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& deseription is given of a conceptual design study of a high tempersturs
MEFR cooled by helium and with s foureseit gas furbine plant, all integrated
within a prestreased concreie vessel., It dememetrates the potentiasl for shop
fabrication leading to s rapid-to~build plant, with facilities for renswal of
a1l plant for extended Jife. Safety principles sre discussed and sufiicient
degign data are presented to enable & preliminsry cost estimate to be prepared.
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INTRODUCTTION

Previous work on Molten Salt Fast Resctors (M3FR's) as reportsd in
AERW-E 95602 daslt with the basic physics, chemistry and corrosion agpacts
of molten selt Tagt systems together with a first stage enginesring agacss.-
ment. The enginscring design was then concerned mainly with & lead cooled
system, alihough other conlants were considered snd & preliminary helium
cooled design for stean generation was shown. subsequent work dndlcated
that the cholce of coclant for a fast sysienm was indeed restricied to lesd
ar helium iF good compabihility with molten salt or steam in the event of
heat ewchsnger lesksge wap to be a main eriterion.

The high temperature potential of melten salt, and the compatibility
of heliwn led naturslly to the investigation of a molten sall smystem with
a gas-turbine powsr plant, as this appeared alse to have prospects of
piving an integrated plant with compsct unitys of gizes sultable for prew
fabrication thus leading to shorter ersction times and lower cosls.

Thig report ig pregasnted in four parts - the first simmacises the
principles of the concept., the second describes the conceptusl desipn in
more detall, certain safety aspects are considered in the third part, and
the Tinal part dlscvsses the Findings, draws conclugions. and nales
recommendationg for fulure work.



FART T

PRINCIPLES OF THE CONCEERT

1.1 Cheice of Secondary Coolant

A review of secondary coolants including gases, liguid metals and molten
salts concluded thet sivnce some leakape in heat exchangers sand steam genera-
torg and coolers waps inevitable, the choice of intermediate coolant should be
determined by its compatibility with bath the heavy metsl salts to avald
processing and precipitation problems and with water/atean %o aveid corrosion
difficulties. Certain of the candidates {salts) which were otherwise
attractive wore rejected begause of concern about the enhanced corrosion
local to the site of water/steam leakage which conrld rapidly inersase the
lesk rate. Un this basis the choice of coolant lies between lead and helium;
they mre both relatively inert and there is a cholcs of matsprisls svailable
whiceh meel the corrosion reguirements. Lead cooling would offer the possi-
hility of fuel inventopry ai the lower end of the range when uaed in conjuna-
tion with sald running at high temperstures. There is however a mismatch
with temperatures reguired for stesm generstiog conditionsg which necessitates
congidereble recireulation of cooler lsead in a loop reund the steam pensra-
torg to reduce thermal stresses and control is required to engure the corvect
miwing with thehotter lead from the salt heat swehapgers. Coneglderable cosmt
wanld be ilocurred weing desrer materisls for the high temperature region of
the lead ecirecuit and stean generators.

1t was further recopoised that despite the safety attractions of a low
stored energy coolant circult, reluctance to develop a lead techrolopy and
the cogts invelved could prejudice the chances of introducing MSFR's.

Although therefore there are safety questions to be answersd with a
presguriced coolsnt, it was considerad that heliuom cooling should be atudied
Cbearding in mind exwpectation of the development of ite uas as a coolant for
HTR'®. Meethermore the need for bkigh sali temperatures to give low fuel
loventory matehes up with helium temperatures suitable for gasm turbine plant,

Twhieh' in furn gives dofpornents of wmimilar scale eid construdtisn Yo that e T

the reactor, The developnent of suitable closed cirveuit gas turbine plant
for use with helium has now started and it sesms reasonable to hope thal such
plant would be aveilable before any MSFR is introduced.

L& Demipn Outline

lecol  The fipures show the conceptual desipgn of the reactor and intew
grated 4 set double shaft gas turbine plant within a prestressed concrete
vesael. An outer contalnment bullding houses this and all the auxilimry
plant with space for maistenance on, or replace
including, in the exireme case, the reactor ve

sel itmelf.
The principal parameters are summarised in Table I, detailed parameters

are given in Table 11, A cyele diagram is given in Fig. 7 and a simplified
overall plant flow diagram in Fig. 9.
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1.2.2 A core and blanked of gimilase configoration to that coneidared
for the indirect syvsten reported in AREW-R 936 (Design 5) was talten, with
the same salt composition to give 2 similar nuelesr perforsance, Tuwel
inventory snd dewbling tdme.,  The thermsl cutpnt has hed te be dneressed
by 108 (to 6600 MWL) to allow for the lowsr efficiensy of the cyele compared
with sheam bt only a marginal dncrease of fuel inventory is reguired bhecause

g higher salt outlet tempersture has been used.

ool The mawimem gsil Lemperature wos chogen s lOﬁOmﬁw This allows
some mergin for transients, while gtill staying within desirable predicted
gtress limits for molybdenum at 1200 - 130070, The gross eflictency of the
power oyole ig 40,8% with helium at 61 bars nominal top pressurs. The
presgure snd bemperaturs were selected Lo be compsrable to those al pressnd
proposed for IR dn order to teke full advantage of the superlence pained in
thin field, though bigher working vressures could be conmtemplatsd.  The
high efficiency wase {though reguiring substantisl recupsrators) was chomsn
to keen dm?n Fuel inveptory; farthermore it colnecided with » oyele wreoposed
by Hadilleb 1) fur which details of the rorbating meehinery were given.

1.2.4% To evevsome the objections te s prespuarized conlant and to sesist
in giving low cepital costa the whole helium sirveuit ineluvding resotor and
pag turbine plant bas been integreted within a prestressed coporete veasel,
of 30 m. dismeter and 35 m. in beight, the resctor, heat sxchanpgers and dusp
tanks gceupying a gentral vault of 9 m. dismetsr as shown in Flgures 1, 2 and
3. A pressurs belsice arrsogement is used to ensure yunning with the swxisu
fael salt presgure just below the heliuw pas pressuve so that all leskage ie
porially that of gas into the sctive cirouit and reastor vesesl scantlings can
be reduced. Froviding it can be ghown that the helium ovar-pressure system
can be snginesred with s high depree of relisbility, it can be claimed that
wiider operstion with very smeldll locel faillures there ghould be ne lepkepe of
setive salt dnto the secondayy coolant helium; and that even with a more
appreciable leskage in the primavy eedt cirewits {e.g., a weepling heal exe
shenger tube jolnt! operation could be sonbippmed until the inflow of helium
reached the full eapscity of the offepan cleanup plant or active heliom
HLOT R .

1.2.% Considerable thought bas been given to the duwp system. & rapld
dunp is regquired to reduce the smount of salt leakage in case of the Tailures
piresdy digeussed and alao to reduge the overhesting theif will ooour ap the
larpge volume of feel gelt in the hest swehangees and pomps, dredne through
the core maintaining & oritical eondition durding this time. Thers la sl
congiderable delayed neutron hesting ap well ss fission preduct decay heab.
A dump systen has been evolwved in which heat de removed using s naturel oliw
eculation NeX coclent and which will, al pesk, teke up and travspoet 500 MW
Waal feowm the demp tanke snd on a sontinuous besie dissipats 200 BYW threough
lmolating water boilers to air coolers with puarauteed supply driven fans.
The difference between initisl heat transport cspacity and the sontinusus
disgipstion capability is taker up by inorease in temperature «f the Nak
ingluding that of a cool reserve.

Inereaged complexity has besn reguired alsc to keep the fusl and ths
blanket salta separete fo avoid the nesd for time consuming (and copily)
ehamioal separation of Pu in the event of insdvartent dusping which would
otherwise wix foel znd blanket sali.

i



Le2.0  hs before molybdenum or TZM is proposed as the material for the
high tempersture sall regions and for all salt hest cechapper tubing.
Corrosion experimentz are roguired to endorse the suitabvility of these
materials at the high temperatures proposed. The working temperature of a
large proportion of the outer boundary ef the primary (salt) cirecuii has
been kept to Eﬁﬁmﬂ by sultable design, to sllow nickel salloys, such as
Hagtelloy N or posgibly stainless steel, to be used for the bulkier
components.

1.3 Fuel Tnventory

Initial fuel costs and doubling time are both dependent wpen the amount
of heavy wpetal lovenbtory and it is & wmeior desipn problem fo keep this low.
In previous studies it was found that sven with lead cooling {(giving high
heat transfer coefficients) the external fuel inveniory associated with the
coaling cireuilt is aboul equal to or higher than that in the core. Clearly
with helium the problems are likely to be greater. A& lmrge proportion of
the externsl inventory is ssgociated with the dnchwork connecting heat
exchangers and puaps.  There is a certain configuration of heat exchanger,
determined by heldun flow conditions and & reasonable galt pumping power,
which corresponds to s mindimum lengih for connection to core and pumps.

With this limitation, the only way in which laventory can be kept down ig to
reduce the flow cross zechion areas. Thic is done by reducing volumebtric
salt flow rates by employing a lerge salt temperabture range and then waing
duct velocities up to the maximum belisved to be consistent with vibratlion
apd pamping power limitaticns. The mexlmem fuel sslt temperatures of 10507C
proposed leaves somes margin within the strength Limit of 1rraa1a?@d o lyt-
denum or ite alloys, while the wminimum t@mp@ra?u re of 6;0 C e sulficiently
above the fressiog point of the salt (3?0 ) to prevent freszing on the heal
exchanger surfaces, The lavowt of the heat exchangers and pumps {8 2 come
vromise between minimum {nventory and esocess Tor installsfion and removal or
maintepance, The two stspe semi-awial pumps sre arvenged to mave inventory
by incorporating thew in the relatively long return ducts.

Although it is not of suveh prime impertsnce it is also desirable to
Creduce the blanket inventory due to the oot of separaitsd Ulum, which is
Creguired te enhance the bresding gaing  means of dlmproving the blanket perm-
Emrm&mﬁﬂ mivxmw r#duﬁﬁd m&it cmnt@ﬂn pﬂﬁﬁ]h v by 1ncnrpurat1np pwaphxtﬁ in

The high velumetric heat ratings which are nesded to reduce inveniory
and which are attainable with fluld fuels lead to & compact reactor design
wnich in turn enables the gas turbing powst plant to be clossly integrated
in a small prestressed vespel and the whole housed in a relabtively mmall
onter containment. Both the latter items are aoproximately equivalent in
size to similar units for HTR of half the power output.
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PART II

MAIN PLANT DESIGN

2ad &anwrat

Filgures 1, 7 and % ghow the elevations and plan sections of fhe resotor,
jatermedinte heat ewchangers (IHX) snd ges turbine plant.

The reasctor consists of 2 spherical core of % wme nominal dlamster,
purrenunded by & 1 m. thick hlanket zome with an onter graphite and heavy
metel reflector. The muciear perforsmapnoy will be similar to that of the
original lead cooled reference caee deseribed ip AREW.E 056, adiustad for a
grooe cutput of 6600 MWth which is 10% higher due to a lower net efficliency
and sellowsncy for o enwall desigm margin. Fuel salt, hested by passape
through the core vesgel o 1&%@“& passes to four THX tube bundles sited above
the reacter. It returng at &ﬁﬂ G othrough Tour semi-anial two stape puppe te
the outer core shell. The blanket galt is circulated by four small pusps tm
e wingle central IHX. The sxlt inlet bepperature lao 86&‘0 the outlet 650°C
snd, using a heat exchanger of the same dimensions as that for the fuel salt,
blanket powsr can be up fo 19% of the total outpui.

The helium coolant at 61 bers nominsl pressure and Ml'm inlet tempara.
ture passcs down betwsen the tubes of the IHX &rd ant inte the lower wlenum
sround the I8 from which {he hestod gas at 850 C passes to four sets of HP
turbines driving the LP and HP compressors. It then enters the separate
ghaft LP furbines driving the 660 MWe slterrnstors and exhausts to the shell
gide ol the recuperator where it heats the return flow to the IHX.,  The
helium ig precooled bafore entering the low pressure compresscers (LPC) end
intercocied before being compressed in the high pressure compressor (HPU).
The gas returns fo the upper IBK plenuwm through the tubas of the recuperator.

Four geparste gas turbine plants are used which pgive o unit size well
matehed to o compuct layout and provide sufficient redundsney of plant to
continue subetantisl power production and resctor cooling in cape of failure
ef a majer comporent. The junetion of all four heliuwm sirvewits st the
plensms will reduce the uneven sall Lewperatures due be less of 5 helium oope
pressor but it hag to be recognised that it seans complele depressurisation
of all olrouwite dn the event of & rupture.

The whole system i incorporated intoe a prestressed concrete vessel with
vertical layout and access for the IBX, aslt pumps. resctor, recuperators,
intercoolers and precoslers. The HP turbine/compressor units and the separa-
tnr LP turbine/siternators are arranged horizostally at the base of the veasel.
All rotating pertes and fixed blading together with bearings can be removed as
units, apd all olsnt can be handled within the contalnment bullding and rew
placed if necessary.

?

Tatal fuel and blanket salt pumping vower is 49 HWe and there is 40 w”

of 40760 mel % (Po+l) C1,/NaCl fuel salt in ths primery cirenit conbaining
10,5 te of Pul3% wqu&v&iﬁnf initisl dinventory.



2.3 Remctor

The general layout and principles of construction of the reascior are
apparent from the drawings (Figs 1 and 2). Special features sre mentioned
below.

The resctoyr and whole primary circuit are situated in the central vault
whithin the prestressed concrete vessel and the helium pressure of the cover
gas in the salt hesder tanks will be balanced in sech a way that the coclant
helium pressure 18 slightly higher than the pump delivery pressure to ensurs
that any leakage is from the helium into the malt. Az the greater part of
the salt elrouit pressure loss ocours across the JTHA tubing, the gain vessel
containing the core and blanket and its cover plate with lower IEX tube
plates are subject to an internal pressure slightly below pump delivery
pressure, and will have little differential leading.  The meximam (externsl)
differential pressures ocours abt the kmp headers of the TEY snd at the pump
inlet and ia eguivalent Lo 2.4 MN/m® (380 pai).

Thus the scantling of the primary salt circuit can e lighter and the
integrity eshanced bath by operating at lower pressure siressesz than if the
il 60 bars {6 MN/m™) had to be taken acrpss the tube plates snd by mindmising
the amownt of prioary olrewit maberial working under tension. In the event
of a rupture in the helium coolant circuit the amall volume of cover gas
needed for the salt primery cirenit proper can be made to follow the
depressurdsation c¢losely, bub because of thelr larger volumes special measures
will be required to simultanecusly depressurise the dump tanks.  This method
avoids having to desipgn the reactor vessel for full helium pressure in c¢sse of
mevera Leakage of the helium cirenit which would be necessery 1if the cover-gas
was not simulitaneously depressurlsed.

The whole reastor cell within the PCV will be heated to 6@00(]T probably
by prekested hellum elreulation, (a) to maintain it above the salt Treszing
point for initial f£illing, draining and for low power running, and (b) to
allow instrumentaticon and emall awxiliary circuit lines to run hot without
the need for individual trace heating. The majority of the reactor veasel
and primary fuel and blanket =alt circwuite can ke run at sbout 650°¢ enabling
nickel allays such as Hastelloy N or stainlass steel to be used for the

heawier mﬂmp@nenth hy arvangimg whﬂre n@cwaﬁary fwr 1he walls to b@ cmwlad by

B b B =

The core vessel can take the form shown in Fig. i where the box~-shell
congtruction of the outer core zone provides the downward {low passages
careying the dncoming fuwel melt, and forme a vibration resistant structure
with economy in the use of metal to raduce neutron absorption. The physics
galoulations have been based on thers bedng a total equivalent thickness of
L em of molybdenum between the core and the blanket. The pattern of ports
in the lower region must be arranged to give good flow distribution and would
require experimental modelling, Detailed siresging will alse be requirsd
when the hydraulic loading has besn estadblished more fully.

 Gimilar principles would be followed for the blanket vessel except that

there is not so much need to sconomise in materials to reducs peutron absorp-
tion. It is possible Lhat the blanket performance csn be laproved and inven-
tory reduced also (1mpmrtanE }f geparated Cl,. is wsed) by modifying the
nuclear srrangenent. Reed*“’ has suggested using 50% by wolume of graphite

in the outer 0.5 m. thickness of the blanket to displace sald without affecting
the breeding performsnce materially.



