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faslvn reactor configuratisn, have revealed & host of interesting :
‘ransfer prekiems. The gemern. requirementa imposed or the coolant i
wetear power cm the reactor nre ilscussed., 1n particular, the
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‘¥, We will cecrsider only the
D+ remcticn, where 85% of the
is in the form of 1%.1 ¥eV reu-
remaining 207 is ir the kinetic
rhe racvicles {f.e., helium

o= 1% of the fusicr pover carn be di-~ y
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CTR. est of the prin-
MTE are shewr in Fig,
rlasxa is confired by a
the plasca end eoll are '
dereting tlanket (labelled liquid
= figure! nnd magre:. shield, In—
rew deuterium and tritium fuel
to the plasma. The rlaame removal syster 18 not
showii. The blaniet ecclant is shown leaving the
vianket, ficwing through a heat exchenger and
+tritiuwm separatcr, and re-entering the blanket.

' For the -use shown, the hest exchanger crensfers
the keet input o a conventional steam cycle :
. plarnt. The bacic physies end reactor char- -
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R's nre descrived in more de-
ererces as i . L1 e 1.3,

rar
nore

netic Continen All MCTR's confine
*re roacting thermonu ar pi a within a
roetic bottle” produced specially shaped
ure three prin=

Isee Figs,
Theta-Pineh
the Tokamak

< rthese re
all di
T omist
zinetic eanrgy

wer sycle. To

inen, part o
+ “lanketi, The Lianket
moderator material

v functien, unigue
reneration of *ritium
rreferably exeerds
fusion reacticn., Trite
ry becnuse the radio-

i e signitficant
nt tritium

“hus, the
81

te in the

enctions.
tium-tearing mater
all. Potk rn N
fum, 1ithi
~ with energetic neu-
The reactions are

+ 4,78 Mev

. .
Fe = 2.L7 MeV

Tetle 1.2 - Trltium Breeding Reactions

ps the nost elegent corcept for a blrnket
gn is one employing molten lithium cr a
bearing fluid to perform all three blar-
netiens - reutron moderatlon, ccollng, and
vium breeding (os implied in Fig., 1.1). How-
ever, these electrically conducting fluids are
subjest te magnetohydrodyramic (MHD) effects
which complicate the design problem. Thete
molicaticns heve led to proposels for use of
4ther ccolants in MCTR's. 1In Section 7, we dis-
wvericus proposed blanket ccolenis end
some of their heat transfer problems which are
unique to the MUTA epplication.

Due to its proximity to the plcsma, and beceuse
of the relatively high fraction of fuslon energy
which can be depoaited ir the first wall reglon,
particularly durin, an’ ebnormal operating con=~
titio there roe scme especlally difficult

heat transfer and thermal-aydraulic design probe-
lems connected with the first wall., In aome
reactor designs, {t is prcposed to interpope a
firet wall glie.d between the plasma and the
blanket rirst wall in crder to .wlieve uome of
theoe problens. The heat transfer aspects of
several proposed first vall shields are dis-
cussed in Section 3,

Several definitisns wil® mid in understanding
Sections 2 und *.  The blanket first wall ip
+hat surface of the tlanket which ia nearest the
plasma, Hadiant cnergy trer the plasmu and the
energy 2. ary mpinging atoms or ions ure depoo-
ited on the first wail, TIn addition, scme mod-
eration of ik reutreons takes place in
the first wvall material resulting In internal
heut generaticn, Depending or blarket somposi-
tiol, the neurron energy depesition in *he blon-
reot falls more or less exponentinlly from
the rirst vutward. The tetnl internel heat
genernticn in the tlanket is usuully mere than
the teoval neutron vic energy becnuse of cxo-
thermic neu aupture reacticns. The average
mltiplicatien, M, ilg defined as
the ratic of the average energy generated ond
deposited in the tlanket per neutren to 1lL.1
MeV, (the neuvtron energy at birth).

El

The first wal! neutron lomding, AN, is defined

as the eurrent of fusior neutrons times 1.1
divided by the arva of the first wall, and 1is

»
usually expre 4 in units of ¥W/m". Although
this quartity {s usetful for compariscns cf dif-
ferent reacters, the hent tranefer designer must
renlize thot It does not refer to the thermal
lond on the {irst wall since most of the neu-
iroas peretratr to the blarket interior. (The
muantity har a pore direst relevance to the neu~
tron lamoge oblem end to the reactar econom-
izs.} Ancther jquentity vwhich is In common use
fg the 1ctal first wall loading, A., defined as
*he total -hermal pover of the vlanket divided
by the Cirst well area. This quantlty can be
d{fferent for wwo blankets having the same A:i

becnuse of different first wall rediation flux,
atem and lon impingement flux, and/or blanket

H.

1.6 _FPlagwa Production, Maintenance, and Removal.
Virtually all proposed precesses related to the

production, meintesance, anl removal of the fu-
sicn plasma invelve reat transfer. A primary
exumple of a methog of preducing and maintaining
sma is neutrel beam inleetion. Yeutral
beem injectors are proposei for use on all Mir-
rer veactors and most Tokameks, They will be
operated ccntinuously on Mirror reectors and on
sore "driven" Tokamaks, mnd intermittently on
self-gustaining or "ignited" Tokamaks. In gen-
nzal, a neutril bteam injector censiste of an ion
source, eceelerator, neutralizer, £ beanm direct
c~nvertos for the partiel recovery of the energy
~* pccelerated jons which are nect neutralized,
and a vecuum system to pump excess gas from the
ien sowrce. Some of the hent transfer problems
ef neutral beern injecters are discussed in 3ec-
<ion L.

‘Typlcal plasma removal ~oncepts for MCTR's in-
clude magnetic diveriors for Tokamaks, direct
ronvertors for Mirror machines, and gas ulankets
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- ‘iketa~Finck reactors, ({The gus Tlanket ree~
‘o n gat Jayer surrounding the Theta-lineh
e jurpose o nosoarting the plesan

; npd tranaperting 4 cul ef ke plostu
in additicn -
) Scme

T penic licet Transter,

ng —ncrr'l.» vperat
vse pagrets are subleet 10
~oninuction and radisticn, by s
nerration, and Yy eircirical di
Is tc noci e
Ziguid heliuwn o
Sore of ¢

DLASKEDT COQLANT Th:

reciier,
res required,

wror bor

ox pressures
noceptably

“he

es which the

an blanzet designor must concider in meking

~"\oaco of heat transTer scheme end ceolant:

cystel essures

ing pover to thermal power ravic

o, conmervative limits on structursl neterial
strers, ccrrosion and temperature

1Y cenvenient and efficient blanket redule
shape and coolant flow path geometry, ond
simple connecicrs fer rencte assembly and
Jdisrssembly

B amall ducting volume, rumber of Jeints and
welds, ete.

£} emse of tritiwp remova. from the coclant
and ducting

7) efficient, high temperature onergy conver-
ricn system.

All of thiese constraints nnd zpay more not
o cake the overell concept! desigr probe-
lem very complex. This complexity is well
ixIueirnted by two recent ccmporhilive studies
c. several rusion blanket deslgn concepts (2.1=
2] as well as by tre many specific concestual
desxgn studies tlready performed, several cf
whick will be referenced in later sections of
this review paper.

A fev of the posaidle ehclces for the energy
conversion syatem e illustrated in Fig, 2.1
(bascd on e figure fren Fef. 2,3). AS explaired
in Section ), lithiuz or o lithiux compound is
required ir ail eager ag the verkiile material
for Yreeding tritfux; this lithiu= will alus act
as one of the principal neutrorn noderators and
hence there will be sutstentiial internal heet
gereration. However, ir only a few cases ia the
fertile eateris) groposed to be used &s the
blanket coolant, In the next sectlon, we will
discuss the unigue magne effects vhich make
i1 difficul® tc design heat transfer systoms us-
ing these fertile rmaterials as primary coalants.

-
o

As alternatives tc using the fertile material
&5 the coolant, sysiemc using either heliur or
bolllng petassium mre suggested in the dlagram.
Either a conventioral stean poverplant or a bie
very boiling petnssiun-steawn powerplant or a
direct helium gns turtine powerpient is usuelly
propeged for generating the electrielty. It
seers, at first, surprising and diseppointing
that so exotlc an energy source as nuclear fu-
sion must protably use more or less conventional
thermal powerplants. Hewever, some direct gon-
version schemes for cenverting part of the plas-
ma energy are bteing :onsidered [2.4-2,6], and
some of the heat transfer problems of these di-
rect convertors will be discusved in Section L.
e posgibllities of direct energy conversion
tchemes are even more atiractive fer certain
ncre advaree? fuston reactions [2.5, 2.7},

In the fcllowing sectlons, we will treat firse
tte heAt wransfer problems wnique <o the elec-
“rleally conducting lijuids such as lithiur and
iite, and then toiling potassium and sodium,
nll of which exrerience sore cagretically in-
duced pressure irops. her. we vill consider the
hest transfer problems of cooling a fusicn re-
21y a comparison of the
celants will be given.

vericus blarzet o

Alkeil

er 531?5‘ '~‘c-=e represen‘atl\'e
Froperty n’a for iithium, sodium, and potassium,
ané the mclien selt, fiibe, ure listed in Table
2.1, For :lite, we have listed thc properties
for the jow melting roiri para-eutectic [2.3,
2.8], €75 LiF anl 337 Be!-‘z.

One of the unique problems encountered in the
attempt to use these elestrically conducting
liquids in MCTR blanXets is the effect of the
strong magnetic Tield on the heet transfer co~
efficiert and the pressure drop. These problems
have been reviewed in scme 2etall in veferences
such as 2.9 tr 2.1k; these references also cuon-
tadn very us 1l bidlicgraphies. .in this paper,
we will enly review some of the principal prob-
lems created by the magretic effects and then
point cut where further regeerch is required.

Wnen an elestrically conducting f2uid flows iztc
the tlenket regicn of & magnetically-confined
fusion reecter, it will enter a regicn of in-
tenae magne’ field. We will conslder stesdy=-
state or slowly varylng magnetic fields in this
discussion. (For information on some of tke
specinlized problems of rapldly changing mag-
netic fields enccuntered in the Theta-Pinch
reactor, the reader is referred to Ref. 2.15.)

v

!
d
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{teady-state rsagnetic fields can produce the
walloving MHD (magnetohydrodynamic) effects in
v fleving conducting fluid:

A wognetic field component transversae to
the fiow divection, By, creates eddy cur-

rends in the moviag fluid the plone per-
ular to the {luid velocity (Fig.
2.0 which produce o flattening cf the
velaciey rrofile in the we of the flov
D and can eve. ice velceity

5" near he we cascs
ed in Refs.
T ov shanrel wal
¢ 21d in good
e 3; field oo
cause eddy surrents Lo
tarcough the walls as Il
Thes2 ¢ddy curre
magne*ic field to a retardin
!is e
luld memsured
B oare of-
2ddy currents.
c' Trie ean also be
013 Ccaponent
iony 5] y iV the
ke Tlow directlen
~~mponent of the
Ny component
1l be generated as illustreted in Fig.
These cddy currents are often re-
o te as ".nd-locp” eddy currents ond
are anologous .. these genarated in eddy
current brakes or dampers, ‘fhey cause mn
ddivional net retarding ! x B body force
om she fluia,
e} n a coolant duct mekes a sharp bend in-
<1de the magnetlc field reglon, magneti-
¥ induced Plow separation can cceur,
o) 1 the transverse and parallel components

[

e magretic field ce eddy Currerte

“urbulent flows which tend to suppress

¢ riuié t'wrhuience.

a rimilar ranner, megnetic fields tend

‘uppross netural convesticrn across tue
field lines.

or E(l =lcng Lthe flow

3

a!

hv'.‘hCE, eve a
+ flow devel-

urd effect on the vur
ne lenghhs.
fegnetie fields mey have or i
effect ¢n rucleete and bulk b
ducting liquids in some cnse:
) Finally, the sctuel flow path mey enccunter
scrbired By and 3 | field components which
raticlly along the flow d'rection in
45 tc cause cocrEplex combinations
the atove effects.

Toant
ing of con-

L)

serves vo illustrete the variety angd
-f the cagnetic fieid eitects which

may be important in a particular deaign., To
date, experiments have veritied the existence
of eagentinlly &l of these effects, but quan-
titut Lve desi information is very incomplete.

Jefore ligting wome of the gpeclfic aread where
fu-.her pegeareh is vequired, examples of two
of the importunt magnetlc effects where reuson-
otae oxperimental verificoticn exists will be
reviewed., W wid! consizer ihe simplified cit-
uaticn of ates icw in constant ares dueis in
ragnetiec rlelds. These are:
Example )Y pifect of turbulence suppression
Ly u pure 3| or Bl fielé component

(Teem (1) atove’ on the heat trang-
rer ccefficlent,

Exarple 2)  Ffrect of a uniferm 8, or E” rield
cenmponent on the preszcure drop
(Ttems (a) ani (t! above).

