”
that of high—enriched U?%, For this reason, 4 is
advantageous to use 3% gor two four-year 0,0109~bﬁfhﬂl  L
removing it frdm the systemfat zero value.‘

The uranium in the fertile particle’ (thorium) ta
mainly 0233, the quantity of uranium produced repregenting
approximately one~quarter of the initial fissile cherge. .

idth 0233 recycle, the 0235 requirements are peduced :
to about half what would be. neoded for -a non-recycle charge.
The isotope ratio of the uranium 1sotopea in the discharged

fuel as compared: with the initial quantity ot U235 (non-reoynlo'

operztion) is as fbllows.

fissile particls © fertile partiole

after four after eight after four years -
years ' © Yyears B o
1233 235 - o . . 0.27
y23t 1235 - L - . .0406
2354235 © 0.08. © 0.1, 0,01
26235 0.4 0.13 L

1238 235 0,05 . . .00k
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Continuous recycling of thevU233 produced,resulté‘in an .
increase in the contents offﬁaik, U235 and 02?6 in thé.‘
recycled uranium, the values for the cycle at equilibrium
being 4% 122, 295 U2, 10% 1235 ana 7% 0236, e
recycling of this uranium does not excessively complicate
the calculation of the reactor core. ' '

(b) U/Pu-éycie reactors

The particle dontains:3~5% énriched 1?32,  The
plutonium is formed in the‘geactor itself., All the ;
particles are of the same type, but with diameters of 600

‘o BOO‘Pm s0 as to increase the heavy metal density.

The coatings are either of pyrocarbon or a combination
of PyC and SiC, for better retention of solid fission
products,

The following properties of these particles must be

maintained even under maximum operating conditions:

1. Mechanical integriﬁy of the 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
41072 of the total).

3. Retention of gaseous fission products (release
of Kr88'<10-5 of the total).

4, Retention of solid fission products, This
retention must be specified taking account of the

"

PR T
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geometry of the fuel eloment.:

The vnlues shown in Table 2 are those currently.attained, but it

wil) ;robably ba possible to achieve better performance.

Celoulation codes have been drafted for predicting the
' behaviour of the coated particles under irradiation. The
mathematical models allow for the composition of the o
' kernol, the nature and thicknésa of €hé different co"t:lhge, N
- temperatures, the accumulation of: fission products and Lhe. |
variation of the ‘mechanical eharacteriatica of the materiale
" with fluonce and temperature. The many experipents
Oarried out bear out current forecasts of the behaviour di
" now types of fuels at high fluences.

The European techniques of coateé particle fabrication
and incorporation in fuel elements are being studied mainly
.in the context of the Dragon project (THTR until 1968),
iThe rosults are thus widely available for the whole of the
Gonmunity. ,;

3

For longer~term applications ‘(direct cycle and '5
. process hecat reactora), the work begun must be contimued '
~4in order to achieve higher burnups and’ integrated neutron
£1uences, ‘with even higher operating temperatures’ than :
“those currently employed, - : B

- e N
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TABLE 2 - Data on coated particle
Germany (ref. S) :
. pebbles - - . - . USA : Europe
) AVR. THTR 300 Fort . St.Vrain| 1100 Nie Low-enrichzd
. "Fissile T Fertile T Fissile [ Fertile
Kernel : '
Chemical composition (U,Th) C, (U,Th)02 (U,Th)02 Th O, Uo, Th 0, U o,
Average dianeter (}nn) 400 Loo 200 450 200 L4s0 600 or 800
Ratio Th/U ' 5/1 - 10/1 4.25/1 1/0 0/1 1/0 -
Coating ' ' '
. Type ' BISO | BISO TRISO TRISO TRISO BISO TRISO
0 Porous layer (}m) 50 .t 70 50 50 60
N pyC high-density 120 110 | 20 20 20-40
: 5iC layer - - 20 20 35-4o
PyC high-density C - 30 40 . 30-40
Total T 170 180 120 130 130 130 160~190
Burnup (% finma) . , L
Specified . - B E B I 1 20 7 12-15
Actual : 10 16 27 27 27 27 12
Fast neutron dose
10°7 nvt (£ >0.1 Mev) |
Maximunm specified ) 2 6.8 8 8 - 7-9
sctual - . e 2,32 72 847 8.k 8.7 8.4 7
" Irradiation temperature ( C) 1250 o .p 1250 . b 1150 1150 1150 1150 1100~1200




- The reprocessing and refabrication of HTR fuels are

a vital coonomic objective, as stated in Section VII, -
particularly for thorium cycle reactors, in which reeycling

.permita offective utilization of 3233 ' . However,

reprooeaazng is also a possibility for the U/Pu cycle, on tho
basis, except for the first head-end Operation. of the
exgerience gained in_tuel reprocessing in light water
reactors. Work on y233 recycle is in hand in the USA at
the Oak Ridge National Laboratory (ORNL) and GGh, Work in
Curope has been carried out under the Dragon Project 4in '
Britain and in Italy, but the main centre of action at
prosent is in Germany. R&D is proceeding on three fromgs:

1 Head-end operation for the séloétivo recovery of
fissile and fertile particles.

. 2+ Dissolving of uranium, and thorium followed by
solvent extraction, . '

3. Ltemote refabrication of partiicles, comptot and ‘
“fuel elements containing w33,

Different techniques are being-investigated; for
example, some details are given hereo of the methods being
studied in the United States (USL, Ref. 7).

These methods will be tosted in the Thorium-Urarium
Rocyole Facility (TURF), a pilot plant under construotion at
ORNL, which will become operational in 1976-77. This
plant will have a daily reprocessing capacity of 8~10 HTR
fucl elements (Fort St. Vrain type block) and will be‘capable
of refabricating two or three blocks a ‘day incorparating‘the
rocovored U222, = This production rate is equivalent to the
equilibrium requirements of ‘a recycling faoflit& desisndd’for
a capacity of some 3000 MAe, and corresponds to 5«10% of the
scale of a commercial recyeling plant.
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(1) The head-end comprises various stagea, in e u.ti ”%

part10ular°'

(a) Crushing followed by separation of the fuel
-particles from the graphite pieces.