Around the blanket but within the main reactor vessel there ig spave for
fyrther graphite and shislding which could be cooled by & suwall flow of low
temperaturs blanket salt returning Ffrowm the IHX,  Some farither uwse of high
densiiy shielding meterial outside the veactor veasel is probably desirsble
to reduce activation and agpiat romote handling. '

The arrengsment of the core and blanket vesssls minimises sxpanslion
problems by sllowing the internal componesnte Lo wmove as freely a8 possible
beth radially and awially. The reactor wessel il supperted at its top
cover plate, the vessel and internsal cowponsnts gen expend Irecly downwards
and the pump berrels with top JHE tube plates will axpsnd upwards.

2.3 Intermediste Heat Exchangers {IHY)

The fuel selt heat exchangers consist of four tube bundles mounted
gbove the peactor vessel, each containing 12,600 molybdenum tubes & ma. ouber
dismeter and b mm, inner diameter and of & w. length. The effective heat
transfer ares is 1620 o/ /bundle. The tubing ie spaeed on o gouare pitoh
with & pitch/diameter ratio of 1.9 to reduce the helium pressure drop at the
inlet and outlet reglions. The tubing is roughened on the cuter surface fo
enhance the heliuws heat transfer ccefficient by S0%.

The bhlepket salt beat swehanger will be of similsr form. To mateh Lhe
Blanket power se it rises do  reessh  the deslen oteady etabe $iwmid
{up to 199 of total rescior powsr) the helium Flow is adjusted to sveld overw
cooliing the galt by means of a sleeve valve al the tube buedle gag inlet,

Desirable femtures of the hest exchangers srs!  low Dusl beld up
(including eny associated duct work carpying salt), sase of replacement or
repetr snd high relisbildity with long iifs.

Low investory within the IHY itself i achieved by a sowpesd averall
layout, smell dismeter heat exchenger tubesz snd high sslt wveloclities of 8 w'a
in the tubes. With the layeub adopted, the duets from the cors to BE are
veamenably shord, but to loprove socess for wsinterance snd fo reduce the
dinmatral space within the POV, the retwrn ducts are longer than 3§ the heat
exchangers had been disposed radially avowad the cores.  The effect of this
has been offset to some extent by employing semi-axial pumps situsted in the
return ducts. High duct velocdities of 10 n's ars proposed to reduce ssll
inventory.

The tube bundles {and puwps) may be replaced complete as the verticsl
wndte meke possible aceess to 8l fixings from above. Bulficient space has
besn provided for lecating srronpesesnts a0 that resebe handling toesls cav be
waed.  Prior removal of the top header connechbions would be reguired. IS
sy dust be possible to plug tubes dn situw 4Ff o amall dlameter long lenghh
regiote plugping tool can be developed, ewg., explosive plugging, bubt this
will depend on the tube weld fsatures.

Toportant features in relation to relisbility {in addiiion to corroaions
erosion and similar meterisls problems) are the ability to deal with steady
snd transient thermal stresees and avoidonce of sdverse vibrationz.  The
top hweaders of the tubs bundles are supporied off the core pawnp barrels whlch
are free to expoand upwards. The differential movement relstive to the pumps
of the THX tubing,whish is possibly made from differvent materdial and
running hotier, is accommodated by sine wave bends incorporated in the tubing
in aone or both of the zones where the helium enters ¢or leaves the bundle,

o~ Pn



This use of sine wave bends foilows ihe recommendations of the EB&SGO{J)
investigation into intermediste heat exchangers. bocally high thermel
stresses could occeur at the headers and it geemm possible to congider
welding the tubing to a relatively thin molybdepum header, insulsbed

by & stagnant gap snd sapported from a thicser header support made of leas
expengive muferial. Vhe tube bundles are not restrained by the "shell”
side of the hent exchangers whieh in this arrangement acts solely as a flow

channel with no direct connection to the bundles.

The form of location and support of the small diameter tubing to avoid
vibration induced fatigue and fretiing remuires considerable investigabtion.
Offset grid systems moy be & possibility.

Small leaks in the heat exchangers can be tolerated, as there should be
no local corresion or eromion to enhance the leak rate and as leakspe will
be dnto the salt thus minimising the poamsibility of contamination of the
helium circult. The highest acceptable leakage rate during operation will
depend upon the capacity of fhe salt cover gas clean up plant. The size of
leak will depend on the differential pressures at the point of leakape, and
coutd clearly be alse affected by the actusl Torm of the leal. Tt would
also be necemsary to consider whether "back-contamination” of the helium
side could occur.

oy Salt Pumps

Four pumps are provided for core salt eirculation and an equal numbery
Tor blanket salt s0 as to permit substantial power output even if one pump
becomes inaperative. The permissible power with a Tailed pump will be a
function of the fiow redistribution which occurs in the core or blanket end
of the back flow through the failed pump.  Overheating of the salt {and
correspondingly of the circuit materials) must be prevented.  Changes in
temperature patterns within the core would also affect reactivity and this
ig an effect which will nesd Further study. It is of course necessary to
avold "dead” peortions in the salt clreuits becsuse of the delayed neutron
and fisslon product heating in the salt: it would be preferable therefore
to avold iselating valves, and also Tlow contrel valves i¥ sufficient conirsl
can be achieved by pump spesd vardation (fluid diodes may be useful for this
application), - 1o will be reeczlled that the propoged method of power output

Lyariation is based on . varying.salt flow. to keep approximabely . conSLalb. SONS.. .o o

mean temperatures.

The dlectrical drive wnits for the pumps are mounted outside the PCRY te
improve accessibility., _The pumps themselves are of the vertical semi-axial
type developing 2.4 MN/m™ (350 pei) over & stages. The power reauirement ag
T hydraulic efficiency is 9.4 Mw (1260 HF) for each fuel salt pump and
2.9 MW (300 HP) for each blanket pump (total circulation power 59 MW},

Detuil desipn of the impellers has not been carried eut, but full power speeds
of E500 RPM for the fTuel salt pumps. and %000 RPM for the smalier blanket asalt
pumps would be typical. ihe hydraulie performance of pumps hondling hot.
dense (3G~ %, 4) Liquide would need study, as would bearings running in molten

~sadt--bsalt temperature - 650 ot paBoUE " Ut L e e R g

be laden with salt "sols" and velatile Tigsion products.

In the ORNL 5tudy(LQJ proposals were made for a layoutl in which a {ree
surface wes formed st the pump suction for sxtraction of fission product
gasen and volatiles from the salt, using bubhle penerstors to promote this.
In tne MEFR It zeems better to carry out this "de-gassing” in & separate loop
nranching off the primary oircuit, as there is only very Limited space around
the pumps ond sccess iz diffiewli.

i



2.5 Qas Turbine Cycle and Plant

The gross oyole eificiency of 41% was selected for this first stndy as
a compromiss betwesn fuel inventory, doubling tlme and recuperator seize.
The recuperator effectiveness of 0.83 is modest by HTR direct cyele standerds
but might be considered unnecessarily high for a fast resotor. For example,
shudies of direct cyele GCFR's have sghown that with low fsel costs, thers is
an incentive to reduce capital costs,and officiencieg down to sbout 2% ars
- acceptable. However in the molten asali fast reastor there is a aeed o kesp
down initial fuel inventory both for doubling time reasons and bedsuse It
accounts for ower half of the fusl copbte with plutonium at £57pram. Thie
will tend to favewr higher efficiencies. Thers clesrly is a nsed to opbiiplise
this intersciicn but for the present the view hos been taken that the slze of
recuperator selected is on the generous aide and asm this could be Ditded in
gy veduection in size con sesily be secommodsted.

It has the further convenlence that debails of the eycle {Figure 7) and
sizes of rotating machinery can be metched to the Msillelt propossl alyasdy
referred to, Four sets are used, each nomprising the Tollowing:-

{a} A 3 stape HP turbine running at 4500 rpm driving a 6417 shage 1P
soupresser and & 10+1% stage HP compresecr 1* prefere fo s final
centrifugal stagel.

() A memrate shaft & stage LP burbine runping at 3000 ypm drives

a 667 Wie zross ocutput alternator.

& preccoler removing 600 MWth  with 6100 n% heat fransfer surlace
ard an intevssnler removing 580 Méth with 3230 & eurface using
cooling water heated from 20°C to 359G,

k
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Ttems (o) are nounted vertically in the POV with water conneciions at thedr
upper ands so that they may be installed as melf-contalned units at a late
stage in the construction programme and can more eamily be removed fur repair
if this is necessary. The design is adapted from s Dragon Project's/ design
with banke of internally water c¢ooled U-tubes srranged din "bow" forsation
sround the sentrel gas oullet duct. The inccwming gas (lows upwsrds in ihe
puter annulus across the tubes and down the inner bore. T reduce the
waterside preassure drop for the high flow rates reguirved with the grester
powers for HSFR the U-tubes of the DRHAGON design are reploced with double
gete of stratght tubes in paraliel. Separate 29 o ID pipes are comnsched
separately to distribution manifolds outside the POV o reduce the ares of
Tlow for heliuwn in cese of rupture. The end closures in the POV are duplii-
vated to sliminate the poseibility of lerge failures which would cause rapld
helium deprespurisation.

(d} A recuperaitor consisting of =z vertical tube in ghell hesl exchangsr
with 36,000 ftubes 15 mm od x 12 mp 18 totalling 17,200 W heat Lrang-
fer area and exchanging 1080 Muth. High pressures gas reburning o the
IEY passes uwpwards through the tubes in eounterflsw to the LF turbine
sxhaust gases o0 the outside of the tubes. To avoid complicaticns
in the duct layvout within the POV and inverference with the
pregtregsing cables the flow from the low pressure furbine Dasses up
an annular shell sround the recuperator o reach the bop enbiy.

The recuperator can be installed or removed independently of the
remaining plant snd is aleo provided with double olosures.



Caleulations have shown that ihe preseure drop apecified in the Maillet
propossl can ve meb with the size of plant and ducts shown on the drawlogs
anid for the conditions given in the parameter lists,

Contrel studies have not been carried out on thiz system; the intepr.

action between load following by ithe Lurbines and the need to adjust reactor
output by s temperature perturbstion followed by a return to the same mean
temperature condibtien oaadntain criticality is cowplex snd further sivdles
will be neeced to see if the reguirements ¢an bs met. 4 bypass volve acrose
the LF power turbine is possible, and/or a throttle valve meay be Titted at
inlet to the ¥ turbine. Methods involving sooling of the gas lesving the
HE turbine with gas from the HP compressoer to proptect the recuperabtor and
reduce the healiun pressure have been advocated to aid sontrol but would need
Tvrther consideration for incorporation indo this system.

2.6 Prestressed Conerete Vemsel (POV)

It was decided to adopt & prestressed soncrete vessel with an integral
gas-turbine pelmarily for safety ressons, the principel ones beingl-

(i) The active fuel and blanket salts are contained in the OV
acting as & sscondary contalmment to the primary containment
of the reactor vessel and primary sireuii. The helium
presgure gsn be slightly above the gall presgure Lo aveld
contamination from minor leaks.

{ii} The pressure differentials seross the primary cireuii are
reduced to the sslt pumping pressure {(see Section 2.2) atb
the eriticel poluts, e.g., the IHX tube plates.

{iii)} The vossibility of a idrpﬁ rupture in the helium circuit is
regarded as incredihle din a POV provided that nermal
metallio closures ave duplicated or flow restrictions are
fitted, {(The larper clesures for the reactor, recuperatsor
and possibly the coolers, will require special breatment so
that they become an exbension of the POV concept with the

Clpads Laken dnoconpression o by the pra&&rﬁ%$1ﬂgutendmnmg}

T Th maEe ctive salt circuits due to sudden de

or miseilas as the Iv;ult of large vuptures is avoided and PQ@LJng wj A e
tince for o considerzble period if smaller bresches of the heliuwm olrouit
neour, \The additional protection of dreining the salt te ipdependently
cooled dusp tanks is desoribed dn the newt seetlon.)

gize of vessel required is relatively small and is neb much
larger than Th?t reguired for o 560 MuWe AGR such as Hwyahdm and with the
layoul proposed, the mass of concrete iz net ingrdinately in excess of that
reguired for shielding and struectural support. Purthermors o free sluanding
gas turblae plant would regquire a larger containment building due to the
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etnloyed.

an outlineg of the form of FOV proposed is piven in the general arrange-
ments and en Figure 6 which shows the moin apertures and suggpested routes of
the presiressing tendons, The principles employed are similar to thops of
the Heysham POV with cirecumferential prestressing Lo resist boop stresses and
part of the end lesding, reinforced by lengitudinal tendens arcund all large
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apertures with trassverse tendons on the lower part of the vessel around the
turbine apertures. Some diversien of the tendons from s straight path is
reguired to aveid the various ducts and aperfures but the amount involved
seomns reasonable.

Ne detalled stress caloplstions have been dene except to provide
sufficient area of tendons te balance the overall pressure loads, including
full design pressure of 56 barg being exerted in a crack across bLhe
of the FLV.

alog develo
Flhew batwesn

The form of liner and insuistion will follow the practice b
for AGR and HUM.  Twe layers of insulation with helium cooling
will probably be reguired for the hottest replons. Special provisions could
he needed for areass where the decay heat from amy leskage salt has to be desl

wi th, These are counsidered in Ssotion 3.35.50,

<o Emergency Usoling and Dumo  Systenm

2.7l General

Methods of removing delayed neuiren and decay heat in the event of bas of
main conling but with an intact cireuit econ he divided into btwo by

{a) Frovision of gmergency coeling within the reactor vessel ar prinary
salt cipcuits in some manner, or

{b) Drainiog of fuel and/or blanket salt to dump tanks provided with a
separate reliable cooling system.

The forser method aveids the necessity for dump valves and dealing with
the effecte of insdvertent dumping, but involves demonstyation of a b Ly
reliable cireulation system and additiensl heat rejection ciregulte which
raises many problems. Furthermore with a fluid fuel sircuih  leaks must be
capable of being dealt with,

Method (b has therefore been the one investigated snd it offers ifhe
spportunily to provide & mesns of conling sompletely independent of the
resctor circuits, Inadvertent dumping is howsver s concomitant compiicat Lon
for this method.  Separate dump tanks are needed for Tuel and blankel sali to
aveld hoving Lo reprocess the whole mixture (whereas for & wajor accident this
might be scoeptable); also dumping could cevur from full power and thig
increases the hest removal cupscity compared with aceident cnmes. The
Heegssary provision of separate tanks in a confined Epace Lo more complicsted
than if fuel aod blanket salt could be drained inte one large dismeter vessel
with a low B/D ratio.

The sysltem proposed comprises!-

(i) Separate dump lines for fuel and blanket salt each with fonr
quick opening valves to allow sufficient MArgLn in case oy
one wvalve fails to open.

{11/ Separate fuel znd blanket dump capacitics each subdivided
inte 12 cylindrical tanks with the blankebt tanks prouped
towards the centre and the fuel tanke towards the outer

treg of the space under the reactor to give a
or L confipguration. The layout shown is rep bz

tive ond mors Lealations will be required to wive &
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rigorous demonstration of subcriticality especially si low
temperatures; there would clearly be ne problem in intro-
ducing abasorbers between the tanks if this proved to be
needed.)  Overf{low arrsngements are provided between the
core and the blanket dump tanks at two levels so that if s
core or blapket drain valve fails to open flow will be
distributed in all the tanks of the respective group

(da@., core or blanket). If the core/blanket membrane

Tailes in addition to a valve failuve flow can be distribu-
ted to all tanks by means of the highest overflow pipes.

The cenling plpework and dreain lines are free to move
independently of the tanks, thus differentizl axpansion
gtresses sre minimized. These tanks are open~topped 4o mabke
it sasler to maintain pregsure and flow belances, aond are of
a non~critical configuration. They are groaped topether gnd
eontained in & large outer tank mounted in the lower part of
the reactor cavity of the PCV {ges (v} below). The individual
tanks may be internally jecketed and cooled to reduce thermal
shock and increase the streangth.

¥

{iid) A collecting liniag forming s tundish to catch any salt
escaping from the reactor vessel and primary salt clircuits
which will drain into the dump tanke through fusible plugs
in the ool of the cuber tank.

{iv) A netural circulation heat removal cirecuit filled with Nak
which passes through U tube bundles in the drain taoks.
ALY U-tube to manifold welds are sitvated above salt level.
The NaK tranafers the heat it removes (by radiation across
an alr space to prevent cross contamination) to water tubes
in boilers mitunted in the upper part of the containment
buiiding. The water holls off at just sbove atmcspheric
vressure and passsg to condenser/coolers on the outside of
the containment building; these ave alr cooled by slectri-
cally driven fanes supplied by stand-by diessl or gas Lurbine
gensrators LY necesssry. Sheuld failure of these penera.
tors ccour, the water boiling off can be replaced bthrough
the firs main system.