.xperlnentnl evide
a strong B| field cas corpletely sug px'cas the
riufd turbulerce provided the ficld strength ic
atove a eritieal value given by:

Re(D)
}l(n) >T

vhere Hy (a) ~ a SL E= trensverse Hertmann

rumber, A is the pipe vadius {or the half-helght
~f a rectangular duct in the B) direciion), v tne

fluid electricel nonduc'iv‘,t:/ end u the fluid
viscosity, lulues of K 4-1 renging from about J67

to 500 have been propcsed derending on the aspect
retio of the .rict croes-section nnd to some ex-
tent, the exrerimental conditions. For nearly
square duets and for rcund pipea, the most widely
quoted values cf K, seem to lie between 300

(2,14} ana 500 f2.76].

For o highly electrically conducting fivid such
e8a liquid lithium flowing in o 2-cm diameter duct
across a l0-tesla field, K, is elmos: 10,000,

This implies full turbulepce suppression ({.e.
full magnetie laminarizetiorn} in MCTR epplice-
tions.

Even for & slightly elecirically conducting fluid
such as filibe, ihe transverse Nartmenn number,
Hy, i8 on the order of 4G to 50 Tor typical flow
condivions ir a1 10-tesla Tield. Comsequently,
the flow would be magsetically lapinarized up to
Reynolds ru=bers of at lemst 300 x LC = 1.2 x 10
for these condltions, end we see that even flibe
canr exgerience full surbulence suppression in
strong enough transverse cegnetie rields.

For the caese of a B field, the experimental
results [2,19, 2,20] are less complete &S illus-
trated by Fig. 2.5. (Adgitional experimental
results gre presented in Refs. 2.lle and 2.14,)
§ince parallel Hartmann mumbers, H|, (defined in
an analogous manrer to Hl) over 10,000 can be
encountered in fusion resctors using the licuid
elkali mezel coolants, e substantiel extrapola-
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tion of tie nvailable dmtu is required, az illus-
trated In ¥ig, .S, Fer high !!“. the cstimotes

at the ruxicum tur-
in a rarallel field

L0 2,14 are t

about »0 when H)) > 100.  liovever,

nigh stlues of l:.“, the wuytulevce
e of the
Lol Throw nore de-

I effect on the heat

In the 2 ing

lants in the
can be re-
ic

par=ial rurlulence
cn the lusselt

Jussedl number data
] eguation:
= 2) end where

erimertal fur vl
£ oreand tutes over o range

B .
s rumters fror £ x 107 o alewt 207
onr number., :-5] (2) af 190 and 270.

14
¥hile tie equations for lu, and Hum fit the

rirmants] 2ata vell, adiditional exper-

limieed

range.

crrulence suppressicn can also have an ef-

. the fricticn coerficient und hence on the
secure drop.  However, this is usually of sec—
cndary imvartance in fusion reactor situaticns,
where one or more of the effects in Items (a)
thouch urually dorpinates. This will be dis-
ruiscel in the next sectien.

ixample (2}: Magnetic Fressure Drops. A trans-

vorse meenetic feld, B, results in o pressure

gradient given by the following approximete equa-
tion [2.9]:

2

2 2 tanh
S e I ¥ e
v Wi ¥ peo * R - wen A - 3+ TT

vhere K; is o coefficient (on the order of unity)

wnich depends on the duct cross-section geometry
ns well as on C and H) {2.23], 7The first term

on the righkt-heri side represents the ordinary
frictional pressure gradient fcr the particular
Juct cross~secticn, The second and third terms
acecunt in on opprexicete wuy for tle steepening
of the velecity profile at the wall due to Effect
(a) listed at ile beginring of this section, The
lagt term acccunts fer the addi¢<ional pressure
gradient caused by the ragnetic body forces due
to electrically conducting duet walis, Effect (b).

g
AR
The wall cenductance ratlec ¢ = —=—==
c de * vhere a9, is

the wall electrical cornducsivity and & is the
erfuctive wall thickness. v

For the usunl high *ransverse Hartmanr numbers
of highly electrically conducting fluids such as
liguid mlkali metals in MCTR conceptual designs,
the last term deminates even for the minimum con-
~eivable values of € of abour 0.C1 for very thi-
ccnducting walls. Onlr if some way is found to
produce electrically insulating walls or ccatings
which are ccmpatible with the coclant and can
aurvive the intense peutron borbardment for a
sufficient length of +ime, will the >ther terms
tevome dominunt. For typical liquid alkalil metal
flows, the pressure drops caused by the megnetic
body forces can be three te six crders of ragni-
tude nigher than the ordinary frictionel pressure
drops (2.9).

These dramaticelly large magnetic pressure drops
can either result in excessive pumping power re-
Qufrements or in excessive duct wall stresses near
the flow inlets or both [2.9, 2.11, 2,13], depend=
ing on the detailed lov pathc and mognetic field
variations of a speelfic design.

The cagnetic pressure drop in round tubes with
electrically insulating walls has been well ver-
ified for the unifcrm B| rleld case (2.9, 2.11,

2.16-2.18]. The efrect of electrically conduct-
irg tube wvalls hes elso been confirmed recently
a5 shown in Fig. 2.¢ from Ref. 2.23, and inecon-
sistencies in earlier experinents have been clar-
ified in that rererence.

For the case of o slightly electricaliy conduct-
ing fluid such as flibe, the maximum H Za) would

probebly not exceed 5¢ for B; as high as 10 tesla

and the duct half-height, a, on the order of a
fev centimeters. However, the wall conductence
ratios, C, are very much larger than unity for
flibe due to its low electrical conductivity com=
pared to most metsliic wall meterials proposed,
In spite of this high value of ¢, the low valuc
of My for rlidbe normully results in quite small

magretic effects on the pressure drop in current
MCTR conceptusl designs [2.13].

In uharp ccntrest to the case of a uniform B.L

[ERIREPS
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fiell, a purely longltudinel magnetic field
alirned parellel to the flow directien, B”. will

induce ne eddy currents as lopg aa B I' the flow

channel area, end the velceity prefile de not
chunge in the tlow directlon. Consequently,
there will be no magnetic bedy forces to cause
alditicnal large presoure drcps even for liguid
ﬁe‘-xi... in fact, as discussed in the preceding
seztion, the ‘urbulence suppression due to E!“

will zerd te laminarize m turbulent flow, and
he e reduce the fricticnal preasure drop some-
at. <The exact value of the friction factor in
< ease wouls deperd on tl. velecity
8 the Jegree of surbulence sy
1e, for strong twrbulence sup:
'ile wouid undergo a gradual

e ordinary turbuleat veloeitry
minar velecity proile {r suf

We mey summarize the preceding discussion re-

garding the two coolants, lithium and rlide:

a}  Liguid lizhiu~ (and cother liquid alkali
motals a5 well) will probebly experience
full magnetic turbulence suppression along

ci pertien of the flow poth in the MCTR

;\uxcanons. This will lower the heat:

coefricients to the laminar volues.
¢, due to its low eleciricnl condueii-
rrobably only experience full mag-
urkulence supprescion in regicns of
transverse magnetie lields., In
ustences, lite hms an exceeling-

; voor (loniner) heat transier coeflficient

lcw thermal cenductivity,

virtue of its lew eleotrieal

¥, Ilibe should not experience

megnetic pr ure drop.

1 cther liquid metals) may =x-

magnetic presc.ure gradients throe

s of magnituze higher thar ihe

frictional rressure gradients.

‘ms c:‘e&‘ns a difficult thermal-hydraulic

problem with rogard to duct wall

resges or pumping power required or both.

2.3 Discussion of Research Problem srees for
Flec’nr‘sllx Conducting Coclants, These twc
mple3 serve to illustrate some of the impor-
rmal-hyéraulic effects cf m. metic fields
20l1ly condueting fluids in ratper ide-
i In ectusel corceptusl desiga
to date nsing lithium as e pri-
t, the flow paths tend to encounter
1y varying By and %|; rield components as

well zs varying duct cross-sectional areas. Fig-
ure 2.7 illustrates m portion of the University
of Wisconsin conceptual design for their UWMAK-I
toroidal fusion reactor [2.24), while Fig. 2.Ba
and b illustrate the fl w turnaround region in

o lewvrence Livermore Leboratory mirror fusion
reector design study [2.25]. Fig. 2.9 shows &
~osc-section of the moduls in the Culham taroi-
dal reactor design [2.26). Each of thegse parti-
cular ooneeptval designg exhibits some unique
troblems related to the ragnetic effects on the
liquid lithium coolant.

Ir. <he case of the Princeton reference tckamak
design [2.27], flibe is used es an "auxiliary”
interael heet transfer fluid inside the blanket
regio~, as well as the fertile meterlsl for trit-

ium breeding. (Helium 13 used as the primary
heat removal fluld.) A crcss-scctlon of the flow
paths in thie deaign is showm in Fig. 2.10. The
interested render ip referred to the full reporis
for more detalls.

Detailed conceptual design studliea asuch as these
have served to identify importmnt prodlems with
the use of *hese coolants and to point out areas
where design i{nformation ic lecking. FPollowing
15 a 1list of some of the key arcas where addi-

tional research on magnetic effects due to both
uniform .nd nonniiform Ry end Bl[ angnetic flela

components is required:

a)  Study of the effoct on the hydraulir and
thermal development lengtlts of representa=-
tive magnetic fieid variat >ns nlong the flow
path, and the resulting offects on the lccal
and average heat transfer coefficlents and
gressure g.adients.

b)  Addirional cxperiments or the efrects of very
high magretic interactions on both end luog
and Hartmane type eddy currents and the
repulting effects on the local neat transfer
coefficients nnd pressure gradients.

e) Tne effect on local heat tranofer cceffi=-
clents mnd presgure drops under conditions
where ragnetically induced sepmration in
stralght ducts, bends nnd turnarsunds is
likely to oeccur.

@} Effeet of combined end-loop type eddy cur-
rents ond lLartmenn type eddy currentc on
heat <ransfer coefficients and pressure gra=-
dients.

e} More exact deterrination of the values of
the K; and K” in the »cnges of Re, Pr, H,
H”, C and duet cress-gsestion shapes of
interest tc MCTR applicatlons.

f) Transient therrmal-hydranilc behavior {e.g.,
during stort-up, shutdown, or emergency cool-
ing conditions} of electrically conducting
fluids in MCTR fusion reactor geometries end
operating conditions.

&) Effects .f megnetic pressure drogs on the
performance of high temperature heat pipes.
In Ref. 0,28, Werrer prorosed an advanced
modular blanket concept utilizing heat pipes.
Sirce the working fluid in the heat pipes
vill te & liquid metal such as potassium or
sodium, there will be magnetle pressure
drops in the liquid flow in the wick strue-
ture. Predictions of these magnetic pres-
sure drops in Ref. 2.29 need to be verified
experimentally {ore such reseurch program
is now under wny at the Lawrence Livermore
Laboratory).

The above list should serve to point out that
many of the above problem areas are unfortunately
quite design dependent. It will require great
ingenuiry to devise experiments of broad appli-
cobility, and to develop simple enough semi-
empirical equations wnd/or graphical presenta-~
tions of the results to bte wseful in design work.

The detalle@ MCTIR conceptual design studies per-
formed tc date indicate that it ia very diffiecult
to ule lithium or flibe as primary ccolents.
Because of the difficulties, many workers in this
field have looked intn elternetive coolant pos-~
sibilities. BSome of these eltermative coolants
will b diecussed in the next twe sections.
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g.4 Boiling Liguld Metal Coolentc. It has been
sed o use boiling llguid metwls as the

at remova; fluid in MOTR designs to
avideve teth improved heat transfer and substan-
tind reducticns ir the magnetic precsure drops.
sual Jdeslpn study of a fusicrn rewotor
using Yoiling potassiur has ulready been
8, J.3L§; » crcas-section ¢f the pro-

i wnoin Fig. DP.11. In this

is vsed es the internal hest
well ue the fertile naterial};
sireulates by internal MET pumps {2.3C,
lirg perasslum derves to remove the

um pertic

bulx teiling
Tlow In e bulr bolling

Tiux.