"(b) Combustion
(i) of the graphite pleces without fuel
(ii) of the compacts, graphite pieces with .
fuel and PyC coatings of the coated
parﬁicles.

Combustion takes place in fluidized beds of different types

depending on the composition and size of the pérts to be

burnt. The part of the crushed fuel elements containing

the coated particles will be burnt in two stages at the

rate of approximately 10 kg/h, in a fluidized bed containing,

in addition to the particles, alumina to ensure uniform

combustion; the TRISO particles containing U 235 and U236 o
are partially burnt by virtue of the protection of the 31c

layer and are screencd out after the first combustion.

(2) Dissolving and solvent extraction

#fter separation of the alumina, the ash obtained will
be attacked by an acid solution, to dissolve the oxides of Th ‘ .
and U, after dissolving, solvent extraction takes place
for decontamination and purification of the U23’ and
thorium and for their separation. The solution of U 253 nitrate
is sent to the refabrication plant, whilst the thoriumy
partially decontaminated, is concentrated and stored.
The basic technology of the chemical operations, based on
tho Thorex acid process, has already been developed at ORNL

for other thorium applications.
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(3) Refabrication: The coated partiolaa'cohtainiﬁc |
the reeycled uranium incorporate approximately 20%
uranium oxide (mainly 1°%3) ana 80% thorium oxide (Thoa).
The fuel kernels will be fabricated by a sol~gel process
using equipment housed in shiolded cells, and then coatod
in a 12:5 cm diameter fluidized bed,.which is also

 remote-controlled. The particles will be of the BISO -

type, similar to the original fertile particles.
Hot=cell tests have shown that the apparatus wurka
satisfoctarily. The particles.will then be
remote-agglonerated using inaeotion-mouldins techniques
similar to those employed for the fuel of the Fort St, Vrain
reactor (as described later in this document).
Experiments in this f;eld are in progresa. and work is
also in hend on the techniques of introducing and fixing
the compacts in holes machined in the graphite blocks.

Fuel elements incorporating U2}3 must, of course,
roach the same stzndards of those of the initial fuel,
The development programmes completed and im progress
indicate that the production of recycled fuel elements is
possible, thus confirming the economic value of the thorium
cycle. ‘

2. gg}ium technolopy

The principal advantage of helium, which has le& to _
its subgtitution for the carbon dioxide originally used in
gas~cooled reactors, is its chemical inertia, permitting
graphite surface temperatures in the 1000°C range for tho
fuel elements. Furthermore, helium abaorbsrhardly-any"
noutrons and has no .appreciable moderating effect -on theum,
so that it does not influence the reactivity ot’the a&etem.
Holium is and will remain easily available for the -
reguirements of HTR reactors.

kL, L A
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Helium technology has been perfccted for HTR ien@tarao
The main problems thet had to be solved related to the
scaling of the primary circuit, helium pumping; lubrication
of surfaces subject to friction, helium purification, heat
transfer from the .fuel to the helium, corrosion of the
graphite (since the carbon plate-out may give rise to mass -
transfer) and thermal insulation of the primary circuit,
411 these problems have been solved, and the solution
satisfactorily tested, in the operation of thg‘AVR, Dragon

and Peach Bottom reactors.

- The general view is that the adaptation by the
industry of these solutions to large-scale reactors does
not raise insuperable problems. There are, however,
specific problems associated with the use of prestresscd
concrete pressure vessels, which have to remain leaktight
and maintain their thermal insulation for the lifetime 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 A reactor
carriod out by the CEGB showed that the exchangers had no
locaks) and of the large helium circulators. In this -~
sphere too, the basic knowhow and experience gained in the
operation of the Dragon and AVR reactors are accessible to

all manufacturers in the Community.

3, Heat exchangers (steam rcnerators) (France, Ref. 1)

By virtue of the gas temperaturc (75000 as against
675°C in the AGR), the nature of the gas (helium) and its-
pressurc, the heat exchangers are smaller than in
graphite/zas reactors. - For the same reasons, the tubes in
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the dundles are subjccted to higher temperatuyres and
steepor thermal gradients in their walls (at least in tho
sup;rheater and reheater rogiona)- The problem

therefore arises of the choice of materials for theee
tudes, and for their cupporting structures, ae well as the
behaviour of these materials end assemblies in a hélium
environment at high tomperature, vgth traces of moisturc.

Small-bore tubes are favourﬁble.for several reoasons
(exchange surface per unit. voluce, wall thiokness, safoty °
in the event of tube failure). To 1imit any accidental
introduction of water into the helium, the 1natél1ation
of large headers wmthin the primery circuit is avoided.
The tubes must therefore pass ‘through the ponetrations -
virtually 1ndiyidually, so as to enable a very small part
of the exchanger to be b;bckod off and takenjout of service
from outside the preesuré vessel in the event of a tube '
failure. L

'Because of tho{direction,of circulation.aaobted Lox
the core cooling, it is neéeasary, where exchangers are -
installed in pods in the vessel wall, to use downward
boiling in the exchangers, which results in operating o
constiaints énd‘diffipu;tiés (in particular on ltartuﬁ.

'shutdown and part=load operation), or to ﬁdapt the heat

exchanger bundle configuration or modify the direction of
helium circulation in the exchangers, at the coat of some
'dcgree of mechanical oomplication.

L, Circulators (krance, Ref.'l)
.