{v) The outer tank surrounding the

T  provided to contain the active ‘
from the opsn~topped tanks and to cateh any leakage from the
dump tank syatem. Cooling is provided in the lower paprt in
cage of such leakape. The gas pressure within this tank
systemn 1s balanced with that in the salt prismary clirouis
header tanks to allow gravity dumping and so is maintained
at one or twe bars below the helium coclant prossure. In
nase of lops of helium coplant pressure the dump tank/headey
tank helium will be vented to special dirly gas receivers.
For & reasonable pize of receiver, this can be done wabturally
to & pressirs balance at around 17 bars which must be

Lfollowed by patiping.. . A possible alternstive 3 SDrowebl B

Tilter inte the condant cireult if it is considered this
could be done without carrying through too much activiiy.

4n alternative luyout which has not been explored but which
could gpive improved access for maintevance 1s to locate the
dump tanks in an extension toe the POV but extra fuel loven-
tory and increased drainage times will be assoclated with the
longer drain paths this wouwld invelve,
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do7.¢ Perforgance of Emergency Gooling System

Estimates of the rate of depressurisation following a breach in the
helium coelant/gus turbine ¢irepit bave ghown that the time for pressurae
to fall to half working pressure is 27 seconds for a double ended 0.O6 m"
(28 em dia.) breach with o discharpe coefficient of 0.6. This corresponds
te a helium precocler/intercocler OW circuit vipe or NaX dump cooling cire-
cuit pipe suffering total fracture and is taken as the limiting size for
whieh a significant prokability of failure must be catered for with a pre-
stressed concrete vessel. It may be desmivable to design both Nak dump tank
or helium precocler/intercpoler water circuits for full keliun pressure so
as to avoid arguments about bresches of these circuits. All larger
apertures zre doubly contained or flow restricted 2o below 0.06 m™ eguivalent
sr are extensions of the PCV with separate snd redundant tensiening syvstems.

During depressurisation from the small apertures, cooling of the salt
in the primary eireuit will e maintained for gome time by helium circulation;
the most severe reguirement for the emergency cooling sysiem could well be
that imposed by inadvertent dwmping of the corve whilsh at power due to a
control fault or msl-operation.  ¥Preliminary celeuwlations indicate that, by
meking use of the heat capscity of the fuel salt and the Nek coolant, the
"eontinuous! heat rejection duty required of the NaK-water boilers and of
the air cooled sondensers ie about 3% of full power.  Extra heat transfer
surface must be provided in the dump tank coolers to allow for the higher
paak rate of heat removal required in the sarly stages of the translent, as
high lewvels of power will continue teo be generated until the salt from the
upper levels of primary cireuit has drsined through the core region.  The
reduction in power due to temperature rise of the szalt in the core has heen
eztimated in ovder Lo assess Whe shorl term heat dissipation capability
required. The drain time for all the fuel 2alt will be about L% seconds
but it ie assumed that cooling in the dump tenk will commence before the
end of this period {at about 1V seconde) by which time the heat generation
will be equivalent to 3 full power seconds and the mean salt temperature
will have risen from Q0% to 11259C. To aesist heat transport during the
peal period & reserve of cool Nal die provided in hesder tankmasm that the
NaK temperatura st inlet to the dunmp tanks does not exceed 307C until
LiY seconds after dumping.

Thapough mixing of the balk of the fuel zalt should ocouwy during
draining, thus it seems ressconable to uvse mean temperabtures. The effect
of residusl cooling in the IHX, which has not been included in the galoula-
Liens, will mean that cooler salt will reach the drain lines and dump banks
first, thus reducing thermal shook.

Tg& effective temperature for Nak should be within design conditions
af 3007C conl return femperature and 600°C maximum temperature at ocutlet
froem the dump tank coolers.

Remeval of gamma heating {rom the core and blanket vessels, shielding,
stc,, after the malt has been rapidly drained has nobt yet been assessed as
theres is no practical evidence available on residual malt filas, stc., and
residual activity. It conld prove to be necessary to provide an sWergency
cooling aystem for the core and hlanket vessels, and shoold thisz be zo,
helium would be the preferred medium if the heat iransfer rate can be made
adequate.



2.8 Outer Contsdnment

For the purpeses of the indiial assesement it has been assumed thal the
guter contalrment ia rsguired te be leak tight and will withstand a helium
pressure (1.5 bars of differential) due te a breach in the POV,  There is
the possibility of considering a vented containment with {ilters capable of
trapping fission products and fuel galt in the form of smoke 1t leskage occurs,
but & knowledge of the behavieur of malt releossed at high temperatures and
sundensation effects is regulired Yo predict performence. W E1 @wtmwr case 8
high stsndard of decontamination may be reodved , say about 10 -z ar 1077 averall,
Gnoluding leakege effects) o deal with combined release from the priwary Galt
axd ﬁﬁnwudmry coolant eilreuits io accident coendltions if pessimistic release
ELpur@ﬂ For Pu are taken.

The popsibility of an dnternal steel lining supported by = reinforced
cemerete or prestreassed concrete outer shell but with interspace conpseted Lo
a seoond fMltration system could be consldered to give furthsr dnteprity, as
some form of inguiation for a conorets shell will be reguived in any case.

At mecess feature of 9 w. dameter, possibly cosbined with = large
sntrance airioek is nesded 14 the reasctor vesmel, oubter contminment for the
dump taoks, and recuperators sre to be vremoved and new ones installed complete.

-

2.9 Plant Layout

The layout of plandt within the contedinment building is shown on
Figures 4 and 5. Briel notes on the individosl dtems are given below.

2,10 Core and Blanket Drain Tanks

It is desirable t¢ provide drain tanks in addition to the dump tanks so
that longer delay times way be imposed before salt procesaing cccurs and in
came the dump tanks sust be emptied for servicing the tznke or resctor or
other plant in the wicioity. The Larks may aimn ba used Tor storage prior
to initial filling or Tor Lopping wp.

Ag the design of the drain tanks dis net governed by the shape of the
POV nor the need to remove the considersble immediste decay heab, it is
possible to provide s single "Flath oylindrical tamk of £02% mu inside dige -

uﬁmviﬁrmmﬂﬂwLhamﬁmalwﬂﬁ$$WWmmmhamhm$ght¢mawnﬂunwi@mmiﬁdwimwundmﬁ“mwmmwamwmmdﬂwmwmmmwmwwmwwww

to prevent criticality ocenrring &t {be enrichments possible {(this approxi-
mate esbtimate in limiting helght will need further study. particularly for
the low temperaiure conditionsl). Two similar tenks are reguired for the
blankelt salt and one or fwo pore tanks can be fitted ap spares. The salt
ran be stored at sobatmospheric pressure to avold contamination problems.

A total copling cepeeity of 70 MW is probably adeyuate afier a five day
deiay of Tuel salt in the duwmp tanks where the mwajority of the heat ls removed,
The coolers will be connected to the same matural ecireuistion Nak system that
aerves the dump tanks. They can be of similsr U tube form to those in the

dunp tanks with parameters adjveted to suit the differsent geowetry and rating.

Space is avsileble for five more drain tanks sbove the get previously
degoribed in case it is considered desirable to have more spares available
ingtead of remeviag any faulty tank from a highly active area.

wL b



2,11 DEfepas Relay and Storage System

In the fast reacior system there iz nol the imperative need to remove
certain fission products €o maintain reactivity and breeding gain that
exists in the thermal molten selt mystem. Nevertheless there are advane
tages to be gained {&.g. on the safety side) by partial removal of fiasion
products. In the present state of nowledge, there is comeiderable uncor.
tainty in the species and amounts which will plate ocut in the system or will
remain chemically combined in the salt molution. Enually there is uneer-
tainty din the amounts of fission gages and volabtiles given off, ao the pars-
meters used for this part of the plant can be orly s muide at this stage.

QRNL have proposed a system consisting of bubble generators sssociated
with the main pumps to purge the goses from the salt selntion; the sff-goases
pase through the drain tanks to a short term delay bed to remove a majority
uf the decay heat. A proportion of the main fiow then passes through a long
term delay bed before being cleaned up to separate cut the remalning fission
products, water and odygen. For MSFR it is proposed that the of fegassing is
vromoted by similer meang but in loops external to the POV for ezsier advcess,
a short term (2 day) delay bed would be reitained, but it is sugszested that
the bulky ORNL low pressure long term delay syvestem could be replaced by
atorage of off-gases at 60 bars pressure until sufficient decay has scourred,
26 that mainly stable gasss can be relessed.  Cleanup can be restricted to
the removal of any corrosive goses which are in contact with the fuel salt
ané eircuit internals. The merit of this proposal will depsnd upon detailed
assesshent of the spectrum of fission products pessing te the store, the
amgunt of nop-gasedsus decey products remaining in the store and the heat load.

The two~day delay bed provided for consists of 114,000 m. of 5 cm hore
pipe or eguivalent, psacked with chercoal adsorbent. The pipe i forsed into
paraliel sets, sach consisting of € U tubes, smituated in a water pool formed
in an annular segnent of width 7 m. and effective Jength 25 m. within the
sontainment building.  The off-gas high pressore store may be conveniently
fermed from 15 om bors pipe alse formed inte U sections ifamersed in the same
tank. 4 lengih of about 56 m. should be sufficient for one year's off-gss
shtorage (baped on meapurements of Xe snd Kr after 15 days cooling), and more
colle can be instelled 1F necesssry.

Heat removal from the delay bed and store iz by nabtural convestion
bolling in the tonk and condensation in eir biast ceolers oulside the building
or with an intermediate circuit eeting as e fission product barrier if
BECOBRALY «

Heat loads pro rata to MEBR are: 8 MW frowm the twe day delay bed and
about 1 MW from the off-gas store. Forced circulation of the water may he
regulred over the YV tubes of the laiter item should it prove that the
different fission product spestrum in MSFR compsred with the thermal reactor
leade to inoreased hesol loads. A heat rejectinn of 40 MV to the condensers
is allowed for in the pavameter liatb.

2.12 (a) Heliuwm Coolant Clean Hiph Pressure Store

i volume of 480 m” is reguired to store the 1l te of helium coolant in
the cold condition at 138 bars {2000 pei} for initial filling or long terwm
storage after purification. & fypical size for the above volume would be
4 ptorage vessels sach PO m. long and 2.8 m. ID (about 3.4 m. 0D).
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2.12 (b) High Presgure Dirty Gas Store {(DGR)

This store is reguired for active or contaminabed gases when it is
degived to reduce pressure in the reactor vawlt, gas turbine plant, header
and dump tanks, ete., and must accomnmodate complets depressurisation, in
sase of severe leakege, or for major maintensnce. The stare cen alse be
uged for helium inventory control to enable longer term control of the gas
turbine plant for high efficiency at reduced power conditioms. A portion
of the store ghould be reserved for the helium in contact with the sall:
extra shielding will be required for this part.

To sccommedste rapid pumping down of the helium coolant circuit it is
agmyned that the gases will an%&g the store at the ssme temperature ae the
operating condition, thus 1250 &’ storage at 130 bars iz required using 10
vesoele of similer size to those of the clean store.  For rapid pumping
down cooling may be required to remove excessive heal due to compresaion.

The mize of transfer pumps required will depend on conslderations of
combined primery and secondary circuit leaksge and the activity that can he
tolerated within the conteinment building, which will dictate the time limit
for trsnsfer,

aedB Chemical Cleamip Plant

It has been aspumed for the present study that full chemiecal processing
for complete removal of fission products from both core and blenket salts
and for extrsction of plutonium from the blanket salt will be carried oui
neing an external reprocessing plant, but it is worth noting that a nyro-
ehemical plant would be sulficiently compact te £it inte the containment
building, in the cells below the dirty gas receivers. Local treatment of
the salt has been limited to chemical cleanup to precipitate fission pro-
ducts in golution as wranium compounds and to remove oxygen by precipitation
of aluvming as described in AEEW-R 954,

For intermittent wse sait mey be pasesed to the plent via the drajn tanks
where it is delayed to remove the majority of the descwy heat. IT continuous
coleanup iz rvqm1rwd uzing = loop in parailel with the core/blanket cireulation.
PRIDE 8 . b ramoval and ¢ adgu@ wpent of temperature for precipi-
“Yation will be re el

The salt cleanup plant, together with salt prepsrstion and helium ¢leanap
plantes will be loevated within the eontoinment building in a shielded sanular
gegment about 10.5 m. long by 6.8 m., wide and 21 m. deep above the drain tanks
with epsy access on two sides for hot cell technigues. These shislded rooms
will probably resguirve leskiight membranes to prevent health hazard to the
opgratore.  Salt circuits can be maintained at subatmospheric pressures o
prevent active leakage.

2.4 Contrel and Instrumentation

As disceussud in Section 2.5 and as previously sbated for the lead cooled
indivect mystem, i1 is hoped that ne control reds will be required and that
powar cutput can be controlled by fuel selit temperature perturbations. Thisg
puts & premium on relisble galt flow control by means of pump speed variationm
aver a wide range, bub additional means may be needed at the low power end.
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e pontrel maintsining the presgure differential between the heliwn coolant
and sait circuits must, to meet the safety and operational reguirements, be of
a standard similar to that achisved by control systems in solid fuelled
reactorg. Selection of the reference pressure point in the primary salt
ciyeuit will be dmportant in determining the veriation in differential over
the powar rangs. It has not been possible to considsr the provision of
instrumentation in any debail. The principal parameters availsble for "powse”
contyol are fiow, temperature and pressure drop measurement in the indivie
dgual fuel end blanket sall circuiis and of the heiium coolant, Ar fmportsnt
development itewm will be that of high temperature instrumentation capable of
working for long perieds in an active, radistion environment, togetheyr with
reliable telemefering. In addition on-line devices will be nesded for monie
toring salt chewistry and plutonium concentration. S Tfar asm can be sesn ab
this stage, apart from temperaturs environmental problems, nuclear instrumen-
tation (inciuding criticaiity equipment in process plant) can be of the stan-
dard type.

2.15 Remote Bandling Arvangements

The compact nature of the MSFR plast itema melces it practicable to provide
space for installation, removal and shielded remote maintenance avess for all
phant, including the reactor vessel and dump tanks,

Thine for initisl installation all plant items can be prefabricated and
brought inte the ouber containment building after its construction and that of
the POV main structure is complete.

In opder to instell or replace the largest plant items, such as the
reactor or outer dump tanks, removable bulkheads are fitted te the airlock {te
guve dismeter and length) on the smssumption that handling of unite of this
sgize will only be dons initiaslly or at a prolonged shut down when full outer
containment is not required. Nermel alrlock docrs will be fitted ao that the
smaller plant items such as aliernators, gag turbines, IHRE and possibly the
precoclers or intercoclers can be trangferred without bresching the sontainment .

Sufficient outline design has been done to show that the size of containe
ment bullding 2nd layout as shown on Figares % snd 5 will allow for &11 plant
ag listed below to be handled and maintained within the building.

RBemoval of all schive salt and decontamination of the primery cirenits snd
dump tanks will of course be required before access is possible for maintensnce
invelving dismaniling. For this purpose the salt can be transferred inte the
drain tanks, after s suitable decay period in the dump tanks, and dsolated,

The question of szalt remaining as impurities on surfaces and its remowal,
peesibly by diiuﬁi%% with non-sctive salt, must receive attention. Ixperience
with the ORNL MSED +) sugpests that there was no problem due to traces of salt
remaining on the walls but in thai case a considerable time (7-10 monthe )
elapsed hetween shub down and remeval of eguipment, Paethermere, there may be
dgifference in The weiiting properties of fluerdide and chloride galts whieh could
have an important effect.

The following table summsrises the provisions for remote handling of the
madn vlant items.



Plant Handling

{a) FERemote handling Tlask: capable of handling the lapgest items of
plant (provided that the PCV/sbield plugs are removed and the flask
pesiticned by remote operation of the polar cranel. A nowminald
thickeess of % in. of steel shislding has been taken giving a
weight of %60 fe which can be handled by the polar crane.

() Reagtor vessel (with or without IHX and pumps) ) For boih these items

{g) Outer dupy tank containment with ail dump tanks ) two circular

apertures gash of 9.5 m. diuneter give access to & space 10.9 m.
* 9.8 m. x 14.9% m. deep sbove the delay bed area for storags or
handting.  Access for remote handling is availables on both sides
af the space and ales Yron abhove.