. reackes absut £°7, the
cenductivity of the two-phnse
negligitl

¢y oan Aannaiar film,
ress magretic
@ eidy currents ‘u
in certai. circumstances,

' knovledge, cnly one experimer
TRl to ipvestignte the
cn bolling 1liguild metnls
* involved a verticol tube of
iJdal magnet such that the
ul “ucleate bo.ling was pr
the tube, such that the bub-
izuid across the field lines

at the rucleation sites. 3Jnce ‘he
ied upward paral-
rizid.  Magnetic Melds ms high ac
in these experiments. The results
ttle or no effeet o these strong

;

AZditional experiments yhould be run under forced
b nucleate bolling conditions at vari-
tations to the gravity field to check

1 boiling results. In additvion, exper~
iments in the bulk bolling regime are probably
varranted, particule.ly to see if taere arc any
megne<iz effucts on the ~vitical heat flux.

Sagecus Heliuen Coolant. OF all the possible
gaseous coolants, helium 1o the only one which
has bern considered In detalled MCTR conceptual
derign ctudies to date. This initial cholce has
undoubtedly been strongly influenced by the HIGR
(high temperature gas-cooled fission reactor)
experivree. Leliu= has sorme well known advan-

teges, {ncluding high heat transfer coefficients,
negligible nuclear activation, chemieal inert-
nese, and it is completely wnaffested by magnetic
fields at the vemperatures of current intereat
{on the order of 900-1200 k).

Prom a general point cf view, heliur tas few, if
any, heat transfer problems which are urique to
the fslon reactor applicaticn. However, the
propoaed {*ow path geometries in specific fueion
reactor conceptuel designs are generally more
complicated than in HTGF's, end the internal heat
gcneration in the blanket ls mueh more nonuniform.

Even ignering the complirations of specific de-
oigns, parazmetric studies swch e those of Refs.
2.35 to 2,37 indieare thot trere are quite severe
2imitations on the tube lengths and diemeters
which can e used if gesd heat trensfer with
reazonable tube wall temperaturas and strespes,
a9 well as reasonable helium mreapures, pressure
dreps ard pumpling pewer ere o be achieved, par-~
ticularly in the first wall regiorn facing the
p.asma. Fig. 2.12 iliustrates gome of these con-
straints for a reacter first wall made up of a
sinple array of parallel tubes [2,36]. The
1imi* on the maximum allowable stress fixes an
upper limit of about 2,5 cm cn the tuve diameter
for this exawple. A paxirum alicwable tube wall
vemperature deternines the minimum perrissible
tube lengths for each tube diareter for B ppeci-
€42 bulk temperature rise. Finelly, a maximum
allowable ratio of pumping power to thermal power
determines the maximum pernissible tube lengths
for each tubte dimmeter. These three constraints
define the "permlssible region" of Fig. 2.12,

Specifie MCJR conceptuml design studies have re-
venlei additionel heat-transi.r-related preblems
with helium which are rprimarily related to the
size of the Inlet and ocutlet ducting required and
+he mmter of trbe Joints and welds required.
These problems are {llustrated in Tsble 2.2 baged
on iala taken froz Ref, 2.1. Shevn are some
estimntes cf the number of joints, length of
welded sear and mean time betveen lemks for two
ORuL (Oek Ridge Hoticnel Laboretory) desigms, the
first that of Ref, 2,31 cccled bty boiling potas-
sium: and the second an enrlier design cooled by
helium [2,37]. The estimates indicate that the
he'‘rm-cooled desigr has less than one fifth the
rean time between leaks cf the bciling poimssium
cooled design. In aidition, ix these deeigns,
the heliur requires about ten times the flow
passnge area and mbout seven timzs the pumping
power. However, these values are highly design-
dependen:, and inproved kellum designs are un-
deubtedly poseible.

Another iype of hemt-transfer preble. with helium
is relzted to the specific geczetry of the blan~
ket modules or segments selected. Figure 2.13
shows the complex tubing geometry used in a ver-
sion of the Culhem design of Fix. 2.3 which em-
ploys helium es the primary coolant in place of
Zithtwa {2,38].

1 simpler helium flow paths ere desir.d in rel-
atively small modules, the lithiwm acd ctrer
blunket materials may have to be canned, Figure
2.1k from the Lawrence Livermore Latoratory mir-
ror fusion-fission hybrid design study [2.39] had
a down flow of helium around the outer annular
region, a turn-arcund reglon containing clad
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1i<hium compaunds and ather fertile and flonile
muterials. However, this simple Clow path re-
sulted In toer heat transfer coefficients in the
aritienl first well regicn, and sorme redesign of
m flow yath in this regien would proba-
he necessery. DJue to the possipility or

ow separations and recirculatien near the urit-
ical first wall region, experimental ver?fleation
of ke estima*ed Teat transfer ceetficients for

e particular geozetry chosen wauld bte impera-

er possible helium flow paths and medulariza-
concapta Tor torcidal reactcrs are illus-
aved in Figs. 2,10, 2,15, and 2.1t from the
zonceptual design atudles ir Refs, 2.27, 2.L0,
Y, respectively. Reference 2,42 discusaes
of the 2irficult mroblems of module design
cuse of ugsembly and dirassemtly tor a mug-
t2tic mirrer reactor. The reoder is referred to
“ egze referances for more details.

er Tescitle Coolanis. In siddlitien o

osed In the Jetujled MNCTR con-
udies perforxea tc 2ate, o fow
tiea have teen menticned in t

e
zing

paper [C.i2] proposed
ioeding {as much as 30% vy

= axide ¢ust 2 the coolant

wm breeder (f.e. the fertile materiall,
cnrert was rrepcsed irn uh uttempl to cim-
che tritium removal protlen am?

steady thermal-
of this y7e of swe-phege fiow
wurns and jossibly even sharp
ar, dust collection in stag-
nnticu regiorg, olirker formation end the probe
ve o be investigated.

sueh BS urpen, neon, cars
sc th are sdditlcnel possi-
sugh cley mare uct congidered prire

Conmzarisen of Coolants., As a flrst ster,
eat transrer co=fflecierts cf the most prom=
cyolents -an te comparel. Fiaure 2.17

. heet tranafer parare-
ter, fu x ter several important ixiting cases
as a funztica of Reynolds nurber [2,1G]. This
figure graphically Jdemonstrates the very detri-
pental effect thet full magnetic leminarization
would have or fiibe and to a lesser extent on

wa if cpevatlon 2t moderste to high Reyncids
were pequired. However, the figure is

t rmisleading if ope tries to use it to
mexe 2 direct compurison ameng the various cocl-
ents, since each coclent would be used at a 1if-
ferent Reynolds numter.

Cne of the mogt {nteresting and revealing c‘udies
to late waich compares the heet ‘ransfer and
therml-hydraulic aspeets of the most promising
MCTR coclants ik @ self-consistent manner is that
of bef. 7,13. One of the two "refsrence designs”
used in that reference 1o make the comperisor,
the tubuar or ducted design, is shown {n Fig.
2.1&. The authors chose the comior reference
ecndiziocs shown in Table 2.3 and then calculated
the velocities, heat transfer coefficients,
pressure drops and pumping pover requirements for
each caolant es e function of the totml wall

L P V0 P I S e R e R,

loading, ""T’ (defined ln Section 1),

Typical Reynolds nusbers and sransverce Kartmann
numbers for the varicus coolan%s are listed in
7able 2.3 as well as the pertinent resultn for
the reactor thertanl-hydraulic performance for o

total wall losdlng of 1 MK/m'. It is asoumed in
Ref. 2.13 trat 30% of this tlermal pover is ab-
sorbed by the coclant flowirg in the uryay of
round tubes whick rakes up the firet wall of
this hypothetical reactor. 1t should bte clear
that this highly clwmpilfird coolant gecmetry is
only useful for the purpoae of comparing poten=
tial coolunts and is not intended to represent a
real "design”. As pointed out in Ref. 2.13, a
goosi desigrner my bLe able to minimize or elimi-
nate entirely meny of the problums revealed by
this compariacn.

The regultant pressure drops are shown in Fig.
2,19 for the entire spectrum of wmnll londings

2
studied, For i, = ! Mv/2”. the puiping pover
ration were given In Ref. 2.13 ee 5.5%7, 1% and
2% for liquid lithium, boilirg sodium and beil-
ing petassium, respeetively. For the toiling
coolants, these relatively large pumping povers
are due in part 0 the fact thar the coolants
flov across ke strcng magnetic fields (10 T) as
liquida for several meters before leginning to
boil and i{n part tc the high velocity and low
denaity of the vapor.

It should be noted that if cne is able to use
rreheating of *he sodiwm or potassium befsre it
enters the magnetic field region, it sheu d be
rossible to grently reduce the magretic pressure
drops (cr even eilrinute “hem by preheating t a
vold fraction of about 5% or more before enter-
ing the rmagunetis fields).

The corresponding heat tranafer parameters are
shown in Fig. 2.57 as a funeticr of the tctal
wall doading {fres 2.4 for the specific
nurmerical zonditicns of the study ef Ref, 2.13).
This figure reveals trat even I the libe flow
were in the .wdimarv turbulent flov reglme, it
apparently weuld have rmuch lover hent transfer
coefficlents then lithiu~ or helium for a given
vell loading. The authors of Ref. 2,13 poin: out
thot the fiite velocitles could be incressed
substantially withoutr Incurring excecssive pres-
sure drops. Thisg right improve the heat trans-
fer coefficlents If the flibe is net fully lemi-
narized by the magne:ic ields. ‘lowever, then
eleetrolytic corroslen might becore uracceptable
when the induced voltage exceeds about 1 volt
(tased on the date of Ref. 2.8).

The recent comparative study [2.1] of several
different MCTR cunceptuel designs cmploying sev-
erel different coolants goes well beyond the
linited scope of comparing thermal-hydraulle
cipabilities, The author las atteapted the much
more ambitious task of comparing how the designs
meet all the various MCTR constraints. The
author has made a good beginning, and Lis report
should be reguired reeding for anyone irtending
to work in this rield. His study revesle the
eaormity of some of the problems related to trit-
ium holdup and separaticn, dueting volume, Joints
snd welds required, relinbili‘y and maintensnce,
all of which are strongly coupled to the choice
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e? :eelaorr ond the detailed decign of the heat
removal and energy cornversion syetem,

Other crucinl tlanket hest trancfer rioblem mreas

rentioned in Ref. .1 which heve received scant

adtentivn 1o Jdote include:

13 transient stariup end shoitdevn oooling

~) plasma dusp %0 the Ciret wa)i

afiertent and crergercy tleanker cocling

L) coclant leonknge letecticn and purtjel shut-
Jown of one oy more medules.

SECTION 3., _FIPST WALL SHIELDE

2., Tntroduction,
it i¢ proposed

In several reactor designs,
terposc :‘irst '-m“ ariels

. the !‘irs'. Hn]].
gne of :’ari:us Pirst wall
siderally. Irn this

w5 the “eat trans-
wall shields
b b

m., ign ):""\b] Em,

t reBoler 3.1, und the vuser-
chiels of the mirrer PERF
eering Research Facility) [3,3].

Jhe carton curtain
e radintlicn

in tckamek plasmaz, ions with
ster, such as reutren-spultered
wall ators, will diffure inward end great-
he ralletiocn loss ccmparced to that
" plagme, It is cleaY thav lower I
C, 0, &1, ete.) have u mueh

¢t on plaszu perrirgance tharn
21ie atems, The UWMAK-II carben
flexitle, we-z.incnsi 11y woven
plnced betweern b lasze und the

¢ first wall, v is :med that thi:s
sth wil) intercept practically all ifcns and
ral atems learing fron the plesme and prevent
llc ions which emenate from the first wall
tering the plasma.

e :nr or curtain is to be ccclod bty thermal

arove oh ‘he vapor pressurs of carbor would
oxered maximm allovable background rpressure
in ‘ie plocra chamber.  In the UWMAK-TI desigv:,

tizmated 10 ¥/om” heat lcud an the curtain
tn a 560° ! curtain temperature for a
wall tepperature of ¢03° C and an effect-
{csivity of unity (not D.% as staoted in
1. .cr the sesie emissivity erd first
vnh ienperature, the maximum allowable temper-
aturc ¢f 2000° ¢ would be reached with u heat

flux of 15C W/cmz.

UWMAK-III Spectrun Shifrer. In the UWKMiK-
design [3.2], the first wmil is
seperated from the plasma by a thick carbon
shieid which may be made of three-dimensicnally
woven carbon clotn. This shield has the same
advaringes os the two-~dimensionel carbon curtain,
pbut in sddition, softens the incident neutron
spectrum, resulting in reduced gus production
and pLom displacerent rates in the first wall

and blanket. It 1r estimated that the spectrunm
shifter will extend the 2ife of the first wall
in UWMAK-III by a factor rf 5.