Comﬁﬁfed with the'cirqulators'pf eaflier:grhphite/gaa
proactors, the greater specific work requires higher speocds
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than for coa,'but the higher speed of sound in heligm
results in low Mach numbers. The machincs are of the
axial or centrifugal types, the final solution depending
on the epecific characteristics of each design and on the

2
L
.

drive system. - ’ | ; ¢

By virtue of the lower ratings (3-5 MW, as ' - ;,é
compared with 10 M or more for graphite/gas reactors)w ' ' o
electric motive power is a possibility, and in particular
the use of & submerged motor, which avoids the difficulty
of dynamic shaft sealing. [ith oil~bearing circulators,
it is necessary to provide an effective barrier between the
lubricating oil and the primary helium, and this appeers
to be a difficult problem with certain %ypés of
installation (vertical~shaft circulators with bottom-mounted
impellers). The use of pas bearings eliminates this risk
of pollution, but necessitates a horizontal layout and -
spuecial arrangements to ensure correct working of fhe ‘ . l>a\1'4
machines under various operating conditions (in particular, ' o
overation at atmospheric pressure after depressurization of

the core).

5. Prestressed concrete pressure vesscl and integrated

primary circuit

These techniques were developed for Coz/graphite

L

reactors. PCRVs were used for the first time in the
construction, in 1956, of thc Marcoule G2 and G3 reactors.
The integrated primary circuit technique was used in the -
AVR in 1961, but with a stcel pressure vessel. .Those have
been standard techniques for many years in gés/graphite
rcactors in France and tho UK (Magnox and AGR). .
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Houovur. eompared with the vossels of earlier
graphite/gas roactors, the HTR vosaela have a smaller
intornal cavity diameter but have to withstand a higher
prossure (approx. 55 bar as against 40 at most). ' Tho wall
and head thicknesses, assuming the same architocturo. thus
renain on the same scale as previously.“ A variety of
g»ometries were used for the first protétype reactors. A
However, most recent reactor designs enploy a new typo of
PCRV coacept, in which the exchangers are accommodated in
pods in the side- wall of the vessel. This is a system
patented by Dragon and adopted by BNDC (British Nuclear
Dosign Gorparation) for the’Haﬁtlepool station, so it
will be partially tested before the construction of
large HTRs. All the experience in the ccnatruction of
darge PCiiVs for nuclear reactors is concentrated in Franco
and the UK, but GGA has also gone 1n"forfPCRVb by building
the Fort St. Vrain recctors and by adOpting the now type
of vesael for its 1100 uue HTR tander. Tho cirocoumnferential
prostressing of this ncw type of. 705531 msy be applied by
wire winainb, but prostressing by tondons is also possible. o

’

The pod closures (diameter apprbximéfeli»SaS n§‘nnst

. be so designed as not to prejudice the intrinsic safety of

the PCRV. Further, with maltiple pod rofuolling
(prismat;c eleuents). the top head has a large number of
ponetrationa. ~ For this reaaon, tranaverae tendoul
cannot be used to prestress the top’ hqad,
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B . Techniques specific to homogeneous pripmatic-cloment HTRs

1« Fuel clements and reflectors

interested in prlsmatlc HTRs have concentrated mainly on
the low-enriched uranium cycle. The design of the tuel
and core is largely based on the fundamental study

presented by the Dragon project in 1967.

The whole of the moderator is incorporated in the #fuel.
‘elements, which occupy the entire volume of thc core, . .
The coated particles are inserted in graphite tubes whoso
outside diameter is similar to that of tho‘fuel tubes used
in the Dragon reactor. The behaviour 6f these tubes uﬁdor , o ~"g%
irradiation can therefore easily be studied in Dragon. - T "
The particles are incorporated in cartridges (compacts), ’ P
allowing maximum heavy metal densitics in the range O. 8=1,0 g/qu' | : |
to be rcached with particles of kernel diameter 600-000‘y. '

Accelerated testing of these particles is under way in thc . _;ﬁ

oxperimental reactors.

The type of rod favoured by the manufacturers is of the
tubulor interacting type, in which the compacts are olad '
internally and externally with graphite in contact with the " e o
coolant gas; the fuel, since it may expand under irradiation, o
scets up a stress in the outer graphite tube. The fuel - S
tubes containing the compacts are inscerted in channels in the” ’
hexagonal blocks (about 40 cm across flats) of graphite
(isotropic pressed or fine-grain anisotrepic drawn) to
form the fue¢l elements. These graphite blocks will reach
& maximum temperature of 700-900°C in the roactor and will

remain in it for about three years. The fast neutron
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‘codes involving the block’ dimensions, variations in

. models on small-size fuel blocks irradiated in Drason."
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fhuenoes will be lower than the fluences spasit&éd-gttor.'

20 yoars in the isotropic graphite blocks used in AGR
reactors. A large-scale high-temperature and high-fluence
grophite irradiation programme has been put in hand in

Europe and in the ‘United States (sce belom), and there are
regular exchanges on the results obtained. The ,

European tests have been concentrated on gllaoanite eok@-based
graphite and have ghown the: ‘excellent atability‘undor

.irradiation of this graphite at the required fluemces.

The varianté of this type of tubular fuel are now
being studied. In the "teledial" type, the compacts

‘are inserted in the wall of a single graphite tube in an |

arrangement resembling that of a telephone dial, With
direotly cooled compacts, & fuel region iz linked direoctly.
to a fuclless region, the latter being in direct ceatact
with the coolant gas. The properties of the two regions,
with and without fuel,mst in this case be adjusted in such

‘& way as to avoid cracking under irradiation (Germany, Rofe. 5).