{d) PFlant up to the dimmeter of the recupsrator including IHX, pumps,
praceoler, interccoler gos turbines, and drain tanks: An anmuiar
segaental space approximately 11.5 m. x 6.8 me % 21 w. desp is
praileble situsted above the drain toanks with regote handling
pocess on bobth sides and from above,

{e) Qag turbines/compresgors: A separate smell horizontal flask can
be provided for maintaining the moving psris (which can be with-
drawn meparabely) if shielding is necessary due to contamination
of the beijum clrouil.

(£} IBY and main salt pumps: provision is nade for in situe remote
disconnection of the THKL and pamps from the top of the resstor
vessel after prior removal of the teop shield plug: access to the
JHK tubes can be sohieved by removad of the top cowver.

{g) Dwmp velve sctustors: Access is possible from a shielded gallery
renched vig a toanel in the POV,

cARd e cinatrwmentation: . Special-attention.will. be.reguirsd. 2t the Aetail

deslgn stage bo replacensnt of insbrassnts buh for measswrenents
whiithin the reactor vessel, particularly temperalure meagurement,
replacsment will be wery Mifdiounlt and development of reliabile
Long ters sensors will be reguived.

(i) POV presiressing cables; Access can be samily provided for
retensioning or removing the lopgitudinal cables. It will be
netaasary o remove part of the leakbight liners and shislding
blockwork forming the inner sides of the handling zpaces
mentioned in (¢) and {d) above to inspect or replsce pert of the

gircunferential stressing cables.
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FART 111

SEFETY

e AR K ekl ey

.00 Indroduction

A reactor using a liguid fuel containing pluteniuw salts presenis novel
safety problems. Whereas in a solid-fuelled rezctor, 1t is only when cireuit
tesksge Leads to fuel overheating that release of plutonium {and fission
produets in guantity’ may scour, any leaskage with a liguid fuel presgenits a
potential sowrce of releass. On the other band, providing the Tuel dump
system can be made scceptably reliable, and by deaign can eliminate accidental
criticality problems, the MSFR has the capability of avelding the energy.relense
problems which present the sodium-cooled fast rescbtor with so wmuch difficulty.
Much of the mafebly srgument must depend on demonstrating a high stapdard of
sontrol of leskape to Hmit releases to low levels under normal speration, and
to aveid hezerd to the public in the event of the wmore seri m§ Fadlaras, AT
lew limites for Pu inhalation have been convertsd by Bestids 6} 4nte & releass/
Freguency curve for emergency conditions by comparison with currently considarad
indine relespme-ifrequensy curves (the Fuarmer curvel as shown in Fig. 1L, Thare
i veamon  to balisve that fractionsl relesse of Pu from the moiten salt,
agzloneration snd plate out effects within the plant areas or contalmnment, and
condensation in the outer alr which reduces the pergistent airbore fraction,
will give further "decontamination factors” in considering allowable plant
relesse. Unfortunastely many of these factors are as yebt guite unknown fopr
heavy metal chioride salis. Tests reported by Stmwarttll? in which gamples of
plutonium metal wers heated showed that under waporisstion coenditions sboul half
the Pu sscaped in an aerosol, whereas with mechanical f{and therelors partiall
dlaruption of liguid into droplets, the frscticn esvaping in aercsel forsm cowld
be down by ae much as 2 orders of magnitude, and that melting without vaporisation
reduces the seresel Fraction by yet = further 2 orders of segnitude. If the highey
Pu escape fractions heve to be taken am the criterion, then the permizsible lesleage
will essentlally be determined by the plutonium sinece inhalation of Umived fission
products? is estimated to Lead to & similar level of hazewxd. II, however, the
lowser Pu ascape frachiions pre the most likely, the situsticon might then revert
te ome similar fo that in "eonventicnal! solid-fuelled reactors where the
1imiting feature was the rsleass of ilodine (or sgimilar volatile mmterdals) and
the usual Farmer criterion could be used. The very low cperational limite for
FPu inhalation of 3.5 x lﬂ“ﬁfhgﬁmﬁ of potunle Put" alse make 4t imporiant o
understand the form and fractions of release to define leakepe vonirel requires
ments in relstion to badh gpecation and naintensnce.

T4 mhontd be noted howsver that it would be the intention o aparpge oui
the figsion product pases continuously from an M8FRas is done in the thermal
systen, not becauss of the neutronie effects which have importsnce For the
latter, but to eveld pas blanketting and other undesirable effects which might
arige. In this case, the safety problem with iodine would relate to the
preliability of iis storage in the off-ges system, and salt leakage limites might
once agein be determined by plutenium.

It is clearly a vitsl Teature of any Purther work on molten sall fast
repcbors Lo carry oub a programme of study of potentisl mechanlsme and forms
of releage of piutoniuvm and Tlssion produsts from mixed chloride sslts, which
embraces a rapge of temperature conditions and of forms of disruption and
geattering of salt drops.
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The wse of high pressure helium as coplant raises questions of
dppt@ururiaaiLmn asccidents and interdependence of primary and secondary
cirenit faillure snd these are discussed later. I+ dones, however, confer
major potential advantages if it can be satisfactorily exploited - over-
pregsure of heliuvm relative to the salt can be used to put almost the
whole of the primary circuit into a compressive stress condition, which
ghowld minimise the chance of its failing. It can alse be used o mitigate
against salt leskage from the primary ecircuit, & feature of very substantial
benefit for the small leskages which could be & problem under operaticnal
gonditions, and for certain limited fault conditions.

It must be remembered that auxiliary circuiis and plant, &s well ae the
main cirewits, will reguire careful atiention to leskage and the principle
of externsl helium pressure ip excess of that of the salt must be followed
for these systems as well {the analogy with the pressure balance systems of
fuel reprocessing and fabrication lines for plutonium fuels is obvious here).

¥t will bs sean that the present wide range of unceriainty does aot
allow analysis of any precision and in the sectione which follewthe discussion
iz intended to illustrate the form of the problem and sugpest potential rather
than definitive solutinsns.

5.2 LContainwent Principles

The barriers to escape of fual, or blanket, sali are:.-
{a)} The primary circuit boundary (PC).

{b) Belium ecoolant overpressure which normally prevents salt leskage from
the primary circuit and csuges any leak to be of clean helium inwsrds.

{c) The soolant helium (secondary) circuit boundary (SC} which is Tormed
by the liner and seals of the prestressed concrete vessel.

{(d) A main or outer contalnment building (MC). It may be necessary to fid
an inner lining conbined with a sub-atmospheric interspace if the lowast
mm&rib?w EWaRﬁg@ o a%mmyphwr@ 1& iuund tu he RECEEIALY «

e dmea e hat - several-hasto- ](‘Jw‘it‘xtlpl@ﬂ mmze*t aoply-bo-the. Hhelivm.cooled. M'EFR

if it 4= to achisve the reguired high standsrd of overall containment.  These
BRI - ‘

{1} the preassure bﬁlance system which ensures that the helium clroull
proseure is wlwsys in excess of the pressure in the salt circuits
must be engineered tr a very high degres of reliability, comparable
to that of control rod systems, to keep the helium coclant cireuit
normatly free from contaminstion even with emall or moderate leakage
paths in the boundaries of the primary circuit.

{1i) rvie B irnm th@ pTLdeY elreuit of & qunntxtv of =alt wuiflmlwni
ndent Tallnre B RS BESSHIEY TELFREIE e
mdequﬁiwiy tow pwmbabilltyw

{441) It must be demonstrated that severe failure of the hellum pressure
cireuit which couid cause consequent gevere fajlure of the primary cire
ceit thus leading to a high release of fuel intu the contajnment
puilding is of negligible probability. This calls for the uge of
a prestressed concrebte vessel.
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{iv) lesser, though 2till substantial, failures of the helium coolant
pressure cirouilt cannot cause dependent fallures of the primary
circuit of sufficient size to releass sipnificant guantities of
salt to the secondary cireweit and hence out into the contpinmend
huilding.

2.4 Operetional Bazards

In order to pein fulli-time access fTo operations} areas within the outer
containment ih@ sencentration of Pu must be less than the statubtory limit of
Aw lO"Jf'g/m of air. If therefors 1t is assumed that the tsrget value

should be 102 tp/m3, 1t is necessary to consider what cleanup arrengements
are needed ip both the helium girenit and the duter contaiwnemt.

A potential srpument is as followsi-
(1) The Outer Containment velume is 107 mj, o the pernissible fotal
amount of Pu within it is 1 npm.

{2) With a high efficiency filter and 1000 times per day recireulation
ol containment wir, inleaking of ¥u should be reduced by a faolor
af at leuh% 1000, The leakape from the helium eireunit counld then
be 1075 gos/day of Pu.

{7) DRAZCN WVﬁFIkHu?F with pressurdised helium iz that leakapes can be
kept down to 1077 of cireuit volume per dey. There could there-
fore be 10 pms of Pu pregent in the hellem cireuwlit.

(4} Assuming a filter system in the secondary cireuit, and on the same
argoment =8 (27, the leakage from the salt ecirewit to the helium
chreudt (Uuii Phe 1000 times preater than this, fee., sbout 1 Kp/day
{op about ¥ litres of salt).

When one econgiders that the helium clreuii pressure is to he kept in
gucess of that of the selt, this seems o reasenable targel to ain at, and
perheps 3t la arguable that high filtratiesn rates need only be loveked whes
there are indications of a possible leskage. The problens are!-

{z) the ciroulation powsr for the culer gontainment filtration unit
would probably be about 2.5 MW which iz large but not prohibitive,
The [rontald ares of the filters iz zlso large (abnm 1000 @f) and
they would cceapy a circumferential zone zbout & m bigh.

1 J..rl‘

(b} the Ciltraticn system for the helium circuit has to inke gas at
DPresmire . I the Filters were st the lowesl pressure reglhomn
{i... Just befﬂr@ the jnitet %o the first stege compressor) They
would operate at 15«20 atg and a temperature of 3H0%C, Mapintaining
the S p across chn filter units at the same 1»v&1 as under the moprs
ustal shmospheric conddbions but allowing for the inﬁ!ﬁﬁh%ﬂ Jleates
pressure, the frontsl ares would heve to be about 150 @ Clearly
develovment of a Vstronger' filter te reduse frontal ares wmulﬁ e
advantageous.

Bince the most probable source of leakage is in the salt/helium heat
grehengers, 1t would however be desirable to develop a Virep'" or fililer
which could operate at the top cycle temperature (H50°0%1 to minimise any
depoaition which might ooeur round the clrevlt, partictlerly in the rotsbing



machinery. It is, of course, uncertain what the form of the Puw-containing
material may be, for example deposition may only begin below a certain
temperature if at all. Oace again the importance of knowing the way in
which Pu may egcape from the salt mixture is demonstrated.

The high temperature "trap" could assume conaiderable significance from
the point of view of maintenance and replacement of components if it
minimieed deposition,

3.4 Primary Cireuit Failures

In this section primary cirenit ruptures with an intact secondary clrouit
are considered. The blanket circuit is included with the fuel salt as it
must be regarded as baving significant quantities of Pu present in it for a
substantial part of reactor 1ifs even though the concentrations will never be
as high as in the fuel salt. The individual major components and the Tactors
affecting their design to minimise failure are discussed below, The primary
gireuit would be designed to take the full system intermal preszsure in case of
tntal loss of secondary helium pressure, and would {if at all) be mubject Lo
this extreme condition only for short periods.  Although the proposed pressure
balance system may at a low probebility lose control, the gas volumes in the
balance system could be limited teo ensure that only a nominal internal presguprs
excess could develop in the primary cireuil, again only for a short period.

t.4,1  Reactor Vessel

Both the blanket and core =alt header tanks helium are fed from the same
pregsure control mystem and are connecited to the respective pump delivery pipe-
WOk . As the salt pressure drop across boih core and blanket is relatively
low the opressures will remain approximately equal across the core/blanket
membrane even with the diffevent flow rate conditions necessary te cope with
load variations and the variation of heat produced in the blanket during the
fuel eycle. There will thus be little pressure difference to cause lenkage
even if ecracks develop dus to vibration. If blanket salt leaks into the fuel
there will be zome degradation of reactor performance, alternatively it fuel
leaks into the blanket in large quantities it might overload the blanket heat
removal system. There could be reactivity transients, which are not assessed
nere, but clearly an sppreciable increase in blanket heat rate would cell o
dumping of fusl and blankebt salt. By adjusting the blanket pressure fc be
equal to or slightly above the core pressure. the safer leakage of blanket =
RS RS eatt AGUIN B TanEdredy T UTHE EEy plare e the reavtor vessel willo
be eooled by blanket salt so no high temperature fuel salt shouwld come inte
contact with it. The upper side of the plate will be in contact with the
helium at outlet from the ITHX with about 2 bars excess differential pressure.
Insulation will be reguired and arching of the "plate™ structure san be
employed if necessary to transfer tensile loads to the ouber gircunference Lo
winimise the chanee of cracking.

Z. 4.2 Intermediate Heat Exchangers

The lower tube plates will be subject to low ditfersntial pressures
_sinmilar to those _across. the reacior top plate but svecial measures may be
reguired to protect the bulk material from the dgh temperaiure of the galt
oasoing throuph the tubes at lOﬁOOC and from the helium coolant at ggoﬁc“
Curvature could be employed to aveid central tensile loads but would compli-
cate tube fixing. However, as an alternative a false T4M tube plate ceould
be welded to the tubep and be supported from an arched struchural plate
loosely fitted over the tubdng with tensile loading occurring only at the
outer circumference. The upper tube plates will be subject te the basic
minimum differential pressure of 7 bars plus salt pumping pressure, say shout
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25 bara external helium pregsure, sslt temperzture 639”@1 helium temperature
41500“ Apain a separate backing arched structural member can be employed
which, although subiect to higher differentisl pressures than the lower tuhe
plates will be running censidersbly cooler.

Ihe dimengione of the IHX tubing (8 wm OD and & mm ID) ensure that it
will withstand very high jﬂtarna] ar externsal d?ff@anilai prgssures { from
measurements with TaM at 1ﬁ9” irpadiated to 2.4 % 10t nem™ a2t 1 MeV the
burating pressura, at 1090 2, would be 15,000 psil. However, for thelarge
totsl length of tubing snd the large numher ol welds involved the probability
af ecomplete severance is aboudl 2 X 10~t YenT =} haced on normal pressurs piping
data. This Figure may be stbatantially improved on bearing in mind the fact
that the pressure is exbternsl, bui the effact of vibration induced fatipue and
corrogion surface effects must be exawined carefully by protutype teasting to
ensure thal common mode failure of the tubing and comnnections to the hesder
plates cannot ocour. It is likely that due to the small tube diaméter the
helium overpressure will prevent significant salt leskage If a tube dees fail.
{1f the overpressure system failed completely while there was o faulty tube,
the leakage at the normal {low rate from & double-end Lailure of one tube over
a period of 10 seconds, assuming that it took this time to slow the szit punpas
down and/or duamp the malt, woold be about & litres.)

Fobe®  Pumps end Balt Ducts

The etresges in the pump bodize as a result of the external pressure will
ke Low and compressive, except in the Lop cover region, so salt lesakage due to
pressure failure ia very improbable. Failure due o bursting impellers or
shalt selsure must be gusrded apainst in the detall desipn of the pumps and by
providing an outer structure to ensure that the probsbility of wmajor disinte-
pratvion of the casing is negligible. copnections of TEX's and vumps to the
reactor vessel should be in compression due to the helium overpressurs;
sufficient redundmncy of bolting should be employed to pravent the pump
delivery pressure causing leakage during the run down time iF the helium over-
presaure fails.

b.4,4  Effect of Primsry Clrouit Leakage on Seceondary Circuit

The foeregeing discussion has aimed o i1llustraie the claim thet with an
intact mecondary circuilt, design can ensure that major primary cirewit failures
leading to substsntial QUiﬂilth& of galt being released into the POV can be
kept Lo an acceptably low probability. It khas in fact high-lighted the
nroblems of leakage which are a conseguence of very large heat exchange unitea
with wery large numbers of tubes and once agein the heliwm overpressure syshem
sopears to be potentially capable of obviating most of the sslt leakage
conditivne which could arise.