The heat lemd .a ttlrs shield 15 greater than that
for the carben curtain because of significant
revtron heating. Hovever, it is presently pro-
posed to paspively cool the spectrum shifter in
the same manrer ne the carben curtain =-- by
thermsl rediation to the first wall. An altes-
native proposal t: atvtach the specirum shifter
to the first wall with heat pipes s being in-
vestigated [3,4], If the heat pipes use nn
electricaily conducting fluid, the s will be sub-
Jecr to the effects discussed in Sections 2.2 and
2.3.

oL FERF First Well Shleld. Tre mirror FRRF
iPuncn Fnglneering Nescerch Facility) (3.3} is
a small nen-power-producing mirrer reactor pro-
peosed for testing enc evaluating the raterials
oand ecomponents which will te used ir early fusion
reactors. It e Jdesigned tc produce a His..

1.1 Me¥ revtron flux (> 10" neutron/ezZ/e)
over an eree large encugh tc accormodate ergi-
neering-scule tegst specimenc (several square
meters), Because of the s=allness of this reac—
tor, a consdlerable fraction of the injected
neutral beem power I8 lost tc the first wall in
the form of energetic injected neutrals which
penetrate through the plasma es well as other
energetic neutrels resulting froc charge exchange
ecollisions between inject neutralR end plasme
iors. Anelysis predicis thet the peak (and aver-
age) pover flux of eiergetir neutral atoms to the

first wall of FERF will te 3.3 kM/en® (nnd

1.3 kW/en®) with o plasma present {a< at the
— 2

bYeginaing »f wuildup), and 79C W/er® (ant

210 W/es?) ip steady state. It should be noted
that inrger cirror reactors will heve very rcuch
laver stee state 1eLiral atom power fluxes,
although they may have transient power Iluxes
similar tc FERF. This difference opens up pddi-
tional possibilities for the sclution of the heat
transfer problems.

In order to headle the high power fluxes for
FERF, it {8 prcposed tc use a fi-at vall shield
consigting ¢f an .ray of tiin-walled tubes
carrying high velocity water in the nen~boiling
or subcooled nucleete boiling regime. Such e
shield would heve very little effect on the
1k.1 MeV neutrors, and thus would not invelidate
the testing of materisls and componentsa behind
the shielcd.

A thermal-hydraulic analysls of such a first

wall shield {3.59] nms indicnted +that:

a) With the use of a high~temperature alloy
such @3 Tc-10W, heat flux capabllities as

high as 3.3 kw/cm2 seem entirely feasible
in 1 mpeter long tuhular well sections {using
tuhes vith an inner digmeter of 10 == and
wall thickness of 0.5 mm) witih = structural
safety factor of L.0. The predicted per-
formance of these tubes for various heat
fluxes is shown in Fig, 3.1,

) The pumping power requirexents are reason-
able for an early exparimental fusion ma-
chine even in the non-hoiling flow regime
(less then 1 MW per square metre of first

S
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wall ares exposed to the high cnergy Mux).

e TLewep Tiow rates and pumping povers are
required e subrooied nueleate boiling
regite (pusping pewer as ruch as an crder
of ude lover), wever, uncertaintics
in the ‘rical equuticns uged %o model the
suteoolct bciling veginme at these high caso
flov rates wnd high heat fluxes, particu=-
larly ric pressure gradient equotious, indi-
cate cihat rome experimertal verificotion of
these 2tions would be necessary tefore
using the ults in uezien,

d4)  Fven highey neat rlvx copabilities are

ble witr lower strucdtu .l safety fac-

For example, {ff the satety factuv can

L0 te 2.5, t axizor

: long tule o

flux en the

To describe the ueat transrer

1y e Ay categorite ragretienlly
W0 W bro@e extrenmes:

1lusmag thul are - eiatively
fined" [L.1].

tras thot are relatively Mwell
Au'egor e(.\us rasal ncu that
B ope.

"\r ruy be, ..here
aniling energy in-
tern as
efied tc gro=

of intercs'ing nes® transfer

isr ssing relatively "pcorly con-
yrified by Mirrcr maciinea, it
.‘m!, there is jrvolved a large arount
culating pever; this powver, in fact, ray be
e or rore times the useful reactor power ~ut-
*c the electrical grid (see Fig.

a1 from ideal situetien arises be-
Mirror machines baced on the cur-~

T mirror cenfinecent phycics s ap-~
spivy [L.6]. The definition of § ia:

rmonuclear Pover
r.lected Fower

Tue thermonucicar power is deriven Irom the D-T
fusion reanction yieiding 14,1 MeY% reutrons and
3.0 MeV elpha pariicles ac was indicated jn Teble
2.1, The mirror machine is & driven pow~r anpli-
fier where the ~verall power output is then
‘Pm' QFinJ)‘ With & Q of 1, the amplification

is lew. I the eflicieney -f energy recovery is
specified by "R and the efficlency of injection

is n, iry? rer bren.'eiex:, the point that must be

exceedad _or ceemercial interest, it specified by:

(1+9) g Nypy = 1

es create

It ean de reen from thia aimple equaticn that in
Mirror zachine renctors toscd on current low
values of 3, us high n value of ay, ue possitle

nust be obtained for n favorablce cnergy balance.
The value of ng cen be aubatuntialily increnced ty

utilizing direct convereion. By including direct
converaton, the overall efficiency is improved
over that of a thermal oyele wa fellows:

Mg B e (1 ny ) g

wrere The {a the part of My uppiicadle 1o the
charged particle yover (v 207 of rte tetnl therne-
nuclear jpower plus the wnyeacted pinsmad. This
equaticn ia, in reallty, *he equuticr ror a binary
topping oyele. A demorsirabie cvere ' - friciency
value v n dircet converter with u therea. tote
tomang piont could be {4.7]:

fge ® 0.5 ¢ {1 = £.5)0.0 = 0.iC

wkere ve have aken ny. @ 0.5 and ny, = 0.L,

With therzal cycle ndvances to higher tebperatures
and better direct rconvertors, it is Jempletely
Plousible trav:

Nga @ 85 ¢ (1 = .t5).55 @ LB,

Thie {3 really u terrary nycle cembining, for ex-
a~ple, a relatively kigh suality ¢ e
potagsiuzm cyele Intermed! to dtRge and o Cteam
berioming stege.

In the blanket discussed In Section 7, thi neutron
kinetic crergy (v 507 of the votal thermonucleur
reactioh energy) is converted to themmal ..ergy
and NC econversion is no* wostible. The analog to
the DC convertor thut perm.ts the blanket to be
more offe:tive Ls blaaket energy rultiplication
{M) so that the overall blanket cnergy recuvery
efficleney for the ncut>on energy {39:

MRy T ey M

duc to exother-
+ L8 VeV, Ir

where N 18 th~ energy erhance
mic reactions such as n{L!
this cose, M would be:

' 114.;;114.8 = 1,34,

With oth. * {n, 2n} reaetin , the value of M can
be as high as 1.9 for a completely envelapine
blanket and 1.7 for u blanket with suitable pene=-
trationa for injectors, etc. [4.9), Thus, with a
modest thermal eff’ciency of 0.40, the blanket
performance could de:

oo = 0.,L0 x 1.7 = .68
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“a..ud‘ Thur, u !
either "pooriy cuntined” or "well
s, the hent transtfer jroblemsa are
the came; that ir, 'n,‘vctcrs in doth
Blec.ed to the rar v le @l ree
18 current deric; \-o:u:,. to the
and activation ef”e213 of the strong
ux emnroting frem ¢ e yeavdby plesma, to
25 cf high magnetic fiele: on pumping of
ony electricully conducting coclsnta, to vhe re-
mote handling and maintenunce provlers, tc highly
limited visusl nccess and to other aostile envir-
ormental corsiderntions. Hovever, The steady-
ctate, soptinuous spergy inlectien es 1 required
Yy irror machines coxpared to the ohort energy
‘n1cction tine of M0 sec ocut of 90 mir, suggested
Yor the TokasaX reactor raaes mirror keat transfer
srcbleas substantially mere difficult, It is not
unreasonedle o suppose, however, (and most pre~
senrchers now toke this position) that as the
first wall surfuce effects on placma cooling are
fu)1ly taken intn account, the hurr period will
decrease fram the hoped for 1 90 aln cycle tc a
rime perhaps not substantlally greater than tae
20 mec heating period [L.23, %141, 1In thet cage,

SrEy retovery

the pagnitude < hea® tranefer prodlems for the
inlectors ln both the Kirror wnd the Tokezak would
be aboyl the coRe. Some examping of injector hest
".runnrmr Frevlems will be discusced in Sectlcn

ETEN

Witk ail zlagreo. there 18 an {revitable inters
sction between the rlacza and the first wall.
Actually, there is subatantially more plasca=wals
interaction with "well confined” than "poorly
tchfined” plmstoc. In tha Jotier, the deeinent
sroctes s lcakage oul the erls and, hence, the
iow Q. The "well confined” placma s not confired
rcrrc:v.‘.y ard i, energy neutrale diffuge to the
walls, Thece neutralec diglcdge wtoms of firat
¥ail material or dialcdge mdaorbed gat from the
gurface., The !mpuritiec impinge cn the placra,
become onized ond ecnuce energy loss by radiation
vhich con te ficiently kigh to guench the
;lacze or "Redly affect {te lifevime. Ir an
attempt o ninirize thece effectc, a divertor is
intrcduced, A reprecentative 2ivertor s shown
in Fig. -.k. Tre divertor coneimsty of m cnil,
magnet{.ally cppcacd to the cornfining fleid, which
diverts the flux lines adjacent to the wall out
<f the machir: while allow! g the central flux

tc pasa through.  Thus, particles diffusing out
of the rlasna tovard the wall preferentialiy fole-
low the escaping flux lirer cut of ke ayater
vithout reachizg the Mrot wall (4.1}, In addf-
tion, reutralc sputicred off the wall by cther
causes {pernaps neutron sputtering) [4,J€] are
ionited at the plasma curface wnd diverted.

“he iivertor must be a very effective particle
“ohunt” {r punping the charged particles alcrng
the diverted field linos. Thus, ir principle it
18 sizmilar tc o direct ~orverter an? could te
used for that purpose if the quantity of energy
d.verted warrastel dlrect conversion. The ex-
tracted ions arc pumped to a region exiernsl to
the main toroidal veolume vhere tney are colleeted
by turial {n 3ciid or liquid targets and cubse-
quently reccverad for reinjection. Since the
porticles Sove substantinl energy on impact into
the target, o heat trangfer problem ie created.
The ilverteor ruat heve nn efficiency associnted
wih fto cperatien of the orwer 907, <Consequently,
there resaine gore plasma-wall ‘nterastion, Te
alleviate tids problem further lov 2 first wallg
have deer proposed such as the carbon curtain ir
UWMAk=I, This moy introduce o heat tranafer
problen, methane gas evolution, etr, The bagic
prysice difference etween tre Mi.ror machline 2l-
rect cepvertor end the Tcramak divertoer 15 ‘hat
the diverter is purposely intrecuced te inkibit
placme-rirgt wvall lntevacticn. I+ diverte parti-
cles vhicl diffuse cut i{n coordinete space while
the direct convertor rccovers the energy of par=
ticlea thet diffuse out in \elocity spacs towards
the mirrors and vhich cannot be contained, We
will discuss the hear +ranafer problems of direet
convertors. divertors and injectors n the follow-
ing three sections.

L.2 Direct Convertors. R raprogentaiive (veet

¢ mvertor is shown In Fig. L.5. The proceag of
conversion of charged particle energy to electri-
cal energy taokes place In e sequence of four stepp:
1) Bypansion

2) Charge peparation

3} Deceleration and coliectien

4}  Conversion to a cormon potential

As suggested in Fig. 4.5, the reactisn products
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ond unburned fuel escaping frem the mirrors at

low ion denmsity (typically loalan) would be
further expanded into a larger chnmbe‘x' vhere the

density would be reduced to about 10(‘/cm3. The
expansion process would be done adiabotically
similar to expmnsion in a noztle, Adiabatically,
in fusion terminology, means that the rate of
change in magnetic field with dlotance is suffi-
cicently slow so that poerticles still stay on field
lires. Frec expansion, e.g., withcut the use of
supplementary fi2ld windings, is implied in the
figure and the field decrense is fron ™ 16 T at
the reector rirrer to roughly 1/30C of thet value
at the c¢ud of the exrander. The et'fect of this
expansion ja v reduce to an scceptadle level the

lue cf the power flux {to + 100 '.v‘,’cmz) entering
¢ colleetor reglon s the® heat transfer can be
cemmcdated and acerpiably low thormionic emis-
fror; collector elements is produced. The
gec partisles! wota‘iol cnergy is alsos con=
&d to translationel ecnergy. At the end of
9 expnnder rield, the clectrons are collested
the action of 8 nege ~poteatial grid ree
fiecting thew to a coll ground-po* entinl
grid. The pesitive dors whick contain the bulk

{ the energy comparad to the electrons then yleld
this energy Lo a serles of collectors, Each col=-
s at o aiffergnt electricsl potential.
the rotential of the first ccllector being lower
than the average rotential cof the particies and
the ast collector being higher than the averange
rarticle potentinl. The longs, tecause of their
> a9% tranalationsl energy nfter expansion, entey
the ccllector reglon in a nighly direcied stream.
ially, the ions are directed at a slight angle
applied unilorm electric field. Therefore,
wrajectorier are parabolic, as is shown in

.
¥lg. b,&, The incaming ion irajectories are
aligned with the collector plates and thus see an

almost mpletely transparent grid. However, af=-
tar the ions have lost thelr forward motion, they
are turned by the higher potential end see an
opaque grid on their return path. The lons that
iit a particular coll :ctor produce s current at
“he voltage of that collecter stage. Sinte colw-
iection efficiency is less than 1, the irns have
residual kinetic cnergy on impact whirh is con-
verted tc thermal energy which must be recovered
a5 & sultable thermedynamic cyele.