%hichever type of fucl tube is ﬁeod, account must be 'talken

of the risks of vibration of these tubes and stabilisation
systems must be provided for. - The graphite blooks used in
HTRs cannot be irradiated in materials test reactors bvecause

.of their size. The dimensional behaviour and internal

stress situation must be predicted from complex calculation

*

temperatures and flux with 4ime, and variations of the

. .graphite charaecteristics with fluence and temperature; 4n'’
-addition, account must be takeén throughout of crnep

phenomena. : It will be . poesible to verify the mhthematical
DY
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is propoexng for its 1100 Mi'e reactor, -a different fuel
element from the type described above., The cycle in'

both cascs is basecd on U235/Th/U233. The hexagonal
non-isotropic .graphite blocks are perforated with 108
cooling holes 15.8 mm in diameter alternnting with 210
holes filled with 12.4 mm diameter fuel pins. The ,
coated particles, having a kernel diameter of 200 u for
the feed and 450/p for the breed, are incorporated in the
fuel pins in the form of compacts. These pins are
fabricated by a hot-injection technique: a viscous mixture
of a binder and powdered natural or isotropic graphite is
injected into a mould previously filled with coated
particles. , The material is baked and treated at 1800°C:to
stabilize the pin dimensions and to ensure partial
graphitization of the matrix, so as to. improve the

{rradiation behaviour.

The dimensxons of the coated particles used by GGi
are such that mbést of the available experimental results
arc. applicable to them, and no difficulty is to be

anticipated on this account.,

The pins were irradiation-tested and the. results wewe
satisfactory: burnup 20% fima, fast neutron fluence
7.0 o 1027 nvt (B >0.1 MeV) temperature 1400°C.

The graphite for the Fort St.Vrain reactor is nualear-grade
needle coke manufaciured by the Great Lakes Corporation, Grade H-327.

An extensive irradiation programme has covered a tempofature
range from 650 to 1250°C with maximum fast neutron fluences of.
1.10%%nvt (B%£0.1HeV) and has given oxcellent recults. All the values
obtained were better than those specified for the reactor.It should
also be noted that the fuel elements reaching fluences of 8.1021nvt
will have only a relatively constant temperature below 1050°C, whilst

the ones at 1260°C will reach a fluence of only about 2.10 1nvt.

w
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2. Core and internal structures ) . .

X

Because the fuel is integral with the modcrator, .
handling facilities must be provided for the éore of a
prismatic~type high-temperature reactor. and this affeoes
the design. The integrity of the ‘core must be ansured
by the supporting system, and tle latéral and head
restraints guarantee earthquake resistance emd ‘¢olumn

[}

holding during nﬁloading. . | o .

In view of the core outlet temperature of the helium
(750°C), two types of support are being ‘studdieds a cooled . .
metal floor, or a system with ceramic extensions of the '
core columns down to the bottom cap (the latter is
wellesuited to the annular architecture, and is noat
frequently used),

3. Charge machine. and reactor control

Because the fuel and -moderator -are integral, fuel
handling consists of man;pulation of the blocks of ths
core., This problem is difficult both in itselt and as
regards its corsequences for the ‘core (and vice versaf and
for the top cap of ihe reactor vessel. ’

Two types of handling are at present béiﬁg investigatod,
off~load and on=load, the machine in both casea being
outside and above the vessel. ’

On~load refuelling, as opposed to off-load !;'eﬁoling,
reduces fuel cycle costs and antz-reactivity requiremancs.
end permits greater freedom in' shutdown scheduling. In
view of the organization of the primary circuit (downward
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cooling), it is carried out in gas at 300 C, wheroas some
equipment operates in gas at 400°C in Coa-cooled rcactors.,

.

However, the core is surrounded by a gas flow at a pressure °

o
.-

of approximately 55 bar, and a failure would have more
serious consequences than a similar failure with the . ' "Lutm
reactor shut down., The European manufacturers are at '
present still studying the two charging systems, whilst
in the USi, G3A so far favours off-lcad refuelling.

Control is effected by means éf a large number of
control rods, operated by mechanisms inside the top cap
of the reactor vessel. The Xe oscillation control
techniques used for the Magnox and AGR reactors may be
employed., This problem is, however, less critical in BTR
reactors, because of thesmalier size of the core.

C. Techniques specific to spherical-element HTRs . ' .

1. Fuel elements and core of the THTR reactor

The reactor core consists of a pebble bed. The . ~ ° ;
pobbles, having a diameter of 6 cm, are introduced at the .

top of the reactor through different fuelling tubes, |

allowing the pebbles to he fed either to the centre or to

the edge of the core,

The pcbbles are removed at the bottom of the reactor,
This type of fuel was designed for the AVR and was also B e
adopted for the THTR reactore. The retention of the
same shapc for the fuel element Zs an invaluable advantoge
for testing the mechanlca; properties of the fuel
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(irradiation behaviour, resistance to corrdsion, erosion,
shock, ete.). - Development was concentrated on the
following: .

¥

;.‘ ‘ k 4. The fabricatiqn of particles with heavy metal kernels

i " aiameter 400‘rm) coated with pyrocarbon layers.

2. /ppropriate composition of the graphite matrix, with
yerticular roference "to problems of compatibility and
irradiation behaviour. '

7 , 3. Fabrication of complete fuel elements consisting of a
%< ' kernel containing the fuel and a fuglless graphite °
; sheath. o

Extensive irradiation programmes in Dragoa and in
matorials-testing reactors were carried out in parallel
with the development of fabrication techniques. Finally,
computer programs were written to analyse(the behaviour

v . of the material under thermal stress and expansion, .