It is necessary, nevertheless, to consider what can be done to mitigate
the posgeible consequences of a guantity of galt escaping inte the POV and
reaching its lower regions The problem is to prevent a bresch of the oY
Liner. If high twmpexdfuvﬁ insuiation (capable of taking shout 2000 V} oan
be mounted clear of the liner so as to contain the bulk of the sall, then 4%
has to be demonstrated that leakage of galt sthrough this layer of insulation
wili mot overheat the liner. The decay heasi rate of the salt will be sbout
10 w/ee and for a liser thickness of 2 om, with a gap between insulation and
liner which is not allowed to exceed 1 em, the "aormal” liner water cooling
gyatem of tubes at 20 om piteh should limit the liner temperaturs to a mawimum
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of Oﬂﬂﬂﬁ Lo the more critical aveas, it appears possible therefore to
prmVide & booosted liper cooling aystem which could keep temperatures well
below thiez. The essential feature of this arpument is the development of
the high temperature ingulant which ean be installed with minimoh chance of
leakage through it.

5 Sesondary Cireuit Failure

It is necessary to show that failures of the secondary., i.e., coolant
helium, circuil cannot causs consequent failure of the primary circait of
gufficient size to give release of fuel salt excesding the safe limits.

Major failure of the PCV forming the secondary cirewit boundary can be re-
garded as of negligible probability providing that the POV concept of redun~
dant tensile members is applied to the largest closures for the reactor vault
and regenerator spaces and that double sealing members or flow restrictors
are applied to the remaining large closures.

With the helium overpressure system working correctly, the primsry
sircuit should pever be subjected o internal bursting forass whieh would
lead to substantial missiles capable of bresching the PCYV liner, and the
rotatingmachinery which is confined o the pumps could have restraints fitted
to prevent migsiles being projected in the event of seizure or similar
Tailure. Bven so, it is clesrly prudent to provide suitable vrotection for
the liner and to screen components to minimise the chance of Lliner damsge.

Attention must be concentrated upon the largest remaining apertures in
the PCV which cannot be flow resgtricted; these are found in the penetrations
for the NaK dump tank cooling pipework and the main cooling water pipework in
the preconlers and intercoolers. The size of these pipes has been limited
te 28 om flow dismeter which gives a reascnable compromise between novmal
operation pressure drop, the nomber of such apertures and the rate of
depressurisation. In the case of the water piping for the precoslers and
intercoolers where outward flow of helium could necur through bath ends of a
rupturad pipe, the rate of helium depremsurisation for sonic flow through a
ehort length would be 27 wseconds o half pressure. As boih the intercooler
and precocier are remote from the primary cireuil i% is considered that a
Crupture of the CW piping should not cause a consequent failure of the primery
cireuit by sny mechaniéal effect.  Turthermore with this rate of dnpr@aruzlm
- gatdon-dt-should-be possibleto -om arry owh e demrassnr i aat on wd e e Dy
eircult so as to aveld a consequential rupture {(ses the later part of this
sechion). The NaK pipework iz closer to the reactor and if a rupturse
ocgurred whers the pipe penetrates the POV lining a large flow of helium will
pass Lhrouwgh the THX plenum space. Investipation would be required Lo see
if precasutions ave required to prevent damage to the tubing of the THX duse to
high gas velocities during this depressurisation. An an alternative, it can
be arvgued that the probability of failure of the NaX pipework leading to loss
of helinpm can be made negligible by designing the external pipework to resist
the full helium pressure that would be transmitted fo the NaXK gystem if a
failura in the dump tank reglon ccourred, Yot again, the penetrations of

thﬂ PFV liner could be reduced in size by doubling the nupd of nipen, or
’ 4 o reduce the he
VH}UF tm ¢vad damapw due to any ¢a11ur@ in this region,

A point of concern is the possibility of normal running with, for example,
g oweskened IHA fubz which iz net detected but which waas prone to fmm nre gdie
to extra loads imposed during a depressurisation. If the depremsurisation
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wag due to a CW pipe failure and if gali escaped from the TEX ifube some of it
might reach the CW system although it seems more likely to depogit on the
recuperator surfaces on the way. Any salt reaching the OW piping could pass
out of the suter containment without hindrance into the main gource of cooling
water. In this event the release can only be kept within safe limits vy
either (a) devising a pressure balance system which ensures that even in the
case of & fairly repid depressurisation the overpressure of secondary helium
will be maintained, or (b) designing the cooling water system fo be sell-
contained snd to withetand the full helium pressure. The latter object
could be achieved by using the water as an intermediate circwil passing, say.
to dry cooling {forced draught air cecled) towers. The second alternative
may be the more acceptable one even though the lowest temperature of the
helium oyele would nzed to be rajsed slightly. Furthermore dry cooling towers
a5 a means of heat rejection would in themselves have an attraction.

Even so, it sppears practicable to depressurise the helium volume.
spsoeiated with the salt header tanks and dump tanks (Hv) (abeut 500 m3) into
the dirty gas receivers (DGRs) at a sufficiently high rate te maintain the
cootant helium {H,) overpressure in the event of the 27 second time constant
depreassurisstion if the demp tank helium exhaust was Initisted by a rapid
action loss of pressure signal from the coolant helium circuit. For a DGR
velume of 1250 m° the Hy pressure would balance st about 17 bars and pumping
would be reguired o reduce the pressure further at a necessavily slower rate.
However the fuel can be dumped {in about 1% seconds) before this stage is
reached, so the chances of significant guantities of Pu reaching the W
gratem are remote even if afracture of an IHX tube oceurs at the same Lime as
a secondary eircuit depressurisation.  Alternative {n) ip therefore &
possibility.

There will be & peried in a depressurisation procedure of this kind
(which might be inveked for other events alse) when it is necessary te sccept
that the primary circuit contains an exceses internal pressure of 1V bars.
Apart from any sali leskage, care must be taken that theres will be no Berious
leskage of gaseous and cther volatile fission products held in the primary
circuit and dump tenks. Agsin, it can be argued that this condition spplies
only in the event of a majer secondary circuit failure and for enly the short
period necesgary for Lhe fuyther pumping down to be achieved; and that tao
gustain 17 bars for several hours if pumping down is delayed is & very modest
requirement.

The safsety sspects of the dirty gas receivers when containing the active
gas in the event of the repid Hy depressurisation will require further conai.
deration. They have been shown as free standing steel wvesmselsy it might be
safer to form them inte a gelf-contained prestressed vessel even though the
theoretical probability of & combined failure of the reacltor coolant ciroultl
and the DGRs must be negligible. The possibility of insoyporating the DGR
within the main PCV wag considered but if it is necessary in the PCV desipn
to protect against liner failure leading to high pressure being transmitted
to any diametral crack in the PCV well, the layout chanpges could involve an
uneconomic and an impractical smount of prestressing.



3.6 Fawlt and Aceident Anelysis

F.6.1 Eeiease Levels and Containment Bffectiveness

The eurve of Fig. 13 can be veed to derive a permipgsible Trequensy for an
ineident when an estivate has bezen made of the potential Py relsase. This
curve, while not weing the wore pessimistis of Beatfie's ! yaives, is conper-
vative when compared with a recent MRC publication L37 which would for a given
Trequency yizld perpissible relesse values abovd six Simes higher.

It is ugeful at this stape to consider how effective a barrier the seconw
dary civeuit envelope can be if it remains intact. As hos been sald previois-
1y, DRAGON ewperience has shown that leakages from a well-degsipned tight helium
elrenit can be kent to below L Kg per day. This rate of leaksge conetitutes

~ 0L0L% dny of the secondery cirenit gas invenitory, and ie sguivalent to a DF of
ALOY even if (e) the helium sireuit is Kept at pressure for 2l howrs after an
ingident and (b) any olesnup which a secondary civeuit Filirstion gystem achleves
{goe Section %.3) is neglected. The desipgn is such thet the helium can be dig-
chayged to dirty gas receivere in about 24 hours, snd the systes pressurs oan
then be maintained near to or just below stmospheric so ag to reduce the lsakage
rate substantially. This ability to depressurise the hallum ayetenm w11, on a
timewbasis alone, afford a further order of magnituds imprmv%@&mt in the
effective DF of the intect heliuw gystem, incressing it to 109,

Aithoogh there ig noe direct svidence to pulde, a decontamination Tactor
{DF) for the mein containment of 100 for Pu merosels sesms a reascneblie and
cautious target valne to take, bearing in wing plate-cut effscis snd contribu-
tiona from the containment medin cleanvp plant (ses Section 3.3), or an smergency
CRESANE Unit.

In the discussion below, the fallwres are groupsd under the main headings
of {(a) primary cireult fatluces, (b) secondary circuit failures, (o) fuel dump
tank failures. The arpuments are developed in the fexi =nd begin almost
anbively with the fnltdating event: at the snd of this Pard LTI of the repart
(pager 3% & 34} pcages are presented in diagrammatic form to supplement the text
and for ease of reforence.

[T
i

swed Predmery Glyenit Failures

It haw already been sobed in Section 3.3 that the Large nuwber of tubes
and welde In the IH¥s mey mean individus? tube fzilure occurring at s freguency
of 10mb yrgmh, apd further thet a significant lesk would only take plose if
there were & fajled tube when the helium pressure balancs ayetem slas failed.
With caye in design the balance aystem shenld be capable of high relisbility,
hut teking what iz belleved to be a pessinistic value of 10-2 failuves/yvear
means that the frequency of the leskage frem this group of events should be no
grester then 103 yra™, as a single tube failure can hardly be considered to
be severe enough in itself to precipltate pressure balance systsm failure.

pplag of o Fael lower the below the IHEg
10 speos apd iF aormel full Flow of s2lt persisted for this Lime about & Litres
of salt containing about 1 Kg of Pu weuld escape dnto the hellum clrowib.

With an intsot secondary circult, the comblined BF ef this low leskage
clrewdli and the conltainment is ab least 1ob {ses Sevtion 3%.6.1) so the release

o atmospbere would be about 1ﬂwﬁwnMr ahont lfrﬁgmif the oleamin plant were
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effective) - botn negligible amounts st the assessed frequency of 10-3

svents per year.  Alteraztively it can be grgued that from the point of heat
sxchanger tubs failures, a secondary cireuit leakage rate mush higher tham ithat
achieved by DREAGON would be acceptable.

In the exbtreme, even if there were at the gams time p substantial leak
from the secondary cireuit, the containment would reduce the Pu escape fo
atmoaphers to less than 10 me. Reference to Fig. 11 shows that o releasses of
10 pie is accepbable abt & Ireguency of 1045 yra©t, which corregponds to the
apsesped permissible frequency for the fault, It seems reasonable te conelode
thet there are substantial margine in hand against this kind of aceident.

Unless there Lg gome commen mode effect, the frequency of failure of
greater numbeys of X tubes will be lnversely proportional to $he number of
tubeg congldered, so the effecte are seli-compenssting. It de elearly
erucial that the IHX development programme demonstrates eliminaticon of oommon
mode Tailures, snd sdditienally, though this seems unlikely, that failure of
ane btube dows not cascade inte failure of others.

The previous parapgraphs have assumed that fuel dumping hag been effective
in restricting the asmeunt of salt releaged from o failed ITHE.  Hebtalning the
azgumption of pressure balance gystem failure, and sssuming now that Jdusping
does not ocour for, say, 1000 geconds, at which time there is manual interven-
tiogn to affect i, the salt digohsrged into the helium cireuit would be shout
00 litrem, which cemtedns 100 ¥g Pu. Following the same type of argument as
in the early pard of thip gection, an intect gecondsyy cirouid combined with the
containment retantion would reduce the release te 10-b g o apgaih negligible,
Similarly 3F all the Pu escaped into the contaioment, the release from the
latfer with ite IF of 100 would be 1L Kg for which the permisaible frequency is
10 yrﬁ”l» Provided therefore the dump system failure rate were not greater
than 20~2 yre~t, the requirement for this extreme assumption is met and to
achiave this rellability in the dump sysienw does noet seem an unduly onerouns
requirenent,

The wltimate in this argument iz that of fetel fallure to dump fuel in the
gvent of subptaatial X failure. The end resull s similaor to that of gross
failure of the primary cirenit which is discussed in (b).

{n} large failures of the primary circuil

A major failure of the primary civeuii could relssse o large froction of
the salt to the gecondery helivm cirvculf, even 4 the dunp system gpsrated
guecessiully. If the pessimigtic assumption iz wadg that ﬁ?eiﬁm from the salt
gete widely dispersed in the heliuvm, then between 10 and 107 Egp {(the fotal
inventory) is invelved. A "tight" helium cireuit (see (&) above) with cleanup
sirouity operating would reduce the amount escaping to the containment to less
than 10 g of Pu (or alternatively with no cleanup benefit but exhausting helium
to dirty gas receivers shout 100 g Puj.

The releass Lo atmosphere would then be in the range I - 10 gy mermissible
at a freguency of 10-2 fto 10»3 yre~l o a relisbility demsnd which the primaey
circuit bearing in mind its operstion under external pressure of heliowm ghould
easily he able to meel. Convereely, 1f this primsry eirewit fallure rate
freguency were considered to be in the 0% ygm”l range, the leskage fram the
gecondary circuit would be acceptable at a 10° higher level than discussed dn
part {z) of this section.
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The two main guestions about this most severe accident are (1) can it be
engured that the lining of the PORV wAll retain the spilled aalit to the
reguigite degres of reliabiiily? It baes already been arghed thal i showld
be possible te aveld missile damage to the lining, and so the principsl design
problem de bt achieve a layout dn which 41 can be pasranteed thalt enly wvery
small frections of lesking salt epeape being dirscted by the foadish or catch-
ment eysten to the dump tanks so coming into direct contaot with fthe lining.
(i1) will the escaping salt cause pressure surges dn the heliun system which
would breach L%, or lsss seriously. significently increase the leak rate?
Bince thers does not appear 10 be any reaction mechaniss which counld cause
rapid pregsure rises, and any caused in slower time by heating could he dealt
with by suitable venbting to the gas storage, this does not seem to consbitute
a problen which could not be handled sstiafactorily.

36,3 Secondary Civeuit Failures

These may be gateporised ssi-

(1) Small failures whivch will neither cauge a primery circuid failure nor
rrevent operation of the overpressure system. Failure of the precopler
or dotersooler cocling water small bore tubing showld fall dinte this
category as even gontinued gonic fiow through two ends of a 1 om bore
tube wouid only caus? the sectmdary cireuit pressure to halve in & hours.

{11} Totermediate size fallures up to the maximum "eredibla’ size of 28 om
{intercouler water pipe or emergency NeK cooling syetew pipe penebrations)
giving o depressurigation time conptant ol 2% asconds to half pressurs
thisugh both ends of the severed pipe. These pipes arve sufficiently
remote Drom the sedmery cirouit to believe they should not canse 1Y eavers
damage but could soncelvably cause certaln fallures if incipient weakness
were present.

(1ii} Very large secondary cireuit failures which clearily could damage the
primary sliroult.

Conpidering the release-probabilities for the three categories:

~wtalwwmhﬂwlﬂmgﬁhmmﬂm%m&kmwhwm@w(abmu&wlwmmlmﬂmhim@wimmmhmupw@m@mmQmwmnﬁw&mgammWwwWWNWWWNWWNNW

cooler is very high (11350 Ka), and the probability of failure at 107
failures per annun per foot run {(based on coaventional piping) is about
oy 30-d yrevl or one in 2% years. This raises the guestion of reliabi-
lity =snd down time for repairvs, which is a feature Iikely o be cosmon

o oall large resctors, rather more acutely than that of relesss of
sutivity as oo fallore of the priwmary cireuit or of the helium over.
pregsire syatenm should ocour.

()  ths smount of larger bore piping and comnections o the subhesdsrs in

the coolers la substential, and it way be difficult to olaim a failure
Crate Dor complete peverance of bebter than Lot yea™ht.  If we assume
179F3H?m"32ﬂ“ti{“ -%YT"ZKYH'E e ﬁ#ﬁpﬁﬁiﬁﬁﬂfiﬁ&‘ﬁi(ﬁﬁ (H'f“i{-‘%‘zﬁg@iw“ﬁ?y RS R A g

nelium pressure balance faile to cope) causes incipient weskneeses in
the IHX tubes as being the most wulnerable primary circuil eowmponsnt to
resnit in some failures, then by the arguments of Section 3.6.2 {a),
sbout 1 g of Pu rould snier the heliom circuit before fuel dumping
lowers the salt level below the THAs. How much of this could enter
and subseguently escape from the cooler water circuits ie hard to
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estimate, tartainly there seems fo be couse {which has net been fully
pursued in the present studies) for making the cooler water circuils of
high integrity., poesibly to take full helivm clrewit pressure. Bince a
release from the cooler oircuit would be direct to atmosphere. the full

1 Kg of Pu could oply be allowed te escape at a frequancy of 1077 yrm”lm
Thig means that sither a further facter of cocler ¢irceit failurs to atmos-
phere of 10%2 yrs“l iz needed to supplewent the initial assumed Tailurs
rate between helium snd water cireuits of 105 (see above) - which seems a
plavsible target - or only sbout 17100 of the Pu will spcape - which alse
seenms plaugible. Foilure of automatic fuel dump (again mes Ssction

3,6.2 {al}) could increase the potentisl Pu release by a fastor 100 buy if
the Tuel dump failure rate is 1072 far esch demend of this type, the
acceptabiiity of the relationship between frequency and relesse is
maintained.