Figure L.T shows a heat transfer model of a three-
stuge direvt ccnvertor based on the Vepetien Blind
collecsor concept [L.17). Other D.C. convertors
been suggested but the Venctlan Biind Direct
vartor (V.3.D.C.) will serve to illustrate the
.2ral hest transfer problems [4.18). The pre-
sion of ulignment of ecollector plates in the
E.D.C. creates one of the most severe problems
of heat transfer. This convertor, &e was indi-
cated in Fig. 4.5, is at a distance typically 5O
ta 75 metres from the reactor plasma conter, and
censequently, the magnetic flelds are very low.
The direct convertor is rot subjected to neutron
domage of any consequence. However, it is sub~
Jected to sputtering uné surface erosion from the
particle flix end this primarily sets the life
expectancy of {ts components. In prineciple, the
direct convertor has better access for repair and
maintenance then does either the blanket or the
injector and perhaps the divertor also. Unfor=-
tunately, the V.B.D.C. has to be & precision
instrument to be efficient, end alignment of col-
lectors, grids, ete. m:n* e done with a preci-

slon measured in tenthe of midlimetres in a pystem
whose major dimensionn are typically measured in
tens of metres. To compound the alignment problem
and the heat transfer problems, temperatures in
the eonvertor unit range from ~ 1800 K at the
grids wires to b K at the cryogenie pumping panel
located only about 3 or L metres avay. Virtually
no thermal communication ¢an be permitted between
grid vires ond cryopanels or between collectors
ard eryopanels.

Following o charged particle through the oystem
wvill be instructive in appreciating the moguitude
of the heat trensfer problems. First, the powar

flux inte the c¢illector array (100 '-'/cm2 in Fig.
L,7) is .imited ty thermionic emission of elecw
trons from Lhe negative grid. Each electron
emitted nnd ‘hen collected by a collentor plate
cancels the charge of on ion and reducea collec~
tion ertictency., The influence of the negative
grid cn efficlency ic approximately:

e ® fipgg (1 = 2701 = 1)1

Here T ls the tranemission factor, or effactively,
the transparency cf the grid array to the lons,
aad npngy io the efficiency without the effect of

thermionic emission. A typicul (and probably
necessary} value of (1 - 1) ia £ 0,01, Other
electrical constraints coupled with limita on T
result in grid wires having diameters of only o
few millimetres., The spant of an individuml wire
hy comparison may have to be three metren cr more.
The high temperaturcs on the grids are a necessary
evil due to these physical dimensions, because the
wires must provably be radiation covled. It i
only under unlque circumstancen that the long,
amall dismeter wires could be convectively coolod,
The grid array will almost certainly be in the
form cf an interlocking net rather than a gerics
of parallel, lndependent wires. so that wire
breakage becomes a much leas oevere problem.
Figure .8 shows the combined effect of emissivity
and work function on direct convertor efficiency
an influenced by the grid wires. It can be seen
from the get of curves that what 1o required in
addition to fundementa) high temperature creep
strength and reliability for time periods like a
vear 15 a materiel that has & combination of both
high work function and high emissivity. A
rheniun-coated tungsten wire at Tirst glance scems
beat based on the curves of Fig, 4.8. However,

if collector plates are made of carbon, as is
agenerally propoged, then sputtered earbon atems
will deposit on the grids and they will then have
the emissivity end work function correeponding to
carbon., Furthermore, if tungoten were to be uged
as the basic structure of the grid, it would take
little time {a few hours) to converi it to the
very brittle tungsten carbide, WC. S2 it may be
necessary to use carbon fibers for the grids If a
carbon plate system is used. On the other hand,
changing the collectors to a refractory metal
would permit use of a refractory metul grid.

Figure h.9 shows thermionic emission as & function
of temperatwre for three selected materials. The
example chosen shows that a 1% power loss with

Uy = 100 Wcm2 corraspondo to & maximun ellow~
able grid wire temperature of 1680 K if tungsten
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errbide wire .r carbon filamenis avre used, 1920 K
if tungeten b used and 20TC K for rheniun wire.

For the particulns radfntisn chornctericsticc of &
typicn) expander ane celivctor plate system, the

aviunl grid wire temperntures renched in steady~

ctute nre shown by the 'rimnngies. It can be zeen
that only <he rhenium-coated wirey can limit the

thernionic enission loss to 1T or less,

i lvity to
fer vhatever

also implies that ihe

the Incident flux ip very greut.
A

emice, the flux were v 150 W/er"

fer’, the loss by therniop’c emissicn would
4 sn order <f rmagnitude Independent
had been selected. Because
i~sion is so terperature sensitive,
desirgble t. consider flat cr ellip-
sect {ans instead of round wires for
1 the ritbens cculd be aligrned with
rear fir minimum profile, the addicicnal
surfute oree would fdeerease the itenper=
ior a' & fester rate
treormioniec mmicsion incremsed with
n rrectical VReint, 1t weulild seem
thi: aligRmert could be mccerpliched
for Long time periods.

" whe gridc s to reflect and then
3 vhile allrving the ione to pro=
Lo the ¢ollesters fur euergy recovery. Onee
¥ oetrons are caprured, the neutrality cf the
plusra is los' end gpace charge effects eeme Into
play, and c¢an limit the lon current to the col-
laetere. The ~lectric fleld due to epace charge
nust be Kep! 01l enough oo thet the ions are not
arecentel fraw reachkir g the proper electrede, The
space charge detcrnines the maximum spacing, 4,
tetwrEn SUCRCEST stages of colleetion as indi-
ented in Fig. L.20. It van be shown that [L.10]:

where W = lon energy and ¢ is the incident flux.
Cempater ealeulations with an approximation o

+
the expected cnergy distribution show that for D

fons with ¥ = 200 keV and g of 100 W/em”, the
neximum spneing from the negutive grid to the
first cc.lector stage would be wmpproximately one
resre end Lhe <istence from rirst to second stege
approximately M8 metre.

Fer o given 2oilector stage, the seperation
tetween plates, h, pust be < d/% to prevent

severe distcrtion of the electiric field at the
leading and treiling cdges of the collector plates.
The plate *hickness, §, must te kept small to
1imit intercenstisn of the fons to a scell per=
ceniage. Tre value of & sho:ld be of tiie order

of .01 k or perhaps .02 k. The effect of § on
collection efficiency is aprrexicately:

(1 ~ 6/3n}

= "oco
A corsistert example would rem.ire a d of about
crne metre, h alout 0,25 metres, and & only 2.5
rillicetres to perhaps S millimetres,

The width of the colilecw.or plate must be » 2.5 h

for reasons related to colleetion efficlency. 1t
ohauld be roted that these illustrative values are
near the wpper Jipitc and that from a physics
standpeint, it wvould be betier if &, h, and &
were all moaller,

The length cf on individuel collector plate may
be from 3 tc 12 metres deperding en hov the total
array ie modularized and is generally independent
of collector physics. These dimensions preclude
convective cooling for the first and second stage
collectors and radiation ccoling must te used ag
vas required = the grid wires. In the model
auggested ln Fig. L.T, it wac assumed that the
first stege rediates to the 1000 K surface of the
remote expander walls and achieves o temperature
of » 1500 X by radiative energy balonce. The
second ptage {8 assumed u» te held at the aame
temperature as the first and, therefore, there is
no keat exchange vetween these two stages, Stage
2 raliates only to stege 3., Stage 3 fortunately
may be convectively cooled wizh helium at ~ 1000 K.
This convectior cooling ie possible because the
ions tkst arrive at the third or final atage can
be ecollected bty direct impact and do nct need the
parabolic trejectory mnd the high nolleetor trans=-
parercy: i{n addition, the plaia thlekitas, 3, can
be relatively large. However, some spacing has to
be inserted betveen third stage collector plates
o that gas vacuum pumping is {mpeded as little
as poscivle.

If ull steges were to be radlation coocled or more
than 3 stages were used, then higher teaperatures
would “ave to be moceptable an the interior stages.
Jtherwvise, q, the incident rlux, would have to be
decreased I temperaturcs vere already at thelr
maximum, Te decrease q, more magnetic expansion
ip necessary and the physicel size of the expander
would ircreace,

Severnl cheivee of coolant fluids are possible
for lact stage cooling, but it must be recognized
that the collectors are all at potentiala of 100
te 200 kilovclts mbove ground. Therefore, even
though they nre out of the high B field region,
conductirg ccolants sueh as potaseiwm or sodium
cannot be used even though thermodynemically they
might be advantryeous. In fact, because of the
almost extreme need to conserve efficiency be-
cause cf lov &, the rover loss to ground for any
coolant rust te & small fraction of one percent.
This leads tc the choice of kelium ag cne of the
more promising third-stage coolants.

Assuming wi’ Jorm distributicrn of the 100 \-'/c:::2
betweer. stages, <he energy flux that stage 3

rcust handle ig v L€ H/cm2 total. Approximntely

0% of this is thermal energy (+~ 18 W/er) for
a direct convertor net efficiency of 607, The
firat set of chevron baffles for the cryopanels
shown in Fig. .7 represent a posalble preheat
section for the third stage or at least a
necessary thermal barrier. There is soze incen-
tive for the incoming coclant to pass through a
preheat stege. This stage could serve to shield
the T7° 1igquid nitrorer panels from the 1000 K
third-stage collector. The penalty in dumping
energy LY into the .iquid nitrogen panrel is:

ACTUAL WORK REQ'D TO LIQUIFY N2

q, %
A LA TATENT HEAT OF VAPORIZATION
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The latent heat of vaporizavion 1s v 2 x 105 J/kg.

The work to liquify nitrogen is illustrated in
Table %.1 trom p. 1T of "Cryogenic Engineceri reg"

If we t=.e the mean value of the four pore opti-
mistic lower values for work regquired tc liauify
¥,, the penalty is roughly

s
LL-"—IQ-; = 1T watts of work per watt inputl
Sx W

If nc preheater or shields vere used for thermal
isnlaticn, then the heat cxclhange betw-n the
Ziquid nitrogen cooled shevrens (a% ‘Z' =17 &

end the relatively hot third-stage col]ec‘.er
rlates (at Ty = 1000 ¥) wouldt be:

. £ 10004
N 5.5 iligag!

IVAEEEYE = C.5%3 W/ewt

ard *he Work required would be 17 x ,5%3 = 9.5
W/em”. This is almest 0% of the power into the
mn\eru.r anz about 30% of the electricrl rover
mut, Censequently, an imtervening surface is
Iently required,

T +he erecgy in radieted from the 1000 ¥ third-
stage collector to this intervening surfrre used
as = 300 K prehester, then by definiticn, thav
energy is recovared. The radiant lpss from the
preteater to the IF2 panel would then vily be:

!

e A
5 67“1000 - ioog) !
T A7 €+ i1 -1

~
= ,00L5 Wem*

The ;\rel\eqter thus has en effectiveress of
0.532/.00L5 = 123, So the work required to re-
y the N, {s reducsd to 9.4/123 =

2
r’dﬂ .