Table 3, which shows the results obtained in
demonstration tests for the prototype.reactor, gives the
breaking force and drop test figures. A breaking force
of 97.5% mcans that 97.5% of. the fuel elements must have
brcaking forces in excess of 1800 kgf measured between
stoel plates. The drop test figure is the number of times
b & fuel element ecan withstand dropping onto the pebble bed
ot from a height of % m without being damaée&;‘ 99.99% of
the fuel elements must reach these‘valuéq.“.
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. oo
TABLE 3 “ .
THTR fuel element test results . < . o
(Germany, Refs. 1 and 5) ‘
o
Specification Resulis .
Heavy metal content 0.96 ¢ U235 ' 0,96 g U235
10.2 g Th 10.2 g Th ‘
Breaking force - .| 97.5%5 1800 kg | over 97.5%
1800 kgt
Drop test 99.99%% : - over 99.99%
(Standard test) 50 times sﬂ'timea
Matrix graphite anisotropy f.} ‘ 115
‘Thermal conductivity of 0.07-0,08 0,07-0,08 - -
metrix graphite at 1000°C
(non-irradiated element)
(cal/cm.sec. °C)
Corrosion rate at 1000°C N
(1 v/o HZO in 1 atm He, .
10 h) (mg/cm®.n) | 1.5 | {1.5
Contamination inuranium .
U/U total’ 5 10~% 5 e 1072
Specification test "
Average burnup % fima 12 - :
iverare fast neutron 21 K f?
flucnce (& 0.1 MeV) 4,8 +» 10" 'nvt X §
Maximun buraup % fima 14 16 :
Macimum fast neutron ' 21 . 21 L
fluence (E >0.1 Mev) 6.8 + 107 ‘avt 7.2 ¢ 10% nv§ ~
%e 122 release rate , 5 . 1077 o ;E
Dimensional stability |
under irradiation {2% (& k
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2. Hanipulation of fuel and highespeced maauurement-ot

; burnun

.,’4‘

Compared with the AVR reactor, it was nocessary for
the THTR to inercase. the circulation rate from 50 to 500
. ) : gpheres per hour and the number of positions for cherging
the fuel above the pebble dbed from 5 to 15; . for this
.reason the fuel elcmont circulation system requires a
o ‘ larger number of functional partse. s

The spheres are transferred from the core to the
fuel oirculator by gravity (angle of inclination usually
10°); for this reason the circulator must be located
underncath the core and the PCRV, In order to ensure-
simpliciiy. moderate construction costs, avoidance of -
helium leaks and a high degree of safety, the tunotidnal
parts of the fuel circulation system, and also of the -
charging and discherging system, were built ‘dn the form -
of individually replaceable modules.

The fuelling room is not normally accessible. The
maintenance of drives and gearing can be carried out'in a
radiation~free workshop. ' h

On leaving the core, the spheres-gé first to a
goparator which separates the individual spheres,
eliminates fragments and removes sphercs whose dimensions
are out of tolerance, and thence to a measuring reactar
having a power of approximately 100 W, which was developod
as an instrument to measure the burnup of the fuel.-elements
leaving the prototype reactor. The spheres rass through
Py this reactor at a maximum frequency of one every 7 secs
i Computer analysis of the change in the reactor neutron flux,
‘ measured during the passage of the-spheres, yields

information as to the fissile and fertile material and
- fission product composition.
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The spheres are pneumatically recirculated in the .
core by elevator tubes, They are decelerated on exit
frem the fuel charging tube by gas refilux. For this
purpose a section of perforated tube is connected to the
intake of the fuel circulation fan. . ‘

Because of the large number of junctions, which are
highly exposed to wear, the fuel circulation system must
bo easily accessible and repairs must be carricd out
on~load, The integral fuel circulation‘system can be
separatoed from the primary circuit and independently
depressurized. The recactor is designed to be able to
operate at full power for several weeks with the fuel
element ci-culation system shut down. Normally, the
replacenieat of small) units takes no longer than 24 hours.
For this vcason, evin more scrious faults in the fuel
circula+ion system nave litile effunt on the availability of

the reactor.

The development of the THTR fuel element circulation
system included extensive functional tests. In addition
to the tests on prototypes of components of the final
machine (under conditions simulating reactor operation),
lifting tosts were carried out with three of the 15

reactor elevator tubes, at full scale.

The correlations between the sphere and gas speeds

were evaluated with this test arrangement.
3e Reflector
No part of the reflector is replaceable, and some of

the imotropic graphite blocks of which it is composed will
be exposed to high fast neutron fluences during the life of

¥



the reactor, This, together with the risk ot corroa&on
and erosion of the bottom reflector, makes it ditficult
to prodict the long-term mechanical behaviour of this -
-structure, - However, the experimental results available
on 5ilaonite coke~based graphite give reason ror optia&sa.

ho Neutron ggxsica and_thermal dea;gp,of tho reactar.

These aspects of the reactor are caaplex. The
compoeition of ‘the core must be calculated from the ephere
chargins programme i taking account of the infornation on
the laws of splierc motion gained from: models. , Allowance
must be made for the effect of helium and-temperature on
the coefficients of friction: between spheres, between
sphercs ond the vessel walls, and betwoen éphoreq‘and tho
control rods. The calculation of the maximum tampcraturos
must take into considoration tho distribution of the cas
flow, which tends to avoid the hot parts of the core, the
composition of the core and the probabiiity of fresh fuel
spheres bﬁnching.f

The nsutron fiux calculaticn‘must allow for.the
continuous movement of tha fuel elaments end the aap botweon
the irrcgular top of the core and the upper raflaetor.

It is necessary to dete:mine'at every inastant tho mothod o

+ of repcharging ~.central or peripheral '~ of the spheres
removed from thae bottom of the reactor dependingron thoir
compogition ~ graphite, fuel, poison - and, in the case. of
the fuel, their burnup. These calculations must be ¢arried
out regularly during the operation of the reaptor. but

they do not raise-any fundamental problem, They r@quire tho

use of a computer, but this is already nceded for measuroment

of the burnup.. ‘ N
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5+ Reactor econtrol . .

Control of the THTR reactor will be effected partly by
geans of 36 rods located in the lateral reflector and
»artly by means of 42 rods to be introduced directly into
the pebble bed by a pneumatic drive system. Extensive
mod2l studies indicate that the direct introduction of rods
into the bed is unlikely to raise problens.