The case of failure of the NaK cooling system in the dump tanke leade to
similar arguments; again the best selution may be to design it for full
pressure conditicons.

{e) 4f there is a large failure of the PORV, it must be expected that a
‘mevere failure of the primary cireuit could result. The Pu esespe from
the primsry eircuit might by anslogy with the discussion in Section 3.6.2
be in the range 105 - 10" g, and if it is assumed that all of this is
pniformly dispersed in the helium, clearly it is highly fmportant that
the containment remaineg effective. The volume of the contalnment is 100
times that of the helium cireuit, so making no correction for temperature,
the balance pressure would be about 1.6 ats -~ nol an undaly high pressure
to expect to be able to contain to the extent of avoiding any shgnificant
breaches, The problem may rather therefore be that of being able to
pump to dirty storage in a reasenable time so as to reduce outward leakage
from the containment to as law a value as possibie. Sinee there are no
chemical reactions that can be foreseen which would be a cuase of pressues
pulses or incresses over a longer time, and it iz ap implicit aseumpiion
that the degipgn must aveid eritical acewmelations, the remsining probvlem
may then be that of decay heat disposal from the dispersed fuel.  Water
spravys for drenching may be the omly design solubilon.

Returning to the relemse quesition, & DF of 100 by the containment would
mean an escape of 10 to 100 Xg of Pu, for which Fig., 11 demands an ccourvence
yate not greater than 107 yfa"lu The catastrephic fallurs rate of the PORV
would then in the absence of plate out or other mitigating factors require tu
be 107 yra~l alsos since this type of mejor depressurisstion fallure, in a
FORY with double closures and similar comstraint devices ils usually comsidered
to be incredible, there seem to be possibilities thet further exsmination of
this case will lead to an acceptable result.

Z.6.4  Dump Tank Pailures

The relability requirements of the system which dumps fuel Irom the primary
cirenit have been digeussed in previous sections.  Sinoe the dunp tenk systen
in a molten salt reactor is claimed to be one of the most important features of
the safety concept in that it provides z mesns of emergency cocling under oon-
trolled conditions, it is necessary to demonstrate adeguate reliability ol the
components  of the dump tanks,
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5.7 Commentary

The discussion in Sechtion 3%.%9.1 drawes sbtention to the great importance
of koowing to what extent and in what form Fu (and fission vroducta) would be
released from the wixed chloride salts of an MBFR 4n the event of leakage, in
sy mubsegusnt overheating of lesked salt, and in certain fault condliions.
The balsnes bebwesn fission products and Puo oag the prester hesard could be
vary muoh influenced by thedr relative relesse Ffractions and there claarly
conld be several orders of magnibude changs in Pu relesse if persistent
aeroscsls d1d not form. The influsoce of these wiseriaintiss on desipn cone
tainment and opsrotional philescphiss is large. For ewanple, in considering
whether it die poesible o underiaoke opsrational acesss inside the outer oo
taloment, sither on & rouvbine basis, or during o prolovged shutdown for
mointensnoe, the permissibles levels of Pu din the containment ale mean that on
the more pessimistic figures only silcrograms of Po could be allowed to leak
fyrom the salt cirowite if they became dispersed through the helium coolant
girguit in the POV,  Eyen with the mope dramatic improvements arising from
ordere of magnitude reductions in the Pu fractionsl releases, very small
gpiiles sould atdll be s problem,

Unless the acfivity is predominantly retained in the salt, it iz clear
that the heliwe overpreasure and its mointenance to a rigorous and high
standard forte ap intepral and important part of the safety argument.
Furthermores, it must be appreciated that the auxiliary cireuits may well have
to be opersted with an sexcegs of external gae pressuve,

It dg debatable wheiher one should consider repular eatry to the containe
ment during operation (though insirumentation may ke the fastor determining
the need for thisl. The provlem of scesss for meintensnes hes however still
to be met apd bere again thers is 5o real body of evidence helping to indicate
to what sxbtent the salt, ite conbained Pu, and the {dssion wroduets will
disengage from clrcuit components on drainapge. ALl thai is known on a plant
geate is the encouragiog picture that ORNL experienced ne $3fficulty in dis-

mantiing MOEE but wore will need to be known sbout the "drainsge" propertiss
.01 ehdordde saits compared wit)

Considering first the relisbility of the dump system heat removal system,
glrouits, slo,te

{u) Circults to emch tank sre duplizated snd there are 24 meparate natursl

civowlation clroniie. & pusranteed electrical supply for the sip
blowers tolalliog 1300 WY is needed bubt this could be sub-divided snd
the witimate 1¥ this falls would be to supply water to the bollers and

led then boil off.  Inditielly wvelve operaticn is called for to sliow a
regerve of cool NaK te enter the civeulls but failure of theae valves

rot be intolerable in the extyrsme, Une pedint Lo oom
Cihe development of the design L& ensuring that thers is a negligible

righ of Tallure of both cooling elreuits in one tank,

{b} The vonstroction of the tenks is simplified to reduse the risk of
Failura vertionlarly in the repion below the selt levels. Thermal
stresses upon dumoing ¢an be reduced o sscaptable levels by the use of

50

1 Edvorides, bafore. this queshion. can he sSsesEeds. .
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TEM or melybdenum dnner insulating linings. T o tank 4id fall sooling
iz provided by the ouber catehpot, and 1F & faiiuves of the MHak cipeuit
reduced the sapacity of zny tank, overflew arrasngements are provided and
in the 1imit the salt would be contsined in the outer catehpot. Te is
therefore considered that the risk of relesse due to tank failwre ghouwld
ha lower Than that of primary cirenit failures.

The studies wede during this investipation have supporied the feeling that
heat removal wunder these controlled conditicns and the reteniion capebility of
the dump and catehpolt system cen be englineered to the reguigite degrse of
reliebility as the designer has a number of techniques which can be exploited.
It i an ares which becsuse of iis relative noveliy would bepefit from investi-
gationg which explore wvariocus slternatives.

In the consideration of accidents, it is not claimed that the case
coverage has been exhaustive; the alm hss rather heen o aegek oubt the
prigeipal ones which illustrated some basic problem or reqalranent The
performance of the outer containment is an important factor, as in a large
proportion of the cases considered most diffienlt, a failure in the
secondary circuit is the initiating svent; it has then to be shown thet any
concomitant release from the primary circuit ean be adequately contained,
The cases where the pessimistic limits are barely or not gquite held arels

{a) if an inherent weakness developed in the IHX's which made them prone
to "galloping' failure, a helium overpressure system error or a
secondary-cirenit OW pipe failure could lead to big salt releases.
The IHE's could be the Achilles' heel of the system if they wers not
fully developed and atringently tested and fabricated. A means af
shecking their continued guality would alsc have to be devised.

{%) the conseguences ol & secondary circuit failure due to a break in the
' NeK cooling system for the dump tanks, or the OW eirenit for the gas.
turbine heat exchangers suggest it mey prove desirable to design these
¢ireuits for full coolant presmures, and in the CW case te have a
gloged eirouit.

(e} majer failures of the primary circuit can perhape e dealt with by
suitable develovment of schemes for protecting the POV liner and
designing for good drainage of the PCV, but there would be a very
grest gain if further work could confinm that a primary clproult
designed carefully to take advanbage of a normally external pressurs
sondition could have a wery high standard of potential integrity
(fatlure rate 107 to 10-7 per year).

Having enumersied all these gueries and problems, it nevertheless can be msaid
that the combination of the pressurised gas coclant and a molten salt fueld
can be uesd to considerable advantsge in dealing with ssfely questions
provided the basically high integrity of a pre-sitressed concreie pressure
vegeel againet major failere is accepted. Tt appears possible to desisn the
gysten so thet no major mispiles will develop which would seriously damage
the PCV and equally it sppears possible to sveld energy-releasing saccldenta
which might bresch the containment.,

Tt ig of interest, in fact, to attempt a comparison with the leadecgnied
MSFR concept reported in AEEW-R 956(123,
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Considerable pumping pressures are required 1n both the palt and lead
eireuits of a MEFR (in the region of 2 and 1 MN/m¥ or about 30C emd 150 pai
respectively), thus the pressure problem is not eliminated. The possibility
of serious Tailure of the primary circuit must still be shown to e low,
although intuiltively it is felt thalt the salt would be better cocled 1f it
entered the lead ecircuit than in helivm.  If small leakages inte the coolant
cirewit were to he avoided an overpressure of lead would be needed, so laad
prespures Lo the reglon of 300 pei would be required. The probability of
failure of the large lead ducts ander liguid preesure would be higher than
that for lerge failures of the POV of the helium casme and the congequences of
a duct ropture with the inertia forces involved could lead to sericus primary
eiroult failure,

This short examination suggests that the lead-coocled system is wnlikely
to offer dramebic safety adventages - again provided the high-integrity POV
philosophy iz accepbad.
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PART TV

LT e e

SUMMARY AND CONCLUSTONS

Many of the cowments on ssli chemistry, waberdals, miclasar performence
and fuel cycles which were made in AERM-ROSS {An Assespment of a 2500 M¥We
Molten Chloride Salt Pest Beactor) apre appropriate te this further study of
wn MEFE with a divect.coupled halium gag-turbine powsr plant, so for reference
the conclusionsg of thedt report are reproduced in Appendix T of this report,
and the remarks helow are intendsd to swmmeries the sallient points of the new
faatures.

(i} Plent perfeormance - althowgh the gas-turbine cycle selected leads to
& lower efficiency then that of the steam-plant version of AEEW.ROSE,
the bigger salt temperature range scorving from the increasse in ssll
Chop temperature sssumed to scoommodate the ges-turbine cyele offpsts
this in such & way thet the fuel dlaventories of the two cages will be
effectively the sane and fusl coste will therefore be indistingulsbable
from thome esbtimsied in ANEW.HOSL. Bowbling times would alse be the
same (see paras {v) and (vi) of Appendix I of thig report). There is
goope for further opticisation of the balance between capital and fusl
costes for the pas-turblne cape,

{44} Flant layout « the congept of a directegycle gas-turbine unit with
preseurized heliwe mg salt conlant, when uveed in conjunction with a
prestressed conereble pressure vessael lends dteelf Lo an extremsly
compact leyoni. The complebe MSFR plunt for s 2500 MWe unit
{lexcluding OV pumping units, workshops, leboratories, control room
and administrative accommedstion, but insluding sll generating plant)
ook be accommodated in a contadmment woilding of 50 m. Ala, 77 m.
Righ {ges Fig. 10 for a aize compardson with other reactors and
Figs & and 5 for s general lawyoubll.

{d4i) PFlant componente and plant costs - the individusl items of plant
gan all be kept down to sipzes permitting prefabrication, thus Leading
te guleker construction times; 1t is alse possible within the plant
igyout devised bo make provision for maintenance or replacement of all
itews waing the shislded flasks end storsge/maintensnoe positions o
prarided, within the outer conbainment building. It im therafore
presible to envisage a site usape belng swtended bto the Mife of the
POV (for which the liner may be the limiting featurel. The potential
for reducing erection times with prefabrissticn indicstes on a first
saseasment geverel arvess wvhers siguificent cost reductions relative
to an LMFER aight be seen, and there sre aeversl factors suggesting
that plant coats conld be nobdicesbly lower than for the lesd-gooled
version reported on in AEEW.HSSS (para. (¥) of Appendix T of this
report ). IL has been necezssry, as in thabt repert, to susuns tThad
wolybdenum (or its allove) will be developed so thebt it can be used
as the prineipal material for the salt clronits.

W



Safaty aspects ~ the studies have illustrated very clasrly the
importance of geining fwrther dnfoemation on the way in which Pu and
flesion products can escapes from salt snder varlous btemperature cpn-

ditions and as 2 resuit of mechanical breskup of drops and jets of
malt ander feuld conditions. The ehief problem is the frastional
releage which is in the form of & persistent sercesl. The present
reuge of ancertainty mekes 1t diffiendlt to do other than stiespd to
agasss what principles should be followesd, and what these wight
achieve, They have also shown thabti~

{a)

{b}

fo}

(a2

(o)

provided the hiph basiy integrity of s POV aesinst major
Yalivre im secepled, & high presmure heliuwm cireuit can confer

a mumber of sdveotages.  If the heldiun is maintained at a
suitably chesen pressure in excess of the salt seximum pressurs,
adnor leake of salt from the primary cirenit should be prevented
and the fael that the pedmazry cireult fs virtuslily all uwnder
compprassion in the operating condition shouwld confer an added
degres of relisbility apgeinet grose falluve.  There 1g 1itile
pravions esperience to guide this approsch and it is an avenue
worth considerable further exploration. There ls of course

the implication that the helium overpressure control systes must
have a hipgh degree of reliability.

in coage spbetantial leake do occour From the primesy cirenlt inte
tha PCY 4t is imporisnt to devige a high temperstbure protegtion
far the FOV liner if mejor breaches of 1t ave to be avolded, as
this would otherwise n@ga%w the argument of no loargs fallures of
m POV,

& dusmp syshem can be deviesd with potential for the reguired
reliability., but care must be taken to eneure thet its heat
rejoction system has the reguigite inteprity sgeinst wschanical
failure Lf aobivity release posmibilities are to be kept to a
i dmsm .

bhe OO0 zretem for hesd rejection fyvom the helivm circull coulid ™

o Byg g wealt - podet- Top -aebded by ra?@mma wnd-may - aweed a o spadtelo

elosed cirowil.

bhe dsrge intermediste heat exchangers with their great lenghbhe
of tubing end aumerous welds will peed much development, proving
and life-testiog it they are not to be (1} a2 muisance in vorasld
operation becsuge of leakage although emall smounts of heliam
inleakage can be tolerated and {(2) o problem in fauli conditions
L multinle tube failures casosde Srom initiszl moderate faults in
the heat swehsngers themselves or in other circuit componenta.

unless the helium UV&WpT@ﬂHHP& is capsble of eliminating lunkmge
TTrom the "px“:i,marv chvenit in normal @p@k‘at&ﬂn‘,‘ maintenance of

general plant and scosss to the ovber containment could be very
diffsonlt Lo schieve.

ﬂl?hmugﬁ clearly thare are many guestions atill unresolved about MSIR's, and
indeed many gqueries still to be fovmulated, it is believed that this study has
shown distinct possibilities that a concept with the reqnisite accident safety



characteristics could be evolved, with the pressurised helium ceoolant system
=25 an important contributing festure. The increasing concern about the
problems and cost of fabrication of solid fuels contairing plutenium, topether
with the gquantity of highly-active waste that solld-fuel assemblies lesad to,
is a material incentive to continued investigantion of MSFR's.

B
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AFPENDILX T

A i r——

The concliusions which cen be derived from the studles summarised in
Report AREW-RI56 are:w

{1} of the alternetive formg of MSFR examined, the indirectwgonled
versions (sse Figures 1b or 2) appear to offer wmost potential for
further investigation. There are however unecsrialinties in &
number of physicel properties (notebly thewmal conductivity) which
reflaect nobicesbly. on sholce of design conditions, and theme,
coupled with some uncertainties on muclesr dabta, make it diffionli
to achieve any substantial degres of optimisation in design at this
prage. Chodce of secondary coolant iz an important feature, and
of the liguids, lead appears ts be the most suitable taking into
acoount compatibiiity with the fuel ealt. Sines, howaver, helium
techaology will be develsped for HTHs and 4t showld pose less
materials problems, study of the possible umee of helium in an MSFR,
which will reqguire careful congideration of the safely issues of »
pressurdised ceolant, showld be undertaken.