PN

In priaciple, the preheater concept worke well.
There ls 4 penalty to be mssesged, however, in
ther some rumping power is recuired in pumping
+he ccolant through the prekeater tuting. This
must be o small penalty <o be accepiable. An=
other penalty is due tc the lucreased impedance
Trom %} . collector region tc the oryopanels. I
this wvere te result in higher tackground neutral
gas pressures, a loss in direet converslon effi-
ciency wowdd resuit due tc ion charge exchange
coilisions,

Ir lieu of tne prehester, it is possible to sub-
stitute & set of N thermal shlelds. To retain
the sape effectiveness of 123, the number of
shlelds required is 12k. This is not necessarily
a lerge number as far as first cost goes. low-
ever, estrecely high surface areas are introduced
and tre neusral gas pumping prodlen (the D, and

Ty pumping) is probably aggravated both by the

Yoty T . i

large nrea end by the higher impedence, The gae
pumping, incidentally, is far from a trivial
problem and mnkes the overnll heat tranufer prob-
lem more complicated. The pumping load is deter-
nined rrom the total flux of Incoming {oms. For
thia exomple:

3 6
3= ¥ = 20 x 20
= =) P 716
¥oeux1Q 200 x 107 x 6 x 10

= 3.3 x 10°° particles/see

To effectively pump this jquentity of hydrogen
type gas, cryogenic pumping hes been as.umed.
The crycgenic panels operating st liquid hellum
temperatures of v b K must be ipclated from
anmtient temperatures and, thus, are surrounded
by the 77 X nitregen panels. The penalty paid
for energy deposition into the liquid helium ls
much more severe than that into nitrogen. FEsti-
mateg for this pennlty range fram 300 to 1000
watis required to reiliguify the heliwm for each
watt af input,

Ay can be seen from the above example, tremepdous
anpunt of engincevring work Temains to be done on
direet -onvertors. The V.B.D.C, is rxtremely
interesting from n physica and emevyr conversion
stardroint. Hovever, it has been sir-n to have
some interrelated structural/heat tri.sfuvr prob-
lers that may be extremely &ifficuls t> solve
vithin the parrow allownble limits orn losses in
efficlency that are to”arable with 1ow § syetemn.

L.3 Divertors. Heat tranafer work on divertors
has not, as yet, been very extensive. There ig
a seriea of tvelve papers complled by Bill Ccugh,
AEC in 197! which nlthough momewhat dated, pro-
vides guod hiptorical perspective on the d{vertor
problen [4.20], Hone of thesc papers, however,
hes specific information on heat tranafer.

In revieving the papera from the second TAEA
wvorkshop held at the Culham Leboratery, UK in
January, 1974, it was elso to te noved that of
the L5 papers presented, none dealt with divertor
heat transfer [h,21]. This werkshop was primar-
ily c¢sncerned with fusion reuctor deolgr problema
but included reasonably strong phys!zs input.
Perhaps the most important physice presented at
the workshop wes that having to do with the
Y{kely effect ef impurities o vhe plasma - an
effect possibly so stvong that the operating tirme
of a quesi-gteady-atete Tokamak reector with &
hoped for duty cycle uf 90 minutes would degen-~
erate to tires peasured in tens of peconds,

These placma-wall interactjon dats have been
generally xnown to the rLhysicists, but unfor-
tunately they hed not been Jactored into the
cngineering design considerations. It wns at
this meeting, therefore, that the divertor took
a sudden Jump in importance as & pricary element
in touroidal reactor design. It elso took a large
Jump at this time in the quantity of power it was
1’kely te hardle. This was probably the first
recognition that some new and difficult heat
trarsfer problems were liXely to appear in this
upgraded divertor.

In the Princeton referemce design 1, published

et T st =
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¢ [refurel for the
rue January ), some miror
pttonticy wvar given to df Leat tranzfer
o inilcated ir I i¢ 1i, the diverzor
medel wers oocled wilth helicn
huving o low inlet temperature {¢€° %) and a
rnirly cutrtantinl -utlet cenperatare {387 C).
Tne axit temperature implics that thls energy
cculd e orecovered in a thermodyuemic 2yciv ale
shcagh the pover in she liverier region is anly
utant , tne pverange pover
i wos erpeotel tc

Culham reet

small Tlur ro-
trectrent.

suggested “hat the
the rlasma tc the

be rocovored
ac fndicoted in

lithiwa

» The enevgy is
exnenentially aleng
Pir equut.on:

ceda was given as 81 %
trituted aprroximatrely
Tow pAth necording te fh

-;‘—\n) (s )

not stated what range of values were

ahle to x in *he equation, bmt it may
wbly ke ussamed thot x is o length dimen-
tarting from Zero, Then the meximum thermol

Tlun would be 1300 W/em'. This high flax cer-
Tainly provides un extremely Jdiffieulr n
,ranar‘er probler particeularly with uncont ned
free fulling lithium where surface evaporation
would seem severc. Additionally, the lithium

e erproximately norzal to a relutively
gretic ficld and it ic possible thet the
flew will te dicturbed by MED effecte.

rustor or 100 difference in the estimuted

1 flux between the Irinceton design and

cousin design for two mackiner thet ere tasi-
similar prevides an indiraticn of the un-
t ool undcvr.. -anding of energy fluxes end
Leat trexsier 2lvertors. . severe the heat
trenster probiem raiy be 35 regs ¥et known,

The recent IZEE reeting held in
rgll of 1975 had severa: rerers
for that sre werth rev
wot avallable at the time writing.

ere wi:- Blso be inform 1 Torthecming ss
“ines such as the Frincetorn TFTR go into the
degign state,

2]

an Diege it the
divertor heet
They were

ectors. The work on injectcxrs hasx been
cedicated to a developrment progsram (o
procuce increasicgly higher curraat dersities end
qussi-continucus inJection, Inlectors proposed
iy verjous conceptual design studies have not
bern discussed in eny deteil wvith the possible
exception of an irjeutor syater for n Mirror
ren-tor [4.23], The vorx to dete has been
linited to on-going experiments requiring injee
tors or next generat:.on machines [L.24, L.25).

Tre principle af gperation of fnjectors using
either positive ions or negative ions is illus-
trated in Fig. 4,14, Figore 4.15 shows “he neu-
tralization efficiency as a function «f energy

for b* ana »

The goalis of the in)ector development program arc

as Tollows:

1)  High current density at the "wipow" into
the plosza.

2) MHigh cnergy to penetraste the plasma,

3) Low gas influx into the thermonuclear plaoka,

L)  Direct encrg’ recovery of the ncn-neutral-
1zed ions foll~wd bty thermnl recctery.

%)  Quasi-DC injection.

6}  Nign cherge excrange efficiency in the neu=

trelization cell,

By exaxining *hie list, it cen be seen that each
of the oix gouls of the development progras will
froduce its own particular heat transfer probless
end that the gseverity of tne problems will cften
increase in proportion to the success in im-
proving the injectors, Tor example, as higher
and higker current densi*les are echieved, two
main heat trancfer preblems erise: (a) The
divergence of the beam due %0 space charge ef-
fects will require that the “windew" ‘hrough
which the neutral particlee are {njected be male
sormewhat larger t¢ keep the neutral besm impinge-~
ment on the frame o¢f tre "window" to ascceptable
levels withir. the constraints imposed by erooion
and heat flux. (b) Some fractior of the high
current density beam will net be trapped by
ionization in the placma end will deposit enrergy
on the far well or inte a beam dump.

Should the plasme e lost or go unitehle, then
Bll %he beam energy mugst e abscrbed by the wall
cor the beam Aump. As higher encrgies are
achieved to get hetter peretraticn, then the
quantity of energy thut comrletely peznetrates
alsc inereases and coupled with {b) creates a
therpa’ flux on the wall thet could he extreme..

high (perhups us high as reversl ]'.H/cmz as dise
cussed in Sectien 3). The complexity of direct
energy recovery of the non~neutrnlized ions
ipereases with higher current densities end
vigrer veliages. TUstimates ¢f the residusl
thermal flux cr the collector ;lates after direct

cenversion raugs as n oae LG "'/cm fer ghort
pulee tires (v 500 ms) a model belrg worked
on st LBL i{n Berkelcy for application to the
TFTR {b.28). Quasi-DC :ir;j)ec:icn vill make it
necessary tc provide rer cooling of accelerator
ssages and beo™ cpticel cempenents.

The achievemeris to date on bean developmeat ere:

Lab Totel Energy Current Pulae
__ Current Dezsity Time
TBL  Lh amp A0 keV .25 AJex®  200-500 ms
ORML 1€ mmp 50 keV .25 A/cn? 500 ms

These achievements, acccmplisked over a time
prriod of ebour 5 yeaxs starting from a berm
source with & Zo0%al current of caly » 0.1 A ot
20 keV, have come In part frcm an effort tc have
a nentrel benn injection system resdy far TFIR
{Toreidal Fusion Test Feactor) when this machine
is bullt,

Tne TFTR Tokemek to be built by the Princeton
Plasne Fhysics Leborstory {FPPL) is by far the
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Inrgest and most complex U.S. fusion experiment
;lanned for this decade. The Jdeuterium neutral
':vr\:': injection systems required for heating the
tritiem plasme, and produc! - a reactor-like D-T

2 on rate in the hot pl .me, require neutral
ecror rerrormance whizh corriderably erceeds
esant state cf develepment.

Tte performanec requirements of the neutral beam
injearion system rav TFTR relevant to leat trans—
for are as ollow
i} DBear Specifications:
Acceleratsr Pover - 80 X
Aceeleratar Voltage - 120 xV (This may be
ineressed to 150 kv)
Iotel Accelerator fwrrert - (72 4
: ("¢ A eaer)

Jey 2 pore

o one coll gap

9 m x‘rm torus to far end of

A igh ~ inside clearance
z) volectinn width: The duct will
Lhan this where possibie
) density leposited on wallsa
less thon T = ¥ x .01 Afen” =
wwfom”.
$)  Bear Dimp_and Caleorimeter

These vill have to be the aub,jrct of o
Regearch Task [4,27].

JPERTORDUCTIY, NSFER PROB-

fusion realiers is
fieids whicn

Y ot
rdged tiat supers
%o obtain & useful nen

t from a ccrmercial reactor.

Scme confinement systems also require their use
roles -—- in the Theta~Pinch system for
sterege, and in the Tckamak system Tor

"y sta;.]:mt'_on and Jiverior wi
rossible that these other requi
need supercon=

T ernergy sLornge.

& whole renge of heat-transfer rroblems is intro-
duced bty the fact that a superconductor only
reteins its superconducting properties uader cer-
tein rigid conditions, one of which being that
i*s temperature does not exceed a eritical value.
The partieular value is dependent on & nuzber of
otter fartcrs such as “rF2 type of superconductor,
the actierns 4 strengen and direction, and the
currers density. For most epplicetions, the
tamperatura must te kept well below 10 K, thus
nacessitating use cof ke crycgenic properties of
ligald or gesecus heliusx,

Of all the criteria that must te met and sus-
tained, that of critical temperature is probably
the most 4ifficult to achieve and guarantee,

purticularly as systems grow in size, energy nnd
complexity. The penalties for exceeding it algo
gros with these facr~rs, Only n slight *nerease,
A small fraction of ) K, can cause an immediote

. frem the supercenductirg ic the
nermal" state.  Should this oceur fer any reasor,
the cenductor, which ia cpernting a: n curren:
dersity wil in excess of thot normally used in
conventional ceopper .orductor, suldenly exhitisp
a very high resistance comparable t: that of
stainless steel, for inatance. At the low oper=
ating temperature, the gpecific heat of sclid
materials is almost neglig'®le -~ it appronchen
zero at zery K. This means, firastly, that only

o very small heat transient will cause the eriti-
cal temperatuce to be exceeded. 1In this event,
the ourrrnt cratinzes to 10w tecause U is ina
Large In t.ve circult ani the stored ener
begins *o te diasipated rapidly in this highly
resistive "ncrmal" rart of the ccil. Thus, un-
“ege special precnutions are ken, melting em=
goratures und electricel treaxiown v
tetween zurts and lavere are rnpidly
Jdigastreus resul%a tc the cell.

This section will diseuss how these problems
affect the design of superconducting systems and
fusion reaetors together with the means and ex-
tent to wnick they are teing solved and the di-
rections in which further research arnd develop-
ment must be pursued.

5o _Requirements of Differer: Magnetic Systems,
It ic ieppossible o cover all mspects of all
pecoible configure:ions in this paper. Tt 1s,
therefcre, proposed only to discuss the more
important aspects cf the three most popular
tyres, Tokameks, Mirrors, ard Theta-Tinches.

S 1 Toxameks. OF these three systems,
the Tokamax, originating in the U.5.S.R,, ico
currently the most popuiar geecactry in all of the
rajor centers of fuslcn resrearch. The icroléal
field for such a reaetor, pererated by 20 to 30
colis {see Fig. 1.2) up to 10 zmetres in diameter
equally spaced mrcutd ihe mejer Zlameter of the
machine, clso represerts the largeat energy store

<
of all the systems, about 10" MJ or 30

In operation, one cf the first major heat-transfer
tasks to be undertaken i~ 1o cool the whole mess
of the superconducting c.-1s and force-resirain-
ing structure from room temperature to about L XK.
The mrss of the toroldal system for '!w'\.ni-’—’[”

s fcr example, ineluding the low-te:
<tch'\.re, is in the region of L00C ¢,
cooling process must net only be carried out
n reasorably short time, but great care xrust be
taken tc limit differential contraetion to safe
values. This 15 no easy task when the coeffi-
clents of thermal expansion ¢f the various mater-
lpls can vary by orders of magnitude and the
cooling characteristics of the cooling medim
change by orders of negnitude as the temperature
falls. Hovever, these problems are now becoming
reasor.ably well uncerstocd and lav temperature
data on meterials is being continually up-dated.