The drive consists of a.double-acting piston
(stenping piston) with a motion mechanism and a stopping
mechanism. The drive is helium-actuated.

For a seram, the rods are .lowered to a depth of
2-3 m by a long~stroke piston system operatcd by an
independent helium circuit, at high speed (< 30 cm/sec);
thercafter, the descent continues if nccessary at low
speed down to the bottom of the reactor.

The end of the absorption rod is concave, so a Sphere
~ is grasped during the deséent of the absorption rod and
the load exerted on the spheres is reduced, since the
geometry of the graphite/stcel contact is favourable.

The rods are cooled by the helium circﬁlation due to the
pressure gfadiént in the core.

The individual components of the drives, e.g., the rod
linkages, the piston/cylinder system; the motion and -
stopping; mechanism, the rod piston position indicatof, the
valves, ctc., have been thoroughly tested on individual fcst
beds, In this way a high degree of reliability was attained
and demonstrated for the individual components before

construction of the prototype drive.

et
A




l&' ’

.approximation technique developed by a British tirm.waa

strain of the upper chamber of the vessel was tested by
-30ading a 1120 scale model to taiiufe}‘< The influence

cast resin model with accurately defined material conditioms,

The constructional epecifications of the drive are ¢0
be tcasted 4n an oxtensive programme uaing tho prototypo
drivc, mounted in a test tower, starting in March 1972,

6. Prostressed concrete reactor vessel

For the development of the prestressed concrete
reactor vessel, it waé.necessnry to carry out strees
analysis studies to evaluate the breaking strain for
different load conditions. Three-dimensional computer
programs were available for the stress analyoes. An

used to determine the breaking strain. - The breaking

of the penctrations in the top cap wvas also 8tudied in

these testse.

" The precalculated stress distributions were checked by
pressure and temperature tests on a 1:5 scale model. A
deformation test on the linér showed that the concrete
tendons satisfied the static requirements., The “
calculation methods were checked by tests on a 1147 scale

B eI Da AT ottt T s
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VII Dconomics_of the HTR family ' L .

1+ General data

1«1 The real prospects of high-temperature thermal
acutron ras rcéctors beconing commercially competitive
with LWR reactors progressed in 1971, when Gulf General
Atomic received two large orders ropresenting 15% of the
nuclear electric. capacity ordered in the USA that year,.
This indicates that the transition point between:
subsidized R&D programmes and genu’ne’y commercial sales
has been reached in the Uu’tec¢ States. However, the
contacts initiated by GGA with various European
manufacturers could jead to fast progress on the Europcan

nuclear energy market.

1.2 In the United States, the share of the cost of the

Fort St. Vrain station for Public Service of Colorado

amounts to 61 million u.a., or 15 million more than the
original estimate. ‘For its part, the USAEC spent .

55 million u.2. to besk a “fifst~of—a~kimd” roject,y in
particular in the finnieing of an R&D prougramme conducted: .-
partly by Gul® ard partly at Oak Ridge,  Frrthermorey ‘
GG\ spont an urspesilied sum on the industrial development
of the fuel elemcnis and a complementary research Programmo..
C3ii is the ovner of the fuel for the first eight years and-:
sclls cleetrirlity to POC at a rate equivalent to 1.7 hills |
per kwh (as conprred with 2,6 mills per kiWa for a recent

coal-fired station belonzing to the same company).:

In response to a call for bids issued in 1969 by
Eupene wWator & Electric Beard ({regon), Gulf General
atomic submitted a project for an 1100 MWe HTR station

e

L
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on terms compotitive with those for LVR plants. Howevor,
following a campaign against tho construction of.a muclear
power station, the Tugene project has been deferred.

In 1971, Gulg General ntomio roceived two orders fox

large power stations'

(a) 4 letter of intent from the Philadelphia Electrie
Company for the qonstiﬁction of two 1160 Mie
pover stations, t6 be commissioned in 1979 and o
1981 respectively. This order, which was

. placed without any competing bids being
submitted, will represent at $200-300 million

: contract for GGA, the total installatioh cost
being $700 million. _The thorium fuel cycle has
been chosen, since the low-enriched uranium
(or U+Pu) cycle is more expensive and not worthe
while in the USA (see also USk, Ref. 7). Tho |
AEC has confirmed its principle of guaranteed
buy~back of U233 pending the availability of a
commercial reprocessing facility for the thorium

cycle, R

(b) A letter of intent for kﬁo 776'“%9 reactors from
the Delmarva waer.and Light Company, the' nuélear
part amountlng to' $200 million, out of a total
station cost of $680 million. The first '
reactor is to go on line in 1979, which jmplies
a start on construction in 1974, the same year
as for the Philadelphia Electric station.

The second reactor would be operationﬁl three ycars

later,

GG, i8 also in contact with other Americam
electricity producers.
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1¢3 In Europe, the total cost of the THIR power atation -

programme so far is about 190 million u.a. This incluces

22 million u.a. for the direct backing R&D programme,

108 million for the construction and commissioning of the

station on a turnkey basis, 9.6 million for the first

fuel charge, 25.2 million for customer éosta (including,

interest during construction, taxes and cost indexing) end

up to 25.2 million for additional capital expenditure

which might be necessary for modifications deriving £rom

- results of the rescarch programme. | '
Construction is being financed by the HKG company

with bank credits guaranteed by the Federal Government

and the Government of North Rhine-Westphalia, and by .