{11} the chemimtry of the chleride salts proposed for fuel snd blanket
ghows, on the Limited work to dste, encouraging signs of being
controliable to the required degree: but both in this area, where
the effects of potential precivitating species (e.g., due to oxygen
sad nitrogen frem adventitiocus alr ingress, sulphor from Gl-33,
fiamion products) and the possible depeaition of neble metal fismsion
products need study. Ty the meterdisle and corvesion fields, much
more work iz olespriy nesded.  The extent of the materisls work will
ve affected by the cholee of secondary coclant, but it is evident
that censiderable reliance will have to be placed on the demonstra.

Cwion of goed covrosion performance and development in the technigue
of fabrication of molybdenum or its slloys for the key components
{euigy, core veswsel and teat exchangers) of the core and blanket
eireuits.  Suitable design should enable more conventional
materials 4o be used for the main vesgsels and other components.

(1i1) there appear to be pood prospects of being able to operate an MSFR
without conventionsl nuclear contvel systems. This tegether with e
pveidance of refuelling eguipmant, offers the possibility of &
compant systen with mors the cheracter of a chewmical plant. It is
from these posaibilities that the potentisl for capital cost savings
compared with an IMPBR can be dlscerned, but there are the important
areas of containment, emergency dumping and ancillary systems
vegquiring further investigation to assess any off-setting effects.

{iv}) the reference lead-cogled indirect degign of this repori is
inferior to a 1990 owide-fuelled IMPRR 4n fusl inventory but current
svidencse suggests that an incresss in primery salt top temperature
could be contemplated to a level where the inventeries are comparsble.
The doubling times with natural chlorine in the salt would then also
be comparsble, and if separated 01-%7 wers used doubling tinmes in the
range 20-2% years seen possibla,

w ALY
B



{v) the preliminary costing (which is all it hse been possible to carry
gut) indleates that the reference MSFR has potential for savinge
relative fo a 1990 IMFBR both in the capital cost (about £12-20/kWel
and foel vost aress (£6/kW). The incressed top tempersture scheme
referred te in (iv) shows farther galos of £5/k¥ for capital snd
85/ kW for fuel coets, the latter reflecting the reduced inventory
charges with plutoninm taken at £5/gm. Thess costs ave for natural
ehlorine salfy  GL-37 although giving the gaine In doubling time
already menbicned, leads to s slightly higher fuel cosl becpmas of
inersased inventory cherges; so its use must be judged {(apert from
any chemistry psine dn reducing the amount of sulphur formed from
L1~%%) on ite valuwe in an overall generating system where inoreased
imataliation rates coan have discounted worth.

{vi} the fuel costings hove taken agusous solvent sxiraction as the
procéess Tor heavy metel hendling and show faveurable results. 1%
is not therelors necsssary to ilovoeke s close-coupled pyrochemicsd
method, and isdeed the preliminery investigations wade, while
indiceating technical feagibility, raised doubts wbout The coste of
this method with the small scele batohing technlous consldered;
this ie mn ares requiring furtber examination.

{vil} the javestimetions reporied here have indicated the velus of the
intringic gelf-regnistory characteristics of the MEFE with its
Tavourabls temperaturs cosfficient, and the potential for fusl
dumping in the event of feulis but have also brought oul the
lmportance of further careful study of fault conditions, including
croge-Lleskaps with a fluid foel, and of contaloment reguirements.

Parepeters for Indirect snd Direct Gonled Versions of &
Molten Salt Fawi Heactor » Summsyy

Reactor power (total) M (th) 6000
Grogss electrical ontput - Mi{e). - e 2 X ABE0
et electriesl swbput  MW(e) 2z =xizso
Stest conddtions - THV MmeH 5.5
pade = B0
¢ 565
Oyarall plant thermal % 1.3
affioiency
- Foet-salt HaCLs U 5 Pully 60/37/3 mok %
Blanket sal MaCl:UCL, 60/k0 mel %
Melting point 57700 (850 K)

)
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HELIUM COCLED MSFR GAS PURBINE PLANT PARAMETRE SUMMARY

Nett station outpud

2500 HWe

Grose slterpatoer oulput L ox B%L Mia
Gross L¥ turbine power Lox 603 Mie
Cyele Efficiency E%%%ﬁﬁgggg inputg G0y, 8%
Nett efficlency 28, %
Hett heat from resctor E500 Mdth
Mawdimmun fuel sali bemparaburs LOG0e
Fuel salt temparsiure at sore inlet sa0e
Magimome helium pressure £2.5 bars
Belium temperature at THX outleb anotg
Helium temperature abt YEY inlet 415%
Gyole temperature ratio AR
Cyole pressure vatio 5,16
Helium flow 4 732 Ke/s
Fuel salt flow 4 8250 Kgle
C¥ inlet/outlet temperature 20/ 3590
Hiph presgasure turbine (HPT) power L3 V0 M
EPY spesd 5800 vpm
BPY nuwmber of stages 3
High pressure compressor (HPC) power o %8e iy
HPG pomber of siages, axial + centrifugsl e+ 1
Low presgers cowpresscry (LP0) power box 278 W
WG number of steges, awxial + centrifugsl &+ 1
p Turbine spesd BOOO
IPT number of stages &
RBeeuperator effestivensas 0.83
Reguperater hest transfer b ow 1080 M
Precooler heat tpransfer box HOo HW
Intercosler heat transier ko RO MW
Humber of tubes, size and hest transfer areal-
THE - Puel 17,600 Bwm CD=z GamiD % 5.8m long b x 1620 g7
Bianket 12,600 8mm ODxSemib % 5.8n long 1x 1620 o
Fecupsrator 46,200 1%mm ODx 12mm ID ¥ 11.28 long w0 ATE00 m
Precooler 12,350 L2, 5mm OD =z 10mm ID 2x6.4m long o 6100 m°
Interesoler 12,150 12,5 ODx 10mm ID 2x5.5m long bx 5230 a°

wdh o
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TABLE I

REACTOR AND PLANT PARAMETERS

(Flaut List Mo. Ref. designated PLM..}

HEAGTOR

Tharmal Powgrs e

Total
Maximum core {at atart of Ffuel ocyols)
Maximes blenket {(at end of fuel cyole)
Nomdsal core diameber
Core voluse {effective)
External core salt voluste in primary clrouits
Total core sall wolume
Gompositien of core anlls
(Pu =% 10% of heavy metal)
Mal®ing voint of core salt
Men2d {eguivalent) inventory. cors snd exbernsl
primary wirenit
Yolune of blanket surrounding cors
External bhlanket wmelt valuse in prieesry cirewmit
Initiel compoeitieon of blanket malt
Spasiiic core power bassed on nett core volume
Avprozimate neubron floxes:

{2} At core centra
in) At cors blankebt mombrane
{u) At outer veasel

CORR/BLANKET MEMBRANE  PIER

HHOD Mtk

BELD MY

OG0 MWLk

E’-&Q W

16,5 me

e 0O m%

b0, 5w

BO/60 mol% (PueliIC] 5/ Nall

57750 (A% 1)

e .}..O o
a0 m%
& m
/60 noldh Uﬂlﬁfmahl
B MW/
i 301 n/mm o
5 o 1O f mSom s
B 10t n/ omt s

Formed Trom double welled spherical ahell, outer wall forse
sembrane separatiog core and blaskel zalt, dnner wall separates
downward coel fuel salt flow frowm &@ntral upwar@ fLﬂM rmgﬁﬂﬁ*

hmm vnmﬁﬁzuﬂ?iwm for sgtifiness.

Cmteyr disseter (core Downdsey)
Toner disseter st flow separation
Thicknegs of motarisl

Matarial of conatrnetion -
Outlet Plow dmet  disseter b off
Talet flow fust  dismeter b off
tare drain ospbiel duet dismeter

L

7.0

Zoh m

ot mm
HMolwbdpman TEM

BO0 wm

BO0  w

00 mm



OUvER REACTOR VESSEL  PING

Nominal dimensions

Hedaht 6.5 m

Outer dismeter Tal m

Inner dismeter £.8 m

Pop flange diasmeter {ineluding support rim) 8.6 n

Aveident demign differentisl presgsure & bara

Vorking differsntial pressure (pominsl) 2 bars

Working temperature {(cocled by blanket salt internaliy) . 6500ﬂ

Material of construction Hagtslloy N or,
poasibly, stalnless gieed

Bhell thickness, noeminal 80 v

{Top plate fabricated and webbed)

*Fop flenge insulated and ascoled with incoming blenket sslt where necessary.

HEFLEGTOR  PLHS

Material -~ not fully spweilied Graphite blocks + dense metal
Heminal thickness adllowed Lom
Cooling Gool blepket saly
Working tempersiture (not calenlseted) o 7oote

SHIRLDING AND CATORMENT FUNNEL  PL6

Datails oot apeciiied

B



SALT PO BRLIUM HEAT EACHANGERS (IHX)

Mugmber of tube bundles

Boat itreansferred, emoh

Ba1t temperaturs inlet/outlet
Batt mess flow rete (sach)

Salt welvolty ducts/tubing
Halium teapearature inlet/outlet
Helium mass flow rate {sach)

T

Tk ing ID/00

o of tubes per bandls
Tube mpeoing, souare pitch
Length bare tubss {minimum)

{Heat tranzfer coefficient on helium side
enhenoed by 508 with roughening)

Mper hept iy
Hoat trensfer svea

AL end Tuel eyele, core parameters redused sccordimgly.

17 P

PINLO
Fuel Salt

PLE2G
Blankat Salt

by
1650
LOSC/E50
8250
10/8
i3 %/ 880
VT

o5
&/8
12,600

i5.1
5.4

1602
1620

1
au0*  MWth
B60/650 B0
QLoD Kgls

10/8.% wie
biss8on 90

hons  fulae
L2 AW
&/8 it
12600
13@& v
.9 m

a1 wfmma
1620 we




FU AND BLANKET SALT PRIMARY PUMPS

PLELL By
Fuel {Core) Blanket 8alt
Number of pumps & 4
Inlet salt temperature 650 gs0 Yo 5
Inlet galt density 3390 3580 Kgﬁ@'
Fiow rate {each pump) 2,85 0. 7% m'/n
Pressure riss 2290 OO R me
Homber of stages 2 £ q
Preasure rise/stage 1200 {say) 1200 EEfeT
Velscity increass acrnss ssch stage reguired A 27 wis,
Dalivery pressare {nowingl) £O00 EOR0 KN /me
Typical dimensiong for shaft speed of 2000 A0 rpm
Shaft dlameter 150 100
Cuter diameter of flow passage at inlet for 10 w/'s H20 AHH0 mm
Impelior throst diameter BOO A
Twpelliaor subter dismeier 580 BEO e
Cuter diameter of removable Flow pasmepe and impellor 650 %85 g
fmppedlor components

Delivery pine dizmeter for 8 m/m £70 LY A
Outer dlesmeter of puwp bareel casing GO0 EOD m
Punping powsy at 70% overall efficiency {each pump) N EL S -0 8 L
Total pumping power By 1.9

7.6 e

{ses Figure 8 for smit pressure distribution and balence with helium pressure}

THEL AND BLAMNKETD SALT HEADEE TAMES

PLL2 FiNz2
Fuel Salt Blanket Salt
Selt velume in baader tenk {(at melting point) i3 k] m%
Fapansion wvolume & v wy
Total interssl volume {(ineluding gae space) R G m
Four tanks sashi-
Height 4 3,5 m
Internal diameter 0,58 0,98 m
Wall thicknese &0 B0 g
Doesign pressire 5 5 Tbars



PLmiey

PLb,
PLiELS

Pifih2

Oore diump  velves 4 off effective bore
Mindmum Tlow area, 3 out of b valves
Cors selt disshurge time taking Cp as 0.5

{including dnventory in heet exchengers, pukps asd ducts)
Venturd effecte will be meed to reduce asctual diameters
of valves and ceontral core drain duct fo rednoe inventory
and heat genersied.

Blanket duwp valves ~ as core PLELY

Tusaible dimes in caze of resctor vesgsel or primery cirenit
groes Tallure b off wominal dismetar

Cuter dump tenk containment diamnstoer
nedght
, thicknesn (in 88)
Howinal agoident desipn differsntiel pressure
Meterial ¥aM lining, 56 outer with HaX cooling in beotween

Dump Tanke

i ey

Gopre Salt

G m
a9 W=
1k seconds

Oub m

B m

o i
0

5% hars

Blanket Salt

"Flow eestricetion sey be smployed to epread this heat capscity sver a

longer peyrigd.

.

P 40 L3
Buwher of dump tanie b® b
Internal diameter 1.186 .50 m
Overall heipht , ' .8 5.8
Effective splt height %o 7 L
Voluwee of sali iu each taok %55 Sl
Hoo of Hak U fubes in sach fank Sl g
Bize of U tubing, outeyr dismeter L4y hiz i
Tnner dlameber by b0 iy
Heat tranefer arestenk LR 28 W
Baterinl, tubing and tenk {lining?) - TIM
Pagle oope soli beat removal copditiene st
= L1 seconds siter loss of nommal coolingi
Maximun sall tesperatnre (with'thurmugh'miming) 1ok gc
HaX soelast inlet femparabnre 30 G
Bel oontant outlet tesperatyra TV ¢ T
Gverall heat trassfer ceeffivcient for sslt natural ‘ -
sonvection with aslt to fubes ot 4Hoeg 0.17% wfmmzﬂu
Beat flux {mesn) moross ¥ tubes 10%  wlewo
Totel heat transferrved {12 tonks) PO0 MWLR
Heat trausport is saistadn up to 4 = 115% seconds
with 170 B2 (total) reserve of cool Hak equivelent to TG WWth
Naturald clreviation heet transport from t o= 1156 to
o t=HSeeeends 300 M



. f susteining Cove Salt Heat Removal Conditions

Nak iniet tempersiure o0 Yo
Ha¥ outlet Lemperatore oo ¢
Mawimum melt temperaturs (with thoreugh miwing) o 800 S
Heat tramsfer sapeeity (totsl) 24 MWth
Heat trapsport with Nal naturel circulstion D MYLh
Heat transfer to stean in Mal-H-0 bellevs 200 MWtk
These conditions will apply for ¢ 2 351% seconds. Up to this

tdpe the sum of hest removal af bollers plus enthalpy rige

of fuel salt snd Nel will equal the delayed neutrom and

fiegion peeduet heating.

Na¥ U tube sebheaders in dump tanks are duplicsted, but totael

pambar of U tubes s not.

Kl pipewsri is duplicsted in sres as well ae in number of

pipes, i.e., f% Plow apd return pipes esmch 280 mm ID/330 mm OD.

Boilers and fen coolers are dupiicated ia numbers bubt heat

trannfer ares is not daplissbted. (ool Nsh vasgerve 15 not

duniionted.

Tous in the evant of s fallure of pard of the Nak or boiler

eireuits beat will otill be removed from s dump tapk bul as

ety hedf the reouired hest trangfer ares is avallable in the

dump bank and boiler some everhesting will ocear but can be

tolerated as an scoident econdition (Rel¥B0Y meorimmim salt

pemperature for 200 MW heat vemeval).

Mafinl,0 Boilers  PIN4G - 24 off

Heant tressfer/boilar Bode Mlth
Water/stesn temparaturs Lalwsapheric DTREBHLrE ) 106G o -
Tadiation sesp heat Plux (acrsse ineulabting air gap) I wiew
Surtaos srenbadlay Bty e
Wek tubing BRSFLVIY 2RS35 e

Water tubing IDSOD 25732

: o , . e . B . g

Mpmber of tubes at ¥ m leng/boller sach 0,315 o surfase srea 2580 o
Internsl boller cea for a/d = 1.0, 8quere pitch Bal ow
TSR boilew . 2.8/2,8% m
Ay Cooled Condenners PLEan  2hopff + % off siedlar PINLO?

i transderred to aly, onch B Mtk
ty 3 e vl
Burdves ares., sach ‘ 2600 ws
Water/gtens fivy {reloedty = 2 Bfe nabural olreulation), each 5.7 Kgds
Airr Flow for 5070 pige in temperature, eaoh 1 mo/e
Froptal ares 5.5 @ % 5.5 m each (or subdivided dnto T

Tl mhanderd)
Fan power, sach of 24%/totel for a13 dump oiroulls

{00 HRSLTRAO HR) B3/L300 ke

P £
tr



Parameters guoted for one ol foup recuperators

Beat transferrsd 1080 Ml th

Aelium flow (same for shell and tube mide) 132 Xa/s

No. of tubes 36,200

Tube mizes inner diameter 12 1
outer dismeter 1% mm

Tate pitoh {Square piteh ﬂ/ﬂ e 1,32 19 .8 Tos

Tabes flattened at inlet/butlet of shell side
to 4.5 mm outsr radius edges with 9.4 mm flats

Tube length 1.2 =
Tube bundle diameter A.22 m
Shell side Tube sids

Helium pressurs {nominal) 16 &2 hars

" preszure drop o A5 ol gaw$

" iplet/eutled temperature 473/188 136/41% ¥

Mo yelooity 63 32 m/gm

W hest transfer cosfficient® 0. 164 3 235% memd £
Overall heat transfer coefficient ‘ G.11 Wfﬂmeﬂﬁ
Temperature difference 58 Y

‘ r

Beat Flux 6.3 W/en®

Bifectivensas .83

o BBent tranafern.v..pressure. drop has. not. been opbtimised, relabively DOOT
neat transfer is used in thim case for low pressurs drop condltions to
shinin conservabive size. Higher pumping pressures could be optimised
agnirst saving on heat transfer ares.