Having cooled the systec to 1ts cperatirg temper-
ature, the refrigeratior sysiem must continue to
maintain that temperature sgainst the operational
heat leaks into the low temperature system. The
major sourcee of heat are:

a) Thermal rediation from room temperature.

etedmin bt
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Tris newt input is rormnlly reduced by the
use of elther gshlelds leld et intermedinte
tempernturc using e higher temperature ¢ocl=
unt such as liquid nitrcgen <r by many
inyers of superinsulaticn.

V' Meat comducted threugh n support styructure
Jes{gned ¢ both supper: the welght cf the
law temrerntire structure and tc resist any
“arees develcred belve 2cils atd the

mpecature stru Ir the cage of

pulse Yerees, particul » for those occur-
ring caly under fault condlitiens, the
steaiy-s'n'e hent leak be reduced signi-

Senrtly ty introducing

. the supports
*imse or. irereased
i » trnnsient force eordi-

e lesses iR the main current

e coil. Therc are 2oth hen' con-

nd Joule 5EES.

ted arl che Keat
Poteliw

her k
1. ealeulations of the lead 8o
‘use must te ccnsidered on it8 own
wever, in gerneral terms, an

lead is orne In
gas lceving ‘Lo

aks

erecndustors exhilit

3w zere resis-
tance nder cerditiens, this is not so
ent or amblent rield agre

Tnus, ‘te superccndue-
clciial vind-
voof T paroks will 2 eldy current
myrteresis losses, Evor the DT, r-
Jul fielé wind will ex it lesses by
tur ¢f their heing sublected to rulsed
eids rrem ihe pluzma current snd poleidal
2% ara Cverter windings, Fimilarly, eddy

es p enerased in Lie sop=
B i ke surerconducting
2o mre exbedded which can have 2 pre-
feand nffect on the comstruction of the
condueter and indeed upon the averell effi-
ciency of ithe reaetor. This ig tecause the
ency of refrigerators falle rapidly
output temperature is reduced, al-
.ough, Tortunately it increases with dlant
size and enpacity. TFur example, Rel, 5.1
uctes the total heat leak Ior treir reastor
a5 15.5 kW at 4 K and estirmates that this
vill require a continucus room temperature
rower of %.5C MM,

ang

efric

Effects of thermopuclear utrons peretrating the
shield and enterirg the supercorducting system
rust also be ccnsidered, The thickoeas and come
rosition of the shield rust be such thet the
thermal energy released In the L K system, vhere
1 wgtt at 4 K requires about 300 watts of refrig-
erator nower, does nol have toc great an effect
cn the overall efficiency ol the reactor.
MeCracker and Blow {5.2] have congildered thuis
prctlen together witk rediation darage effects.
The cenclusicns from their study can be summa=
rized briefly as follows.
a) The neutron heeting will affect the refrig-
eration load and must, therefore, be limited
to a reasonable value. In addition te the

therrzaZ blanket, a shield thickness of a%out
5% em would be required to 1imit the refrig-
eration load to 1% of the stetion thermel
output.

b)  The iimit imposed by {(a} is such that the
conductor texperature rise due to radiation
will not be significant,

el Some degradation of the superconductor per-
formante can be expected as a result of
radiation damege but this is not expected
t5 exceed 10%,

d}  The resistivity cf the stebdilizer will alse
be incrensed by radiotior damage., Almogt
complete recovery in *he cese of aluminum
and abeut 89% rccovery for copper can be
sriaired by cyclirg the system tc rocs tem-
rerature cnte every year <. so.

Radiation effects or the magnets, particularly
as pestulated by later design studies, de not,
therefore, oppear te precent mejor problems in
+the wuy cof iamege cr heat transfer when suffi-
ciently thicx tlankets and shields ere employed.

The relfability cf present-day, mmall, 4 X re-
frigeratior systems, would certainly not meet the
requirements - a ccmmercial power-producing plant.
Fertunately ngain, aaperience is shoving that re-
iiapility s eiso irprovirg vith size. EHowever,

t is gignilicent thet <en 3-k¥ refrigeration
units ere ded in the UWMAK-III proposa:,
seven ir cperaticn and three reld in reaerve.

The @irficuities of insurirg that all of the
conductor {5 bulow the criticel temperature when-
ever the rachire is operationsl means that at
lenst the rirst generatizn ¢f Tokamek rescters
wil) erotably use Yeryostatic” stabilizatvien.
Thls is ir spite of cthe =any disadventages wlich
accompary <his rode of operation. Ferhaps the
moat serious I these disadvantages is the
presence of the stabilizing "normal” material
which may well ceccupy more ther 20 times the
space reeded for the superconductor alore.

The prireiple of “cryostatic” stabllizatier is
to provide an alternative path for the current
when some (ronsient phenomenon ‘e.g., hest gener-
ated by friction es conductors move relative tc
each cther under the influenee of electre~magnet-
ic forces) causes a local region of the super-
conductor 1o go "normal”. Cryostatic stebiliza-
tion requires that the cooling ¢f +he "normal”
region of acnductor be sufficlent te allow the
conductor temperature i¢ return tc less than its
eritical vaiue even though edditional heet ls now
being generated by the current flowing in the
steabllicirg mateciel. Thus, in eddition to its
superconduczing properties, degireble features
cf the conéuctor are low electrical resistance,
high thermel corductivity, large cooling surfaces
and good heatr-transfer characteristics %o the
coolent. It shculd also be noted that the con-
ductor current rating and, therefore the condue-
tor cross-sectional arve, Increase for a variety
of reasons as the system size and stored energy
increase. Usless a wide, thin strip conductor
cen te used, this meens that the ravioc of cooling
surfece to conduetcr size decreases as the ma-—
chine size grows, thus making the stability cri-
terion increasingly more difficult to achieve.

The largest superconducting magnets yet built
have been tubble-chamber magnets for high energy
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physics research and mll have been "cryostati-
c.lly" stobilized [5.3]. They are similar in that
\:ido strip conductor is used in disc colls, but
as ecil technalogy has Jdevelcped, rilament twist-
xr; tc aveid circulating currents und flux jumpa
ras been u.co roruted. Alsc, as experience has
neat flux from the conductor to

. all the current flowing in the
Veern increased from 0.1 to approxi-

Although rhees magnets provide much valumble
experience, *ne requirements > fusion magrets
kigher currert densities,
ore complex geom-
greater stcred crergy will all
The larges* bubble-chamber
TP NI while a typioal

Ligher i
etries
te res
magne®

Tokamnn ki ave atout 10 M stored ir the

tercidal Tisld,

elium can be used Bs the
ase flew,

ow, and satur-
T are some of the

’ thesa in seme detall.

tenders being considered at thia
coils ciling and
single-

1

5.1 und elose 1
corsilered for the Lawren:z
slory's next plasma physies mne
, and Tor the pololdal Tield
I conceptunl design

machine wisr wvide strip
te e wound setisfec-
: ductor raet be sguare or IT it is
rectangular, s aspect reLio must te swall.

inee the sguare shape has a poor aurface to
e ratic, it is proposed to !nerease the
ceoling s are by Including irternal cooling
channels. conductor comprises four elements
saldered tcgether. All cf the superconducting
filaments are contaired in one clement, he
:e elements providing the stabi
r and cooling suriace., The cooling
. weer. the elements will be et an angle
ptcut -0 degrees sc that when combined with
about 50% of Lne exteraal surface available for
cooling, the heat transfer characteristics should
be largely independent of conductor orientation
(see Fig. 5.1). It is proposed to cerry out heat
trensfer measurements on this type of conductor
in the near future.

The "Omega" megnet at CERN {5.5] is the only
magnet of any gsize which has yet been built with
hcllow conductors end forced convection single-
prase coclant flow. Hovever, the system i~
presently being studied by M.I.T. [5.6] on sub-
contract to ORNL with a view to using it for
Tokemak toroidel coils. Fig. 5.2 shows the gen-
eral design principle of the conductor. Fluid
is forced through the tube which conteine many
small dicmeter strands. The large number of

small diameter strands pregents a lorge surface
for cooling and coil construction may be simpli-
ried since the coolant 15 contcined inside the
conductor., However, rany questions remain to be
answered with such o system before it can be
considered tc be developed to the degree of reli-
abllity necessary for a reactor.

Tt is clear thet considernble research and devel-
opment is sti11ll required in the area of heat
trancfer to helium for eryostatic stubilization
rurpoees.

5.3.2 irror Machines. Many of the aspects
previcusly discussed in relotion to the Tokamak
also apply tc the other types of' magnetic con-
finement systems. Further corments are therefore
limited tc nreas of significant difference.

Cn the credit side, the Mirvor reactor, as pres-
ently envisaged, requires only a D.C. mugnetic
field. While the most impertant benetit which
may be derived from thie is probably nssocinted
with mecharicnl fntigue problems, the ebsence nf
A.C. or pulse logses which permits n less com-
plex corductor and lovw-termperature structure, is
a welceme simpiification.

The present ccncept of the main confining fleld
of & Mirror actor congiste of a pair of iden-
tical Yin-Tang coils which are wound separately
ard are in no woy interlinked (Fig. 1.L}. In
contrast o this, the poloidal windings, (start-
up, stabilizer and divertor) for Tokemak machines
must efther be wound inside the toroidal field
cotls, thus linking them and ceusing reny manu-
facturing and cryogenic problems, or they must
all be situnted outside the toroidal field coils.
In vne letter vase, as shown in UWMAK-I, the
resulting increamse jn size and stored energy
become anlmost untengble.

The Yin-Yang shape of the mirror ccils is cleurly
on the ebit slde. Circular coils cr "D"-ghared
"ronstunt-tersien" colls for Tokamaks are them-
cf abscrbing much of the magretic
me additional strengthening is
required. n contrast, very little tensile
strength can be wound Inuc n Yin-Yang geometry
coll ané the majority of <he electremagnetic
force will gecumulate through the eoil and es a
first epproximatior can be represented by the
full magnetic pressure on the coil camse. The
coil cases and inter-coll strueture muasi, theree
fore, be designed to take the whole of *his Toran
without exceeding the permissible deflections sund
conductor strein., This situation also implies
that the conductor tundle (i.e. complete windirg)
must be capoble of transmitting this pressure to
the coll case., At 8 T, the pressure is approxi-
mately 26 MTa (3,700 psi). If half of the con-
ductor surface is to be available as cooling sur-
face, leaving only helf for load-bearing, the
local stress is close to the allowmble stress of
asnnealed copper. In a reactor, the desired field
is in the region of 16 T [5.7] which will quad-
ruple the crushing stress, There is, therefore,
an active search for means of obtaining both more
efficient heat transfer from the conductor to the
coeling medium and of increesing the strength of
the conducter without degrading its superconduc-
ting or low-normel-resistence propertles.

5:2.3 Theta~Pinch Reactor. The supercon-

selves capal
force althoug

:
i

W
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Jducting and astccinted hepi=transrer protlems of
this conTinement system » e different in many
uspects from clther of *he systems previously
discussed.

w prope »d mode of operation of u Thetn-Pinch
reactcy commencer vith plasma igritlor resulting
vom the tyet dmplosior of a magnetie ficid

T te = T in less then one micre-
2t phuse consists 2f a “zlow"

eld to about = T in atoul
sessrd., The Tinal phase Jo a slew

" the fiell2 with nn

geioy censtant

conds ns the o essien coil is
rlortocirenited by 2 "crovbar” swiich. Since
sequense of svents s re 3 cvery 300
eeronds, the Theta=Pineh rencior s very much a

for oy eneriy
:r .anks
svy in whieh the
“ergy 1o trans-

cogretic
cogt per
capazitor
rey is large,
= reactor de-
. tput, guper-
used Yer these uniie,

n mluﬂ"]‘/ gener s the magretic
Te closely

> the redia-
.;w“:nduct‘ng.
2 lons, for zarh

@d b

secpnds i
Flosi
nductivel
384
uge time,

*veen pulses.
acitir ber:
~cred energy into
es during *h
o induntiors wre
tence swite
=,  Thic wivouls
the energy inte
cte the trassfer in
eor. valinge of &0
is genernted aerass ihe induetor. Sinee the
Teryegenic” switches are unable o perform
this % g duty, they are Lacked up by
rocm-temperature vacuum switches which apen
shortly after the eryegenic switches mnd,
therelrre, wunly carr rert for e shere
time und n interrupt it.
L) The c0il shorted by a “erowkar” switch
tc vaintein the current in cail fer
(24

£} Tre

erowr o switch e opened and as muc
of the mapgnetie fleld erergy as possible
nsferred back inte the storage coils
re Zcsses mre made geed P'vem the
csharging supply during the 30Q seconds
betweern pulnes.

is vropased use of superconduetors poses many
severe heut trunsfer problems, As mentioned
rurller, snperconductors are cnly lessless under
D, conditions. One of the most difficult
tnsks, therefore, {6 limlting the overall losses
ir the ropplete storage and transfer system to
an acreptable value --- rememibering that 1 watt
at 4 X reguires about 300 waills of refrigeration

pever, The very fast rate at which the energy

15 extrocted from the storage unite, and the
2imit on losses, requires very Speciel conductors.
Very smpall disneter wires must be vsed te reduce
e2dy currents and yet the conductor current is
kigh, typicelly 25 rA, T¢ eeet these require
rents, cany flne strurnds must be cebled or waoven
into & flat cirdp corductor. Zven inside the
atrands, reristive tarriers, usuelly cupro-nickel,
must Te inccrrorsted o redute circulating cur-
rents beiween cuperconductin urents whiech
c'.rer'-'!'sﬂ would produce rru]"n.lve hear loads.