Federal and Land subsidics. Further,_operating risks will

. de covered up to a total amount of DM 150 million

(37.5 million u.a.). ‘

2e {gel cycle

2,1 Thorium cycle

The HTR was originally designed for the thorium cycle, .
which cives an improved energy yield from the natural .
resources of uraniunm; the neutron economy is superior
because U233 has a higher ? value (number of neutrons

produced per neutron absorbed) than ve3d,

This cycle requires.the availability of high-enriched

(93%) uranium. Several alternatives are possible:

1+ Th reference cycle with U235 and U233
lowest cycle cost, around 1 mill/k¥h (USh, Ref. 8)e

recycling:

o F
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2+ Thoriun cycle without recycling: more e:ponsiva
than the reference cycle by about 0.25 nill/k&h

3« Thorium cycle*with recycling aﬁﬁ mikaup
plutonium: cycle cost the same as for the .

referance cycle.

GG\'s ecanomic calemlation (USA, Refs. 11 and 12) thus
show that the Th cycle with U>~> recycle is the optimum
for HTRa, but requires the dovelopment of thorinl fuel
reprocessing facilities.

The basic economic hypotﬁeaéé chosen are as follows:

3

Cost of U0 (§/1b) 8
Cost of separative work ($/kg U) 26 o
Ratio USS/P0 - o W/ 1z
Ratio fissile Bu/U>>° 10/12"
Coast of machined graphite .
($/block) n
(approx. 3.6 blocks per Mie) 1000
i | ' Coated particle fabrication cost ) K
- - (%/kg) . ‘ 60
y _ 'Transportféost ($/bldck§' 230 '
. Reprocessing cost ($/kg) '.65

Storage cost (§/block) 230

For the present, GGA have chosen cycle No. 2,
U235/m232  for the period-up to the beginning of the -
eighties. By then the HTR:station installed capacity will - -
N make the reprocessing of fuel elements and the recyeling |
i of U257 economic. Meanwhile, fuecls discharged from HTR

e S



stations will be stored., At least until 1977, and possiﬁly

also subseguently, the UGAEC had adopted a fuel reprocessing

policy. On the basis of a conceptual study completed in

1970, of a reprocessing plant for an installed capacity

of 25,000 Mie, the USikC has fixed a reprocessing charge
$125/kg of metal (correspondlng to a daily output of

1040 kg Th+U).

In addition, the USAFC has established a guarantead
price for U233 up till 31 December 1975 as follows: .

(a) $13.79/g on the basis of a isotOpic separation
cost of $28.70/SWU, or

—_(b) $14.76/g, corresponding to $32/8uv,

The cconomy of the fuel cycle depends on a number of
reactor design and operating characteristics, in particular
the fuel charge, the power density, the in-pile dwell time
of the fuel. ‘

For GGa, the reference cycle is bascd on a power
density of 8.2 Mw/m3, a dwell time of four years end
annual recharging. The minimum cost of the fuel cycle is
obtained for a C/Th ratio of 250.

/The divergences from the reference cycle are
+ 0.5 mill/kWh for the cycle with deferred receycling
(after cirht yenrs' storage) and approximately 0.25 will/kWh
for thc non-recycling eycle (USA, Ref. 9). The
fabrication costs of HTR fuel elements are given in
USi, Ref. 10. ' o
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# German document (Germany, Ref. 6) quotes a fuel
cycle cost of 5etweeh.1.h0 and 1.59 mills/kWh, debehdins
on the assumptions made . Some difference of opinion
exists between the American authors (USA, Ref. 8) and
. these German authors (Germany, Ref. 6) as to the value of
. the Th cycle as compared with the low-enriched uranium
| cycle. However, this difference is apparently resolved‘
by a detailed comparison of the Th cycles adopted:
different thorium charge, rocycling or non-recycling of
the U235 discharged after irradiation, different size of °
power station markets, choice of coated particles for U235
roc¢yeling, size of reprocessing market .

U

i study has also been carried out in the Uhited States
‘ by the Edison Electric Institute on the use of plutonium

in the HTR as a makeup fuel to replace 0235 The use of
plutonium frgm vater reactors is justifiable when its
price lies betwéen $9 and 11 per fissile gram (USi, Refe 9e
The fabrication of &oated particles containing a kernel of
plutonium oxide with different degrees of porosity has been
demonstratéd by Belgonucléaire in Belgium (Belgium, Ref, 1)
under a Dragon contract, and also in contact with the THIR
project and the Karlsruhe JRGC. Irradiation tests have
proved the validity of the concept of separation of the

w0

.fissiie Pu particlelfrém the fertile ﬁarticle.

2.2 Lov=cnriched uranium cvycls

The countries (in particular, the UK and France) ﬁhich
T have developed an industrianl infrastructure for

| gas/craphite reacters {Famnox aprd 4GP rccpectively) have
realized thet HTRs ¢ uid Lo Jatioduced veing a fuel cycle

similar to that of edrlicr »cactors end making use of

i i existing techniques. Hence the appearance of the
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low-enriched uranium cycle U235/ﬁ238/Pu239. This cycle
is conceivable with or without Pu iecycliﬁg, but under
present-day economic conditions the costs of these two
voriants of the low~enriched U cjclé are similar and are

0420 = 0,25 mill/kWh higher than the thorium reference
cycle. ' ' ' ‘

Vith a view to reducing the enrichment to 3-4%,

manufacturers have designed HTR reactors of the "hetefdgeneous" ‘

type, wherc the fuel was concentrated in rods using large
particles 800 pm in diameter,’located in a large-pitch
noderator lattice. However, with this type of fuel, the
temperatures and fast neutron fluences in the vicinity of
the fuel rods became prohibitive. On the other hand, ,
subsequent physics tests showed thnt a sufficieant degreoﬁ
of heterogencity (to reduce resonance absorptiona) was
rcached with coated particles dispersed in grdphite

matrices; this has permitted a return to a low-enriched U
homogeneous reactor concept.