B



166 and 187

Parameters guoisd for one of fTour upnits

Beat trensferred
Belium Tlow
Wo. of tubes (water flow inside tube)
Tuahe wize inner dianeter
suter diamster
Tahe piﬁéh { ﬂ/ﬁ P ?m33}
fabes srranged 12 agets of 22 ¥ 46 in annulap
‘ BrTeY .
Total length, divided into two sectlons to
zive water flow in parallel to reduce
water A p

Tpner fouter dismeter of tubing “anmulug™

Helium pressures

Felium presgure drop

Belium iniet/foutiet tomp.

Helium neminal velecolty

Helium beal transfer coefficlent

Dooling walsr {tube side)s

low
Tempsralurs imlet/ﬁutlat
Tube pressure drop

Water heat transfer coefficient

Overall hest tranafer coefficiant

LML

Hean Heat Flux

Hzat transler surface ares

Maximam cors slee of coolling water pipes
within pressurised arsa and at penstrations:
Donien pressure {external)

Material - carbon stesl

G

Fre~
Cooler

600
732
12,144
10

12.5
6.6

23’.6#4

1.5/2.84

18

0.5
188 /30
24
0.215

9.6
20 /35

Tntey
Coscler
3BC MWth
732 Hz/m
12, 144
10 WM
1245 by
16,6 e
2% 5.5 m

1.5/2.84 m

33.3 bars

0.% hars

126/ ‘o
16 mfﬁ

Q.23

6.0 mB/a

20/35 “a

2.8Y wPrecooler barm

25

0.19

52
9.8
6,100

280
bé

5 W /om0
1% W/ﬁmgﬂﬁ
38 “a
oo 2
{225 W/ o,
5,230 m-

280 1y
Gh bare



COOLING WATER SYSTEM FOR PREGOOLEER & INTERCOOLERS PLE 169

Tnlet water tempbraturae 2070
Dutlet water Temperabure 35”0
Matal heal removed from 211 precooclars and intsrcoolers 3920 My
PCY cooling 12 MW
Total c.we Tlow rate 62 .4 %m/w

Four sets of piping each consisting of two supply pipes
and pumos and two return pipes {mes Flow diag. Fig. 10} )

Outside building pipe bore 216 m
Inwide building pipes hore 1.5
Digtrivuter pipewnrk and hesders maX. =ife o 1.2 m bore.
Water velocity in pipework outeids building 2.1 m/m
" 1 " # inside Thullding , Ada mis
ol i L " in precooler and intersonler
tuhes 5o ld mfm

Overall CW pressure drop {for pipework shown on figures ,

and precooler ). : 450 Kﬁ/ﬁ&
65 mai
Overall OF pumping power for above conditions ab Bﬁ%*? 3% M

Net atation culpud 2500 Mie

Oore mad blanket salt punpling powsD 50 MWe
Remaining station losd including C.W. pumping and

avxliliary circuit heating to prevent salt fressing S50 MWe

2600 MWie
Transformer loss 0.5% : 13 Mde
SOross albernator ouipat 4 = 654 Mie 5T WWo
Hoohenicsl lomses in Tfﬁ‘mat and alternator losses 1m%% At BN
Tobal low pressurs turbine grows power 4 x 6863 MW 2652 HY
Cyole efficiency = LET Oroms power 40.8 %
JWwNwttwhww%winpu%wwmqmﬁre&wﬁﬂwgm@wturbiﬂ&wwym%&wwwwwwwwwwwwwmwwﬁﬁﬁﬁm‘Mwﬁhwwwwwwwwwm ------

Heat loss to POV finer | ‘ 12 MR
Allowance for gas by-passing B0 MWsh
Tetal heat transferred at IEE 4 = 1640 MW Ehbee  WHih
Huclear powsr allowing for 45 MW pumping lomses) 6517 MEth
Met station efficiency = Net Station Output 8.4 A

Totasl Nuclear Heat




BEELIUM PRRSSURES

Bee Tig. 7 oyole diggram for pressure distribution in helium eircuits,

Heliun flow 4 % 732 Kg/=
High pressure conpressor (HPC) dellvery

presgure 62,5 R
Reoupersior {tube side) dap Cutt hari
THX ("ghall® aide) D 1.32  hars
Duct losses (B.P. side) 0,37  bars
HoPo turbine inlet presaure 0.2 gz
HeP. turbine oultlet pressure 19.2 hars
Recupsrator (shell side) Ap 0.41 bars
Prgoanlanr Sy 2.52 hars
Puot losges. P sids Gu2T  hars
LPG inlsd pressurs 15.0 hars
LPD outlet pressure 330 bare
Duot lowpes. LPC « dntercoosler (a2 bara
ITnterconiar fHp and dust loma to HPO 0,19 bars
HPC inlet prassurs 32.7 bars

w5 e
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CORE DRAIN TANK  PLO 61 ~ 1 off

¥et storage volume 44 m3
Interasl diamebter G.2% m
Net hetszht for salt (allowing 80% of cus) 1,75 m
Dverall height 2.5 m

Hoat removal capacity, through Na¥ natural

girculation system in parallel with dump 300 MW
Hahk eooldng allowing Ffor % days decay in

dumyp tanks 1€ 211 nors sylt is drained.

Working pressure {(in case of mal oparatien

allowing helium over prassurs) 60  pars
Working temperature (bulk salt) wi rogo
ir i

vamsel walls cooled by NakK  650%0

Materials of construstion

Tegael Hagtelloy W
Cooling U tubes - Molybdenum or TZH

DLAMKET DRATN TANK  PLN 62 - 2 off as PLN A1

Tatal net storage volume for 2 tanks 88 m°
Legs beat removal capacity ls required Bay 5 MW

SPART DRATN TANK{S) PLN 63 1 or 2 off ar PLN 69

. There is room for twe spare drain tarks if required on the same .
- ievel and & further 5 repiacement tonks on the fleor above,

Fobt detallsd




HEoH PRESSUAL CLEAN HELTUM STORE  PLN 110

Mpas of helium te £ill resoctor wvauld gnd gas turbine plant at
working conditions of demperature and presgure = 1 te {apprax, )

Storage volumes at o090 and 138 bars (2000 psi) = 480 m” auy B0 mim

SBay 4 vessels. 20 n effactive length x 2.82 m ID each 129 mﬁ capacity
{Boom far &)

Thicknesa 28 mm outer diameter .38 m say 3.4 m Gulle

HIGH PREESSURE DIRTY OAS STORE  FLE 130

To receive active or contaminated gas from reactor vaulit, #as Hurblns
plant, header ond dump tanke in cazs of large leakage reaulring
immedinte pamping dowa te atmospheric prossure.

Assuming rapid pumping cul and loss of enthalpy egualling pumplng
BRerEY, l.2. gas anters atore at the same tempersture sz in working
sondition but compreseed to 138 bars pressure, required volume = 1250m”
nemingl value (subject to revision on auxiliary plant requiring any
wrgent pumping down e ‘

10 vemsels of size as Tor the H.P. Ulean Active Store allowed for.

o
Mean fempersture « 4807C max.

Material for FLN 130 and BLE 1303 Low alloy steel

5 T



OFF GAS SYSTEM

OPF gAn RECTRCULATTON LOOPS PLE 100

Ine,. Bubble gernsvators across mailn wmre/blamket pumps ~ not detzilsd.

Dalivery of off gases,via the dump tanks for preliminary cooling and
deposition of particulaten to short term delay bed.

2-R0Y BHORT TEEM GARBOTE FISSTON PRODUCT DELAY HED PLE 103

Total lengih of bed formed from B0 mm bore piping = 114,000 m

Wo units in parallel at 7% mm pitaeh - 66

No U ftubes in aari@a/unit &
Depth of lmmersion of U tubes 4 m
o Length of cach unit 170 W
Wite o sharccal adaorhent 110 te

LORG THRM GASEOUR WISITON PRODUCT STORE PLE 105

Storage required 1mj/ﬁ@ar at 60 bars
Aldow doubls storage space Tor glternate operabtion

fes 2 % 56 m oof 150 mi bors pipe

(Spmee in available Tor whole veactor 1ife atorage if required)

COOLING TAVK FOR 2 DAY DELAY BBD AND LONG TERM STORE PLN 104

Effactive langth 25 m
CWidth for sbhord term delay bed 2 om

Additional width svailable to accommodate long

 tarm store 1.6 m o

Hoat removal capacity eguivalent tm,}”¢(ﬁ hepting

‘ at 1 day AQ MW
cafter discharge (initial hesat will be removed in
dump tarnks)

PLH 406 Condennsr situated above tank bas 40 MW capacity
PLE 107 3 Pan coolers provided sach allowing operation
For limited time on two units as PIN SO . Removal 16,6 MW

" WeB, The sbove data Tor the off gas aystem are subieab
e
molten zalt is fully invegtigated, mome reduction may
he possible as net all fission products will be goaseous

or volatila,

[E—

w5l

iglon when Simasion product spectrum from Fu Am e



CHESTRESSED CONCRETE VESSEL PLNLLO

few Pig. 6 for debtails.

Height 35, 4
Dverall dismster 0
Cavity design pressure &
Cirewnferential loading for full design pressure in cracks 10,000
Cirewmfeorential prestressing - mubar of baads 30
Load/ hand 1O, 000
- phanpel dimsnajons: width e
dapth LY
Jongltundinad pregtressing: -
heactor oavity - No. of tendens AE
Load/ tendon 1000
Tandon BEx18
e Recoperator cavity - No. of tendons Pyl
Loadd/ tandon ?&Q
Tendon PER18
Proaconier/Iutereeoler savitiss - No. of tendonz {effective) 11
‘ Lowed/ tendon DB
Tandon 2818

Parbine machinery savities. local boriszontel and
hoop tendons will be provided.

K.B. Pigs 1 to # show civeunferentiel stressing channels incorrestly.

CONTATNMENT BUSIDING  PLNISO

For full belinm relesse frowm coolant oirsuit locisding

gas turbine plant, THY wolume, space around reactor and
fuwr tanks at respective working pressures and tewpersiured.
Tetel pressure of alr and heldum in gontainment asmamivg no
snerey loss = 120 bears sbove atmospheric pressure.

Tampera ture-e LOG,

Hedght of containsant e
Intarnel Slomeler 50
Demign didTerantiel plessury 1eH

Constracticn: selnforged or prestregaed congrete
possibly with inner gpteel linding snd
interepace for insulation and dsaling
with Jeaskage.

o 5

bars
tesm

el
]

i)
mm dia,

ta
we Adae.

La
e dia.

bars



REMOTE UANDLING FACILITIRS

Handlire Flask to teke all plant. PLNL8O

Apcepssibility from both sides.

=56

Height (internal) 20
internal clear diameter 9.2
¥all thickaess (3" steel) 75 i
Overall max. dismeber G.8 m
Welght APPTOK . IR0 Ly
Starage/Remote Maintensncs Aveas
Fop heat exchanger, powps, intercoclers or
precooiers, deain tankes. PLH182,
hecess hole dia, b m
Flan size (with PLN1B3) approx. Llxb.0 m
Depth 21.5
Apcassibility:y  One side snd above
Foy reouperabors or items above PINLAS
hovess bole : fia. BaBom
Depth ‘ SL.Eom
Aveespibility: One side and sbove
For resctor with THYX and pumps 4§ necessary. PINIS4
hocens hole dim. 9. om
Bepth 1h.5 m
Ancessibility: Two sides and above
For outer dump tank and contents PLN1SS -
identical te FLMLEA.
“”R@mm%W”h&wﬂlﬁug”fwrwfmmm”mﬁlﬂ”p@wpﬁrﬂkiwﬁwmuafwwww““””“WM““W““W”WW“”WWW““W”W”M“”M“WWW“N“M”“
eleanup, sall processing cells and helinm
slasmn plant, i.e., for PLEY2, 73, 80, 109,
155,
Gell space - plan ares 10wh.&8 m
dapril 21,5 m
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ATEM LIST FOR HELIUM COOLED 2500 Mie MNGTR WITH GAS TURDINE PLANT

Core

Gove/hlanket membrane
Blarket

Reactor vessel

Reflector {cooling not shown)

Reactor shielding and catchment fumnel.

fore salt/helium heat exchangers
(1HX} - & off.

Core salt pumps - 4 off

Core salt header tank

Bilanket saltieliuvm IHX - one off
with helium flow contrel.

Blanket salt pumps - 4 off

Blanket salt header tank

Fressure balance lines ~ header
tanks to dump tank goas space.

Core salt dump tanks

4 w 3 with interconnections

Blapket salt dump tanks

b % % with interconnections

tuter ump tapk contalnment

Core salt dump lines and valves- 4 sets
Hlanket salt dump Iines and

valves « 4 sets.

Catchment area and fusible discs

(4Y in case of primary salt

circuit leakage or failure

Nak U-~tubes for ccoling dump

tamks with duplicated headers

Cuter dump tank cooling NaK U tubes.
NaX cooling system pipework
{(duplicated) 2% flow, 24 retuvrn lines
jointly serving core and blanket dump
tank U tubes

NaK -~ water boilers with isolation
air gap - 24 off

Steam condenser goolers with air
blast fans - 24 off

Dump tank drain lines and pumps
Core salt drain tank - 1 off
Blanket salt drain tank - 2 off
Sypare drain tank - 1 or 2 off

Drain tank salt removal pumps

Fuel salt supply to core and
primary circult

RBlanket salt supply

New core and blanket salt helding
and metering tanks with heliom
syeppressure for pumping

New fuel and blanket salt preparation.
Clean up piant for fuel and blarket
salts

Fuel and blanket salt mejor pro-
cessing (for Pu separaticn and non-
volatile fission product separation
on or off site)

Plani list Numbers refer to all flgures, {low

100
101

102

103
1O

105
106

107
108

109
110
TN
112

15
120

150
131
135
140
150
151

152

160
161
162
1673
164
165
166
167
168
169
180

182
183

184

185
186

187

dimgram and parameter list

Off gescing loops

Separated off pases to dump tank

space for cooling.

Off goas line &nd pump to fission
product delay system.

2 day delay beds

Cooling tank for delay beds and long
term store.

Gagseonus fission product long term store.
Delay system headl removal isolating
steam condenser.

Delay system heat removal fan

driven CW cocley - 3 off

Gff gas pumping from delay beds to long
term store or return to salt head tanks
or ¢lesn helium store via clean up plant.
Off gas clean up plant

Clean helium store

Helium filling point

Helium coolant preasurs control

Fuel and blanket helium cover gas
pressure control

Dump tank pressurs relief to helium
ceoolant elycuit.

Dirty gas receiver

Dump tank cover gas blowdown to DGR
Coslant helium elesn up plant
Prestressed congrete vessel

Cuter containment building

Ay lock for plant access {removable
doors for very large plant)

Polar building crape -

Gas Turbine Plant (4 sets)

Figh pressura turbine, HPT

Low pressure turbine, LPT

Low pressure compressor, LPC

High preasure compressor, HPC

660 MWe alternator

Recuperator

Precooler

Interceoler

Bypass control system (tentative)
Cooling water system and pumps {ext.)
ghiclded handling flask for all plant
Sturage positions with remote
maintenance fecilities Forg-

Heat exchangers (LEX)}, pumps, inter-
coolers and precoolers, 2im deep
Recuperators, intercoclers, precoolers
or gmaller items

Reactor vessel and IXH/pumps complete
if necessary, 4.5m deep

Tupp tank complete assembly, -do-
Removable liner & blocks for access to
prestressing cables

Avcess passage for maintenmance of dump
valves and disconnection of dump lines
snd NaK coolant plpes.
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