The cons*rustion of the energy storuge ~oil is
quite differcnt fror these rrevicugly discussed.
The eddy curren* loeses thet would be generated
in the required for crycstatic stabilivy
would vustly exceed the permissitle limit. Come
loveresistance nermal material rust be included
in the corducter strands *c prevent burnout in
the evert tiat some pertiun of the superconductor
gees "norrmal". Hewever, since the coil $s de-
signed te witlstand repld A rgizing under
nCrEQI cpErs® 7 8 gzell cross=
section of copger ces=ru-'< for this duty.
&ince oryesta~ic stability ic disallowed, Jhe
systeR must te de3igred, built and operoted in
guch e wey ~let any transient heat pulses are
insufficier e ralsc trhe supercunductor to its
itical rerature, I7° a locel heat pulse
were 1o reice the corductor terperature above

its oritical temperature, heat generated by the
current f irg in the smell copper Bection would
be ro couse “he normal region te prop-
ceil te guench. Inter~turn end
vements wnéer ine influence of the

3 Ziminated. The mest
this problex i{s e
resir. This, Lew-

tr
<ial eentra
rc,,lr.. and *

et 8 Sl

resin ¥hile

to the ceclan:

—spa,,n:,cn of a erack in the cured

's being firessed as i* is

lease suffici ernergy

< initiate a guench. As a
: Yor thic type of duty are csill

very puel in the develcpment stage.

5.3 _DPctection and Safety. The proviems asso-
clated wi'h yrotect’orn and safety of <he super-
condueting colls with ~heir enormous stered

erergy, about 105 N for a typical Tckamak, are
s¢ nugercus and diverse that they car only be
triefly touched wpen in thic peper. A certeln
n:naum, o experience has slreedy teen accuzulated
- this aree tur there are cnorcous differences
tween the sice and peiential hazard of cx?siing
systems anc thore envisaged in the future.

Tre types of fault include:

a Sudden failure of the cryogenic vacuum,

)} Quench of & eoil, whick may be the whole
system, or cne of many coupled colls,

) Electrical short or open circults,

}  Open eircuit of a main leed,

) Failure of major iraulation.

o an

Quenehing is the reault of a normal zore prope~
gating through the ceil. In most colls, its
initistion can be detected readily by use of a
sensitive voltage sepsor connected between a
peint on the winding, ideally nesr its center,
and a balencing position or a divider ccnnectel

i




+93s the coll terminals. inder normal condi-
ns and during charging of the coil, the eir-
euis is halanced. If & par® ~r the winding
teging 80 resistive, tle 11ting untriance
is dececrel by O3t cuses, the
se; B sensi ¥ contrels t2 allow

3 tut when g geruine
g oval
ireuit is usual.s' autamatically triggered.
invelves cpenlng the ply tc tle 2o0ii and
alicwing *he current to decsy through an external
rezistor permerertly ccunrected ecrcss the coil.
Ty dlssirsted insite the ccil
that in the oxtersal T ig direc T
poretsnel tc the values of and external
external n‘uc i» J:Iunl.y
valur
shunging *zs;a'
iimenaicneily) and as the re
“ughous the nermal region
rrograms haive beci
wow predict, under cer
2 ac~uracy how *he 1Enrara-
nternal veltages, and internal and exters
vary with time anc tle quench jraceeds
i onergy ie Jdissipured.

n

This rresents interesting hea: transfer problems
ee tre velocity of propngaticr -f the "nerrmal”
econduetor, Iram tc turn and
NSS! d vary
Maldock
not-spat

e negligihle

rat el af th

s atacrted bty
h

+he hol-SIet temparavure ',3 o

of guerch detectien And energy
ce Lo an external resister nas teen
be quite satisfactery for many systems
date, It must be studied ir much greater
Tor tre large systems now envisioned., The
er > voltege breakdown during the discharge
ricd becomes an increasing hazard since volte-
aLes n goneral “erd to Increase with stored
1iwm, particularly in geseous form
higher temperatures, typicel of the juench
ien, has a very low Lrzapdewn strength.

ed studles will be requlred 2uring the

i pnase of these large macrines to ensure
treexdown cennot ocecur alorng an insulating
ce between udjacent turns, or layers, or
en & ccnéuctor end the retaining case or
fereing structure. From e breakdewn npoint
ef wvioy, the cenductor should ideally be sur-
rounded by solid insulation whickh must be punc-
vefore a breakdowr cer oceur, This, how-
cenflicts with the stability requirement
ef nirimm =emperature difference between the
conauctor and coolent. Satisfactory solutlons
pust te found which meet all requirements vith
tre nigh degree of reliability expected of e
pewer reacter,

An wlternative protection system relies on dis-
+ributing the total stored energy approximetely

uniformly in all of the ccld structure rather
than extracting it and dumping the majority in
Bn external rocm-tesperature resistonce. If

thig can be achleved, 'he paxirem temperature
even in large systens ray be limited tc scmething
in the region >f 72 K. Since there is lit-le
thermal expannicn tetween L X nnd 77 K, there are
no resulting severe _hermnl s:tresses or otraina,
If higher temperatures are reached, differentisl
thermal expansien cculd 'beco\:c a sericus problem
gince the stru ture w1l mest :lkely te ratri-
cated [ram s'ainless steel rhich has a mu
longer thermal time conatant than that of the
conductor.

Methods enviaaged of causing the energy to be

distributec evenly ip-lude:

1)  Resistarce vires in close thermal cortac*
with *he 2onductar throughout ita length,
through which current cop be panaed nt the
orset af a quench and, thus, cauge the whole
ecl) to keat up and quench approximately
simultunecusly.

2} A rapid expulaion of all of the liquid
helium frem the syatem so that the nermal
reglon will propagate ruch more repidly due
to the poorer cooling properties of the gas.
Such a system would probably need to be
combined with (1) sirce in o multf-coil sys-
tem, propagation migh* not spread from coil
o coil without asslistance.

In addition tc the problea cf dinpoaing of
storet megnetic erergy in the nvent cf o M
questions corn the behavier of the 12 quli
heliu= 8l5o u fears that the liguid
rized s0 suddenly that o major ex-
plosion would ~ccur in 2 large srstem now Jeenm
wrlikely tu le realized giver reasonsble pre-
cuutionu. e precess 1S somewhat gelf-protect

ince ¢ hot face in contmct with the Ar;-..ld
‘rrcdugely Jees .nto
that a layer e¢f gas
car. be trancflerred ¢ th2 lisuld we vaperisa it
Ir. many exisuing rianntr, blow-oft valves permi*
<he vaporizcd gas to be evacunted from the tank
te o recovery'sys =w cr to the aumosphere, Many
recovery systems consist of low pressure plastic
bags from which the gns is later pumped to high
preasure for storage in cylirders. In large
systems, the sudden influx of so much cold gas
would freeze the plastic which would then crack
ard shatter as it <ried to exyand. This can be
prevented by passing the cold gas through 4 hent-
exchanger to wernm the gns tefore alloving it to
enter the bag. A ‘onz cylinder filled with
granite stone chips has been found to be suit-
able for this purpose since it 13 inexpensive,
has a high thermel copacity, low time constent
and & low pressure dv ip.

As the hellum invertory increases, {e.g., the
UWMAX-II1 reacter reguires about 550,000 litres),
renoval in the 1liquid state is probably more
practical, btut this nov means that the insulation
rust withstard the discharge voltages in a gas-
eoua helliur environzment. It also implies that the
exhaust lines ard storage tenks nust be perza-
nently maintained at 4 K to preven: a back pres—
sure froc belng mpidly bullt up if the cryogeric
fluid were allowed tc exter a warm charber.
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“able Y.1. A Comparison of Alr Liguifiers

Work Required
Yo Liguify 1 1b
Air Liquificmtion System kwh J/%,
Idenl reversible process 0.095 (Calculnted) T.52 x
Humpgen or simple finde process 1.3 (Observed) 1.03 %
Hampson preenclad to -L5° © 0.7  (Observead) 5,54 x
[ligh-pressure Linde ¢.8 {Observed) 6,30 x
High-prespure Linde
precooled to -L5° C 0.h  (Observed} 3.57 x
Cloude 0.4 {Obaervea)
Heylandt 0.k {Observed) 3.33 x
tos Alemoc cascade (Ball) 0.1 (Observecd) 3.85 x
Cascade system of Heesom 0.30 (Calculated
for 1)) 2.4 x
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Figure 1.1 Principal comp-nents of a Magnetically-
confined Controlled Therzonuclear Reactor (MCTR)
Poverplant {Ref, 1,1),

Figure 1.2 Typical Tokamak conceptual design.
{Princeton Plasma Physics Lab.},

|
|
|
|

Figure 1,3 Snall section of a typlcal Theta~
Pinch plasps and coil, (Los Alamos Scientific
Lab.).

Blanker |

M
£ nawwe
g o |

Intermed ute
“oep. semer ¢)c Bs

fortite ! coo-crt|
coina Lm0}

- T T = T T
4 lawect | LidFubel ~re ; i
- I S S e e
2 imsvet] L J'n,n Pone ) )

BLANKET
SEQuENTE

COOLANT  PLENA

MIRROR FUSION REACTOR

Flgure 1.4 Typical Mirror Machine conceptual
design., (Lavrence Livermore Lab,},

Figure 2.1 Selected combinations of pnssible
fusion reactor fertile materials; blanket
voalants and power cycles (modified version,
Ref. 2.3).
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Figure 2.3 cal velocity profiles in ducts ' ‘
vith zero {(~—~-) and strong {(——) transverse :'
nagnetic fields, (Ref, 2.11a). : 4
®) ;

Figure 2.2 Electric Hartmann-type current paths
in ducts due to & sirong transverse magnetic
field. The velocity I3 in the 2 direction,

aut of the page. {a) Ducts with
non-conducting walls. (t) Ducts with highly
conducting walls. (Ref. 2.13a).
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Flgure 2.5 Magnetohydrodynamic pressure
gradient - theory end experiment. (Ref.
2.23).

Figure 2,7 Details of the lithiumm-cooled
tryaloted bolile TNAX-T Dlanket (Mef. 2,24).
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Flgure 2,80 Detail of the lithiwm flow turn- Figure 2.9s Cenera) hlanket configuration for
around region of & mirror reactor cameeptual a mirror reactor conceptual design study (Ref.
design study (Ref. 2.25). 2.25).
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Figure 2,12 Schematic disgram showing the lithiunm
flow the r rack-shaped loop in the
blanket segments of the ORNL Tokamak reactor
design (Ref, 2,31),
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Fleure .,17 llenat trapsfer paraseter comparisoh
Jor several pusrible fusion reactar coolants
{her, 2.10).

Figure 2.18 Ducted-coolant reference blanket
design used for casparison of vsrious coolants
(Ref. 2,13},
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Flgure 2.15 Comparison of the pressure drops

of varlous coolante in the ducted-coolent
blanket design of Fig. 2,18 (Rer. 2.13).
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Figure 2.13 Conceptual design of helium-cooled
cell for the Culham fuston reactor. {(Ref. 2.36).
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Pigure 2.15 Perapactive view of s
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{aer. 2.40).

Coolan! plena

Madule base
plate

Tritium breed~
ing zone

(Lial0y + C

canned in 55)

Fission zone

{UC in S5 rubes)

Pressure vessel

-39 crr—e—
Figuts 2.1 Detail: of the LLL fusion-rission
hybrid BIiFTOT resctar conceptual design (Hef.
2.19).
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