The enrichments in this case are 6-7%. The eoohomic,"
incidence of such a variation in enrichment is negligible,

(Table 4 gives, as an example, the fipgures obtained
in the USA for different typee of fuel cycle (USi, Rcle 11)e)

=y
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Table &4, Characteristics of different types of

- : HTR fuel for a 1000 Mle reactor gt .

steady state (USL, Ref. 11)

- Type of fuel cycle .| Thorium | cycle U/Pu
" |reference without cycle
cycle recycling!
- : - ' ::.-' . . ‘
c/th or /1238 ratio 225 . 200 (325)
Fuel lifetime b 5 .3
Conversion ratio 0.74 0.69 " 0653
Average specific power ‘
(Mi/kg fissile) ~- - -~ | 1.9 ‘1.6 - | 247
Fissions per initial : o -1
. fissile atom o 1.5 1. ..15 . 1.2
Lge peaking factor 1.41 T .47 1.2
Thorium loading (kg/year) 9130 . -1 8200 L -
Makeup uraniun (kg/year) 273 - 557 8920
Enrichment of makeup U 93.5 : : 93.5 ' 6495
Reecycled uranium (kg/year) 388 e o e
Enrichment of recycled U 64 - ' -
v Thoriun discharged (kg/year) 8550 7600 17 =
; 4
Uranium ulscharged (kg/year) 7 o3 -8030
Bnrichment of discharwed U 29 i 62 0490
Plutonium dlscharged ' m._}mw B A
(kg/ycar) - - 1 60
Enrlchment of discharged Pu - - o 554
Cost of fukl cycle © - 5 ST
* (mills/kWh) 4 f
b . With reprocessing 1,05 1430
e Viithout reprocessing 1.32
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The only comparative study 6f the economic prospects
in the United States of high—témpefature gas reactors as
compared with'light water reactors is that of the Edison
Electric Institute, carried out in 1969 (USA, Ref. 13).

The figures given were as follows (expressed in 1975

dollars):

1975 1980 1985 1990 2000
1. HIR with
recycling
Capital cost ’

(#/kWie) 230-270 | 180-220 160-190 150-180 | 135=165
Cycle (mills/kWhi|1.2=1.4 | 1.2-1.4 Te1=143 1.0=142 | 140=142
Oncration (mills ' | o

/kdn)| 0.3 0.3 0.3 0.3 03
Energy cost , '

(mills/kWh) 6e1=7e1 | 5.1=641 4,6-5.4 4,23-5,1 | 4.,0=4,8
2. LUR
Capital cost .

($/ktie) 200-240 | 170-210 150-180 155-185 | 150-180
Cycle f

(mills/kih) 1¢7=1e9 | 1.5=1.7 T1lbe1,6 Telim1.6 | 1eltm146
Cperation

(mills/kih) 0.3 0.3 0.3 0.3 043
Enerpgy cost e

(mills k?lh) 6 00-70 0} 5.2-6 02 15'09"5 . 7 4.8"5.6 | 4.?“5.5
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The following assumptions underlie these figures:

-1+ The electricity prqducers must build at least
three large-scale HTR stations in the next few
L years in order to provide, in the opinion of
e « Gulf General itomic, sufficient business to
ensure economic construction of the reactor and
development of fuel fabrication and reprocessing.

Y

S

= '

2. The cycle cost of an HTR reactor in 1975 assumes .
that a viable industry has in fact been set up.
3. The reduction in the cycle cost in 1985-90
is due to improvements in"fuel fabrication and

reprocessing techniques.

4, The 1975 capital cost is based on the technology.
¢§ Lo of Fort St. Vrain and is taken from Gulf General
' istomic tenders submitted to American electricity

producers,
b
. 5. The rcductions in the capital costs are dug ¢0
*  technological ‘improvcments (similar to those
experienced with LWRs), improved construction

techniques and the use of gas turbines. -

hcecording to the Edison Electric Institute, the HTR
concept may prove to be an econémic reactor’ system before
breceder reactors go onto the market. A relatively mocdest
© R&D programme in the field of fuel reprocessing is still
nccessary. However, until fuel reprocessing and
f . refabrication '‘are on d commercial footing, there is some
risk that ‘the projected fuel cycle costs may not be
attainable. For this reason it is important for three
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large=-scale HTR stations to be ordered quickly, in order
to provide an adéquate industrial foundation. This is-
also the rcason why the Edison Electric Institute’
considered that the USAEC should continue its HTR reactor

aevelOﬂment effort.

VIII. CONCLUSIONS

HTR recactors have, at least in the United States,

reached the break-through point between subsidized R&D

rogrammies and g;nuinely commercial sales. Only U233
recycling still requlres government backing, both for an
R&D programme and for a policy of Ua33 buy-back and irradiated
fuel reprocessing. Thanks to an intensive and wide-ranging
programme of tests on the main components, GGA has reached the
industrial stnge for reactors in the 1100 Mie region.

Amcrican studies (USi, Ref.11) indicate that, by
comparison with the lirht water reactor, only the reference .
cycle U235/Th232/U233 permits significant gains as regafds'

both the fuel cycle and natural uranium requirements.

In Europe, HTIR téchnology has beén extensively
demonsirated and tested in the AVR and Dragon reactors;
in acdition, the technology developed for 002 reactors has
vicldel cxtremely valuahble practical experience. However,
the only demonstration station un&er'construction is the
300 Mie THTR reactor based on the thorium cycle, scheduled .
to commence operation in 1976 on the Schmehausen sité in.
Germony.  The otheriﬁufopean countries have not yet taken

a decision as to the introductiqn of the HTR,

A
=
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Since little precise oconomic information is
available op HTR reactors, either in the USA or &.Europe,
it is difficult to make a categorical statement as to the
chances of the large-scale introduction of this reactor
family in electricity generation systems, DBut the first
orders placed in the USA, the initial contacts made by
GGA with various Buropean manufacturers and the developnent
potential of the HTR family could lead to rapid grcmth on
the Buropean energy market.,
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